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A B S T R A C T   

Objectives: Calcium phosphate-based biomaterials (CaP) are the most widely used biomaterials to enhance bone 
regeneration in the treatment of alveolar bone deficiencies, cranio-maxillofacial and periodontal infrabony de
fects, with positive preclinical and clinical results reported. This systematic review aimed to assess the influence 
of the physicochemical properties of CaP biomaterials on the performance of bone regeneration in preclinical 
animal models. 
Methods: The PubMed, EMBASE and Web of Science databases were searched to retrieve the preclinical studies 
investigating physicochemical characteristics of CaP biomaterials. The studies were screened for inclusion based 
on intervention (physicochemical characterization and in vivo evaluation) and reported measurable outcomes. 
Results: A total of 1532 articles were retrieved and 58 studies were ultimately included in the systematic review. 
A wide range of physicochemical characteristics of CaP biomaterials was found to be assessed in the included 
studies. Despite a high degree of heterogeneity, the meta-analysis was performed on 39 studies and evidenced 
significant effects of biomaterial characteristics on their bone regeneration outcomes. The study specifically 
showed that macropore size, Ca/P ratio, and compressive strength exerted significant influence on the formation 
of newly regenerated bone. Moreover, factors such as particle size, Ca/P ratio, and surface area were found to 
impact bone-to-material contact during the regeneration process. In terms of biodegradability, the amount of 
residual graft was determined by macropore size, particle size, and compressive strength. 
Conclusion: The systematic review showed that the physicochemical characteristics of CaP biomaterials are 
highly determining for scaffold’s performance, emphasizing its usefulness in designing the next generation of 
bone scaffolds to target higher rates of regeneration.   

1. Introduction 

Bone defects in the cranio-maxillofacial (CMF) region can be caused 
by injuries, cancerous bone resections, periodontal diseases, congenital 
disorders, and bone resorption following tooth extraction. They often 

require bone regeneration prior to or simultaneously to implant place
ment in order to restore deformities and the patient’s functions [1–4]. 
Autologous bone graft procedures remain the clinical gold standard 
owing to the highest level of biological safety, biocompatibility, 
matched mechanical requirements and structural similarity in terms of 
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growth factors and biomolecules for osteogenesis [5,6]. Nevertheless, 
autografts suffer multiple drawbacks such as limited availability, 
donor-site morbidity, high resorption rates and difficulty in shaping into 
desired geometries [7–10]. Tissue engineering (TE) using cell-based or 
growth factor strategies, usually combined with a carrier material, can 
be used to regenerate the defect site. The application of TE strategies is 
still limited in the clinic setting due to cost and tissue complexities in the 
CMF region. Moreover, TE strategies require cumbersome processes in 
laboratories [11]. Therefore, guided bone regeneration (GBR) combined 
with biomaterials has become an alternative used in periodontology, 
implantology and oral surgery for the regeneration of CMF bone defects 
[12–14]. This biomaterial-based strategy consists in implanting an 
acellular biodegradable scaffold that can recruit the necessary mesen
chymal stem cells and/or osteoprogenitor cells from the surrounding 
tissues to regenerate the defect [15]. GBR solutions offer several po
tential advantages such as no restrictions on availability, reduced risk of 
immunoreactivity, fewer surgical complications as well as the possibility 
of tailoring the structure to regulate the bone formation microenviron
ment by manipulating the physicochemical specifications [16,17]. 

A wide variety of biomaterials have been utilized in CMF bone 
regeneration, belonging to different material classes and from different 
origins such as autografts, allografts, xenografts and alloplasts (synthetic 
biomaterials). Bioceramic materials comprise the majority of inorganic 
biomaterial scaffolds whereas biopolymers represent the majority of 
organic ones. While the ideal bone graft substitute should be accessible, 
economical and free of ethical and immunological issues with predict
able handling, the morphological and physicochemical properties of 
biomaterials seem to play an important role in their regenerative per
formance as suggested by several authors [18–20]. Polymers like poly
lactic acid (PLA), polyglycolic acid (PGA), polycaprolactone (PCL), and 
methacrylates present advantages such as customizable forms, low 
immunogenicity, controllable resorbability, porosity, and tunable 
physiochemical properties [21,22]. These characteristics make them 
attractive for applications requiring tailored solutions and biocompati
bility. Nevertheless, concerns persist regarding the release of acidic 
degradation byproducts, which can alter local pH levels and potentially 
hinder osteoconductivity. Additionally, these polymers may exhibit 
poor cell adhesion capacity, limiting their utility in certain dental pro
cedures where robust tissue integration is crucial [23]. On the other 
hand, Metals such as nickel-titanium and magnesium-based bone sub
stitutes offer desirable properties like osteoconduction, robust me
chanical strength, and resistance to corrosion. These qualities support 
their effectiveness in providing structural support and promoting bone 
healing. However, their use may require surgical follow-ups and pose 
risks such as the possibility of soft tissue dehiscence [24]. CaP ceramics 
have demonstrated enhanced bone formation and the potential to serve 
as substitutes for bone grafting, thanks to their osteoconductive char
acteristics, resorbability, and outstanding biocompatibility [25,26]. 
Nevertheless, they may suffer from low mechanical adaptability such as 
brittleness, rapid resorption, and degradation [24]. 

In this systematic review, we focus on CaP-based biomaterials for 
CMF bone regeneration as this application domain presents its own 
unique challenges for bone regeneration that are not entirely over
lapping with that of applications in the appendicular skeleton, as dis
cussed above. Furthermore, as the addition of cells, coatings or growth 
factors alters the mechanism of action of bone regeneration in the 
biomaterial, and increases the cost of the implant, we focus on studies 
investigating the results of biomaterials-only strategies. The majority of 
CaP biomaterials currently used in clinical applications are of natural 
(human and animal) origin because of their similarities with natural 
bone structures. However, there is an increasing interest in the devel
opment and use of synthetic biomaterials in the clinic to increase safety 
(risk of disease transmission), ethics compliance and availability. The 
most widely used CaP biomaterials in CMF bone regeneration are based 
on hydroxyapatite (HAp), α and β-tricalcium phosphate (TCP) and/or 
biphasic calcium phosphate (BCP) [27]. However, synthetic 

biomaterials also present some limitations such as a lack of osteo
conductivity or high resorption rates that might compromise the volu
metric dimensions of the regenerated bone [28,29]. Given all this, 
producing optimized synthetic CaP biomaterials is crucially dependent 
on the fundamental understanding of the influence of the physico
chemical biomaterial properties on the bone healing mechanisms [30] 
(Fig. 1). 

This systematic review aimed to provide a comprehensive overview 
of the effect of the physicochemical properties of the CaP biomaterials 
on the biological performance of bone graft substitutes used for CMF 
bone regeneration or intra-oral bone augmentation in animal models. 
Following a well-documented approach, the current state of the art was 
assessed from reports published in the literature, and a meta-analysis 
was performed on the data extracted from these reports. The pre
sented information can be used as input for the optimization of the 
structure and composition of future CaP biomaterials developments. 

2. Material and methods 

2.1. Study design 

The present study was designed as a systematic literature review on 
the influence of physicochemical properties of CaP biomaterials 
implanted in cranio-maxillofacial bone defects. All studies involving the 
physicochemical characterization of CaP biomaterials and their in vivo 
evaluation in a cranio-maxillofacial animal model were assessed. The 
protocol for this review was registered with the international prospec
tive register of systematic reviews (PROSPERO) with registration num
ber CRD42019121604. 

2.2. Focused question and search strategy 

The systematic review was performed according to SYRCLE’s (SYs
tematic Review Centre for Laboratory animal Experimentation) guide
lines [31], and the focus question was: “What is the influence of different 
physicochemical characteristics of CaP biomaterials in the preclinical 
cranio-maxillofacial bone regeneration process?“. An electronic search 
of the literature was run on November 14, 2023, in the following da
tabases: PubMed (MEDLINE), EMBASE and Web of Science (all data
bases). Only articles in the English language were included without 
restrictions on the geographical area of the study. A detailed search 
strategy including all search terms and relationships between them 
(Table 1) was developed for PubMed and then adopted appropriately for 
EMBASE and Web of Science. 

Eligibility was initially determined by reading the title and abstracts 
identified in each search. For this purpose, all references were imported 
into an Endnote X9 database. After eliminating the duplicates [32] and 
non-relevant ones, they were exported to an online webtool (Rayyan 
QCRI) to perform the screening. An Excel sheet with all references was 
generated from the database. The list of unique titles and abstracts was 
screened by two independent reviewers (ESD and BDC) to determine the 
eligibility of each study based on the inclusion and exclusion criteria 
described below. The two lists of selected references were then 
compared in the webtool, and all disagreements were solved by dis
cussion, or if persistent, by a third reviewer (FL). For the potentially 
relevant publications, the full-text paper publication was collected and 
screened to check if all specified inclusion criteria were indeed met. 

2.3. Inclusion/exclusion criteria 

Studies were selected according to the inclusion and exclusion 
criteria specified in Table 2. 

2.4. Data extraction 

The data extraction started once the selection process was validated. 
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One reviewer (ESD) extracted the data from the included studies. The 
second reviewer (BDC) revised the extraction results to check the 
quality. Studies meeting the criteria for inclusion were read carefully to 
identify the following information: authors, title, year of publication, 
scaffold used in the study, scaffold’s physical form, characterization 
methods, animal characteristics (species and numbers), bone defect 

model, duration of implantation, scaffold’s physicochemical character
istics (primary outcomes), and tissue regeneration responses (secondary 
outcomes). The data were collected in an excel file. In case the infor
mation was not reported, the table entry was indicated as N/P (Not 
Provided). 

Fig. 1. An illustration of the key physicochemical properties influencing biological events. Biomaterials can manipulate molecular and cellular responses through 
their structural characteristics and composition (ECM: extracellular matrix). 

Table 1 
The search terms used in PubMed. [MeSH]: medical subject headings; [Sup
plementary concept]: terms in supplementary concept records (a thesaurus 
distinct from MeSH); [TIAB]: title/abstract terms.  

Number Search terms and combinations 

#1 “calcium phosphate, dibasic, anhydrous” [Supplementary Concept] OR 
calcium-phosphate[TIAB] OR hydroxyapatite[TIAB] OR 
“Hydroxyapatites"[MeSH] OR “tricalcium phosphate” [Supplementary 
Concept] OR “beta-tricalcium phosphate” [Supplementary Concept] OR 
“hydroxyapatite-beta tricalcium phosphate” [Supplementary Concept] 
OR tricalcium-phosphate[TIAB] 

#2 “Periodontal Atrophy"[MeSH] OR “guided tissue regeneration, 
periodontal"[MeSH] OR “alveolar ridge augmentation"[MeSH] OR 
“Parietal Bone/surgery"[MeSH] OR “Skull/drug effects"[MeSH] OR 
“Skull/injuries"[MeSH] OR “Skull Fractures"[MeSH] OR “Skull/ 
surgery"[MeSH] OR maxillofacial injury[MeSH] OR periodontal- 
resorption[TIAB] OR Periodontal-Atrophy[TIAB] OR periodontal-guided- 
tissue-regeneration[TIAB] OR guided-bone-regeneration[TIAB] OR 
alveolar-bone*[TIAB] OR maxillofacial-bone-defect[TIAB] OR mandible- 
defect[TIAB] OR mandibular-bone-defect[TIAB] OR maxilla-defect 
[TIAB] OR maxillary-bone-defect[TIAB] OR maxillary-sinus-lift[TIAB] 
OR sinus-lift-model[TIAB] OR sinus-augmentation[TIAB] OR alveolar- 
ridge-augmentation[TIAB] OR skull-defect[TIAB] OR jaw-defect[TIAB] 
OR parietal-defect[TIAB] OR cranial-defect[TIAB] OR tooth-defect* 
[TIAB] OR calvarial-defect[TIAB] OR calvarial-defect[TIAB] OR 
calvarium-defect[TIAB] OR socket-preservation[TIAB] OR socket- 
grafting[TIAB] OR dental-socket*[TIAB] 

#3 “Microscopy, Electron, Scanning"[MeSH] OR ″X-Ray Diffraction"[MeSH] 
OR “Spectroscopy, Fourier Transform Infrared"[MeSH] OR “Microscopy, 
Scanning Tunneling"[MeSH] OR “Microscopy, Electron, 
Transmission"[MeSH] OR “Microscopy, Atomic Force"[MeSH] OR 
Brunauer–Emmett–Teller[TIAB] OR profilometr*[TIAB] OR X-Ray 
[TIAB] OR XRD[TIAB] OR ATM[TIAB] OR atomic-force-microscop* 
[TIAB] OR STM[TIAB] OR scanning-tunneling-microscop*[TIAB] OR 
scanning-tunnelling-microscop*[TIAB] OR FT-IR[TIAB] OR FTIR[TIAB] 
OR infrared-microscop*[TIAB] OR electron-microscop*[TIAB] OR 
electron-scanning-microscop*[TIAB] OR TEM[TIAB] OR SEM[TIAB] OR 
surface-roughness[TIAB] OR surface-propert*[TIAB] OR chemical- 
charact*[TIAB] OR chemical-propert*[TIAB] OR physical-charact* 
[TIAB] OR physical-propert*[TIAB] OR morphological-charact*[TIAB] 
OR morphological-propert*[TIAB] OR mechanical-charact*[TIAB] OR 
mechanical-propert*[TIAB] 

#4 (#1) AND (#2) AND (#3)  

Table 2 
Preliminary inclusion and exclusion criteria used in this systematic review. 
PICOS is abbreviation of population, intervention, comparator, outcome, and 
study design.  

PICOS Inclusion criteria Exclusion criteria 

Population All animals receiving a pure CaP 
biomaterial implant in 
periodontal and cranio- 
maxillofacial intra-bone defects 
induced by researchers 

Human subjects, in vitro 
research, animals receiving 
implants in tissues other than 
cranio-maxillofacial bones, 
animals receiving implants that 
are not purely CaP 
biomaterials, animals receiving 
implants for bone defects that 
are not experimentally induced 

Intervention CaP biomaterial implants with 
distinct microstructural 
properties (particle size, 
porosity, pore size, mechanical 
properties, chemical 
composition, surface 
properties) in any physical form 
without tissue engineering or 
regenerative medicine 
approach (cell/drug/growth 
factor loaded) 

All implants that are not CaP 
biomaterials, all implants that 
are not the only treatment in 
the defect site and have 
interference with other 
treatments, CaP biomaterial 
implants in the non-scaffold 
applications like coating, film, 
carrier, membrane etc. 

Comparator Not applicable Not applicable 
Outcome Tissue regeneration responses 

(one or more) including newly 
formed bone (NB), bone to 
material contact (BMC), 
residual graft (RG) 

None 

Study 
design 

In vivo experimental animal 
studies 

Clinical trials, in vitro studies, 
reviews, case reports, 
observational research, 
uncontrolled studies 

NB refers to the bone tissue that grows and integrates into the surface of the 
implanted bone biomaterial; BMC corresponds to the physical interaction be
tween the host bone tissue and the implanted biomaterial; RG pertains to the 
remaining portion of the graft material that has not integrated with the sur
rounding bone tissue. 
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2.5. Quality assessment and risk of bias 

The methodological quality of the selected articles was assessed 
using the criteria outlined in the SYRCLE’s Risk of Bias (RoB) tool which 
is specifically developed for animal studies [33]. The tool contains 10 
entries that are related to selection bias, performance bias, detection 
bias, attrition bias, reporting bias and other biases. Following the 
signaling questions proposed by Hooijmans et al. (2014), the items in the 
RoB tool were scored as low risk, high risk or “unclear”, the latter 
indicating that the item was not reported and, therefore, the risk of bias 
was unknown. Supplementary Table S1 presents the risks and how they 
were scored for RoB assessment. As animal studies are known for their 
poor reporting quality in comparison with randomized controlled trials, 
it is likely that many items of the RoB tool were not reported or poorly 
reported (Hooijmans et al.2014). Therefore, in addition to the RoB 
assessment, four indicators of methodological quality were checked. 
One overall study quality indicator (Q11 in Table S1) scored whether 
any randomization was reported for any level of the experiment. Like
wise, we included two overall study quality indicators to acquire addi
tional information on the reporting quality of the studies (Q12 & Q13 in 
Table S1). Specifically, the number of interventions for the animals and 
the number of animals to be analyzed for each time point were retrieved. 
In addition, we included a final study quality indicator related to how 
the outcomes were reported in different studies: quantitative numeric 
format versus qualitative (Q14 in Table S1). When study results were 
only available graphically, the item was scored “unclear”. To extract 
data from graphs, WebPlotDigitizer was used (A. Rohatgi, https://aut 
omeris.io/WebPlotDigitizer, v4.7, 2024) was used. One reviewer 
(ESD) conducted the RoB and methodological quality assessment, and in 
case of doubt, a second reviewer (BDC) was consulted. 

Prior to the meta-analysis, a descriptive review of the study char
acteristics was carried out. The meta-analysis was performed on a 
dataset including all covariates (quantitative physicochemical proper
ties of biomaterials used in the studies) and outcome variables (NB, 
BMC, and RG). 

2.6. Statistical methods 

Each outcome variable Y (NB, BMC, or RG) was analyzed with 
respect to covariates available from N experimental samples (meta sta
tistical units), each sample resulting from a clearly identified experiment 
conducted on a number (n) of animals over a certain time, whether 
published in the same paper or in different papers, whether involving 
the same animals or not. Results were expressed as mean, standard de
viation (SD) and range for quantitative variables, while frequency tables 
(number and percent for each category) were used for categorical 
findings. In some cases, to avoid the influential effect of outliers or 
extreme values, the mean was replaced by the median and the standard 
deviation by a robust version SD = 0.74×(P75 – P25), with P25 and P75, 
the 25th and 75th percentiles of the sample data, respectively. The 
Spearman correlation coefficient was used to quantify the association 
between the physicochemical characteristics of biomaterials. Agreement 
between reviewers was assessed by the Cohen kappa coefficient (κ). A 
log-transform was applied to some covariates to normalize their skewed 
distribution. Outcomes being expressed in percent, a logit transform was 
applied to normalize their distribution, specifically Logit (Y) = log [Y/ 
(100 – Y)]. Furthermore, outcome data being obtained from a varying 
number (n) of animals, a weight (w) was associated with each value as 
the inverse of their sampling variance (SE2 = SD2/n), provided SD and n 
were available; if not, w was estimated by regression and imputed from 
existing data. Lastly, since outcome data were not all statistically inde
pendent (some were correlated because repeated on the same animals), 
meta weighted generalized linear mixed effects models (W-GLMM) were 
used to estimate outcomes and assess the potential effect of covariates 
like time or type of biomaterial. All meta regression coefficient estimates 
were presented with their standard error and p-value. Results were 

considered significant at the 5 % critical level (p < 0.05). Calculations 
were performed using SAS (Version 9.4; Analytics Software and Solu
tion, SAS Institute, Cary, North Carolina) and R (Version 3.6.1; R 
Foundation for Statistical Computing, Vienna). 

3. Results 

3.1. Systematic review and study data description 

The initial literature search yielded 2103 potentially eligible articles. 
After removing the duplicates and the ones not in English, 1532 articles 
were screened in the subsequent process. Of this number, 1342 were 
excluded based on inclusion and exclusion criteria. The full text of 190 
articles were assessed after which another 132 were excluded, resulting 
in 58 articles meeting the final inclusion/exclusion criteria. The inter- 
reviewer agreement was κ = 0.92 for titles and abstract evaluation 
and κ = 0.89 for full-text evaluation. The search strategy and retrieved 
articles are summarized in Fig. 2 and Table 3, the latter providing a 
summary of the study characteristics of the included publications. In 25 
out of the 58 final included studies, HAp scaffolds were characterized 
and implanted; TCP scaffolds were used in 15 studies, BCP scaffolds in 
24 studies, octacalcium phosphate (OCP)/amorphous calcium phos
phate (ACP) and their combination in 2 studies, dicalcium phosphate 
(DCP) in one study and other types of CaPs in 2 studies (eggshell CaPs, 
respectively non-defined CaP). The scaffolds were implanted in the form 
of 3D rigid structures (disc, block, cylinder, cube, sponge, and tube) in 
24 studies, non-rigid structures (granules, particles, spheres, and pow
der) in 32 studies, and aqueous structures (paste and injectable cement) 
in 2 studies. The actual physical form is provided in Table 3. In terms of 
animal models, there was substantial heterogeneity between studies 
with rats used in 23 out of 58 studies (for a total number of animals n >
608), rabbits in 20 studies (n > 208), dogs in 9 (n > 67), mini-pigs in 3 
(n = 19), sheep in one (n = 6), mice in one (n = 5) and baboons in one (n 
= 4). Bone defect models were the typical defects used in CMF bone 
regeneration studies: calvarial defects (32 studies), mandibular defects 
(9), parietal defects (4), alveolar defects (4), sinus augmentation (2), 
skull defects (3), bilateral (maxilla and mandibular) defects (1), cranial 
defects (2) and mastoid obliteration (1). Outcomes were assessed over 
observation periods (time) ranging from 30 days to 40 weeks (Table 3). 

Various types of physicochemical characteristics were recorded from 
various studies. Pore size and porosity were assessed in 29 studies (N =
98 experimental samples) and 24 studies (N = 84), respectively. Particle 
and granule sizes were reported in 23 studies (N = 79); 20 studies (N =
53) reported the composition of CaP used for their in vivo tests. XRD 
patterns were reported in 34 studies (N = 105) and FT-IR spectra in 12 
studies (N = 40), confirming the chemical composition and phases of 
biomaterials. Surface properties were characterized in 12 studies (N =
42) and mechanical properties in 11 studies (N = 30). Ca/P ratio was 
reported in 6 studies (N = 18) and some other characteristics were re
ported less frequently: density (5 studies, N = 9), pore or void volume (4 
studies), interconnectivity (2 studies), crystallinity (2 studies) and wall 
thickness (1 study). Thirty-nine studies reported bone regeneration re
sponses in a quantitative way and the remaining 19 studies reported the 
responses qualitatively. Consequently, the meta-analysis was conducted 
on the 39 studies with quantitative outcomes. The outcome variables 
reported in these studies were distributed as follows: newly formed bone 
(38 studies, N = 163), residual graft (21 studies, N = 80) and bone to 
material contact (4 studies, N = 31). All the outcomes reported in the 
included articles are detailed in Table 3. 

3.2. Quality assessment and risk of bias 

Due to the insufficient number of reported items, the RoB and 
methodological quality assessments yielded many “unclear” scores, 
representing an unknown risk of bias (Fig. 3). The individual scores of 
the RoB tool and the methodological quality indicators of each included 
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study are provided in Supplementary Table S2. Regarding selection bias 
(Fig. 3; Q1–Q3), the sequence generation process was reported in only 
one study (2 %; Q1), mentioning the use of software for group 
randomization (Calvo-Guirado et al., 2015). The randomization method 
was unclear in all other studies, however, many of them mentioned that 
the animals were randomly assigned to exposure groups. Baseline sim
ilarities were reported more often (41 %; Q2), whereas information 
about allocation concealment was not reported at all (Q3). Likewise, no 
study reported on random housing and blinding of caregivers (Q4 and 
Q5, respectively). As a result, performance bias could not be judged. 
With respect to detection bias (Q6 and Q7), no study described the 
random selection of animals for outcome assessment (Q6) and in only 
three studies (5 %; Q7) the outcome assessor for the histological 
assessment was reported to be blinded (Yang et al., 2014; Lim et al., 
2015 and Mangano et al., 2015). Incomplete outcome data were 
adequately addressed in most of the included studies (89 %; Q8), 
resulting in a low attrition risk of bias for these studies. In the assessment 
of reporting bias (Q9), no study was found to have a high risk of bias. 
Other potential sources of bias were identified in one study (2 %; Q10) 
because of simultaneous additional implantations (Ripamonti et al., 
2008). In addition to the risk of bias, four study quality indicators were 
used to assess the methodological quality of the studies. In 41 % of the 
studies, randomization at any level of the experiment was reported 
(Q11). 

In all studies, the number of interventions on the animals was re
ported (Q12) and most of them reported the number of animals to be 
analyzed at each time point (89 %; Q13). Assessment of the outcomes 
revealed that 68 % of the studies reported the outcome in a numeric 
quantitative format, 15 % of them reported qualitatively and the 
remaining 17 % showed their results using graphs only (Q14). 

3.3. Meta-analysis 

The meta-analysis was based on N = 164 experimental samples, 
resulting from 73 animal experiments from 39 scientific articles, each 
experimental sample yielding at least one outcome value. NB was 
missing for one experimental sample (da Silva Brum et al., 2019), while 
BMC and RG were available for 31 and 80 experimental samples, 
respectively. Overall brute force mean ± SD (range) for NB values was 
29.4 ± 22.6 % (1.6–95.5 %), for BMC values 45.3 ± 23.8 % (6.2–78.8 
%), and for RG values 34.2 ± 17.3 % (4.6–91.5 %). Data for each 
outcome were widely dispersed which may be explained by the many 
factors characterizing the in vivo experiments discussed below. The 
distributions of all study characteristics employed in the meta-analysis 
are provided in Supplemental Table S3. 

3.3.1. Analysis of new bone (NB) 
Mean NB values were weighed by the inverse of their sampling 

variance, specifically by w = n/SD2. Weights could not be calculated for 
32 experimental samples (SD and/or n missing). Instead, they were 
estimated by regressing log(w) on logit(NB), namely w = exp{-2.52 – 
0.95 log[NB/(100-NB)]}, as pictured in Supplemental Fig. S1. Indeed, a 
highly significant relationship was found between the two variables (r =
− 0.65, p < 0.0001). Five NB values (all <5 %) had extremely high 
weights (w > 15) compared to the other w-values (median ± robust SD 
of weights equal to 0.24 ± 0.41). These highly influential NB observa
tions, respectively w = 49.9 and 15.9 (Xia et al., 2014), 15.9 (Yang et al., 
2014), 33.3 and 30.8 (Intapibool et al., 2020), were ultimately discarded 
(see Supplemental Table S5), leaving 158 data points for the meta- 
analysis. A weighted generalized linear mixed model (W-GLMM) fitted 
to NB values alone (without covariates) yielded an estimated NB average 

Fig. 2. Flow diagram for the review and selection process of studies included in the systematic review.  
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Table 3 
Summary characteristics of the papers included in the systematic review. Papers with qualitative outcomes were not included in the meta-analysis. XRD: X-ray diffraction; SEM: scanning electron microscopy; AES: auger 
electron microscopy; IRRS: infrared reflection spectroscopy; FT-IR: Fourier-transform infrared spectroscopy; OM: optical microscopy; EDXA: energy dispersive X-ray analysis; FESEM: field-emission scanning electron 
microscopy; Mech: mechanical characterization; ICP-AES: Inductively coupled plasma atomic emission spectroscopy; BET: Brunauer–Emmett–Teller.  

Paper ID Biomaterial(s) Physical form Characterization 
methods 

Characteristics Animal Qty. Bone defect Duration Observation Outcome 

Abdel-Fattah 
et al. (1994) 
[34] 

VHAP Block XRD Diffraction pattern Rabbit 6 Mandibular 
defect 

3 months Radiography 
SEM 
Infra-red spectral analysis 

Bone healing 
Bone-implant 
integration 
Carbonate and 
phosphate resorption 

Denissen et al. 
(1995) [35] 

HAp Tube SEM, AES, XRD, IRRS Particle diameter, diffraction 
pattern, absorbance spectra, 
surface area, Ca/P ratio 

Dog 2 Mandibular 
defect 

6 months Radiography 
Histology 

Interfaces observation 
Bone ingrowth 

Roy et al. (2003) 
[36] 

HAp-Ch 
HAp-No 

Disk Mercury porosimetry, 
XRD 

Particle size, diffraction 
pattern, surface area, Ca/P 
ratio 

New 
Zealand 
white 
rabbits 

12 Mandibular 
defect 

6 months Histology 
Histomorphometry 

New bone area(%) 
Linear ingrowth(%) 
Mineral apposition rate 
(um/day) continuity 
index 

Fleckenstein 
et al. (2006) 
[37] 

HAp/TCP macroporous 
disk 
microporous 
disk 
granules 

SEM micro-pore size Rat 33 calvarial defect 10 weeks Histology 
Histomorphometry 

New bone formation(%) 

Suzuki et al. 
(2006) [38] 

OCP 
Ca-deficient HAp 
(HL6h) 
Ca-deficient HAp 
(HL48h) 

Granules XRD, FT-IR Diffraction pattern, 
absorbance spectra, surface 
area, chemical composition, 
Ca/P ratio 

Rat 30 Calvaria defect 12 weeks Histology 
Histomorphometry 
Radiography 
XRD 

Newly formed bone(%) 
Structural changes 

Simon et al. 
(2007) [39] 

HAp(DW250S) 
HAp(DW250 M) 
HAp(DW250L) 
HAp(DW400S) 
HAp(DW400 M) 
HAp(DW400L) 

Disc OM, SEM Void volume New 
Zealand 
white 
rabbits 

16 Calvarial defect 16 weeks microCT radiography Bone ingrowth volume 
(mm3) 
Normalized bone 
ingrowth(%) 

Park et al. 
(2008) [40] 

BioOss 
Egg-shell(ES) 
ES-CaP-1 
ES-CaP-2 
ES-CaP-3 

Granules SEM, EDXA, XRD, FT-IR Diffraction pattern, 
absorbance spectra, Ca/P 
ratio 

Rat 30 Calvarial defect 8 weeks Histology 
Histomorphometry 

Newly formed bone 
area(%) 
Remaining bone graft 
particle area(%) 
BMC(%) 

Ripamonti et al. 
(2008) [41] 

HAp/β-TCP(19/ 
81) 
HAp/β-TCP(4/ 
96) 

Disc SEM, XRD, FT-IR Macro and micro-pore size, 
diffraction pattern, 
absorbance spectra 

Baboon 4 Calvarial defect 365 days Histology 
Histomorphometry 

Bone volume fraction 
(%) 
Matrix volume fraction 
(%) 
FVA (%) 

Xu et al. (2008) 
[42] 

β-TCP Bulk FESEM, XRD, Mech. Porosity, Macro-pore size, 
diffraction pattern, 
compressive strength 

Rabbit 12 Calvarial defect 16 weeks Micro-CT 
Histology 
Histomorphometry 

New bone(%) 
Residual material(%) 

Appleford et al. 
(2009) [43] 

Micro and Nano- 
HAp 

Cylinder SEM, XRD Porosity Dog 10 Mandibular 
defect 

12 weeks Micro-CT 
Histology 
Histomorphometry 

Mineralized bone 
formation(%) 
Area of Total Tissue (%) 
Area of Mineralized 
Bone (%)BV/TV, BS/ 
TV, BS/BV, Tb.N, Tb.Sb, 
Tb.Th 

Hirota et al. 
(2009) [44] 

β-TCP 
(OSferion®) 

Granules SEM Particle size, porosity, Macro- 
pore size 

Rat 10 Mandibular 
defect 

5 weeks Histology 
Histomorphometry 

Bone formation rate(%) 
Amount of material(%) 

(continued on next page) 
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Table 3 (continued ) 

Paper ID Biomaterial(s) Physical form Characterization 
methods 

Characteristics Animal Qty. Bone defect Duration Observation Outcome 

Material absorption rate 
(%) 

Takahashi et al. 
(2009) [45] 

TCP Sponge SEM Macro-pore size Dog 10 Mandibular 
defect 

8 weeks Histopathology Average bone mass 
(center and top of 
cavity) (mm2) 

Wang et al. 
(2009) [46] 

β-TCP Cube SEM Porosity, Macro-pore size Dog 4 Mandibular 
defect 

24 weeks Histomorphometry 
Radiography 
Sequential fluorescent 
labeling 

Newly formed bone(%) 
Height and thickness of 
alveolar ridge bone 
(mm) 
Mineralization level(%) 

Yao et al. (2009) 
[47] 

BCP Cylinder SEM, XRD Porosity, Macro and micro- 
pore size, chemical 
composition, mechanical 
properties 

Dog 10 Mandibular 
defect 

8 weeks 99mTc-MDP SPECT 
Mech. Pro analysis 
Histology 

New bone filled 

Park et al. 
(2010) [48] 

CaP Evacuated and 
filled 
microspheres 

XRD, SEM Particle size, diffraction 
pattern, wall thickness, 
evacuated area 

New 
Zealand 
white 
rabbits 

N/P Calvarial defect 6 weeks Histology Bone formation 

Park et al. 
(2010) [49] 

n-BCP-1 
n-BCP-2 
MBCP 
Osteon 
Cerasorb 
Bio-Oss 

Granules SEM Particle size, chemical 
composition 

New 
Zealand 
white 
rabbits 

20 Calvarial defect 8 weeks Histology 
Histomorphometry 

New bone(%) 

Hung et al. 
(2011) [50] 

PC-HAp/β-TCP, 
MBCP 

Granules SEM, XRD Particle size, chemical 
composition, crystallite size 

Dog 4 Bilateral maxilla 
and mandible 
defect 

16 weeks Histology 
Histomorphometry 

New bone(%) 
Ratio of new bone 
formation 

De Oliveira 
Lomelino et al. 
(2012) [51] 

BCP Granules SEM, XRD, FT-IR Particle size, diffraction 
pattern, absorbance spectra, 
chemical composition 

Rat 10 Calvarial defect 45 days Histology 
Histomorphometry 

New bone tissue(%) 

Klijn et al. 
(2012) [52] 

CPC-IP injectable 
cement 

SEM, μCT, Gillmore test Porosity, Chemical 
composition 

Rat 12 Skull defect 12 weeks Histology 
Histomorphometry 

Newly formed bone(%) 
Appositional bone 
height(μm) 

Lee et al. (2012) 
[53] 

synthetic 
hydroxyapatite 
(sHA) 
eggshell 
hydroxyapatite 
(eHA) 

Granules FT-IR, XRD, SEM Granule size, diffraction 
pattern, absorbance spectra 

New 
Zealand 
white 
rabbits 

16 Calvarial defect 8 weeks Histomorphometry Total new bone(%) 
Residual graft(%) 

Cho et al. (2013) 
[54] 

HAp Granules FESEM, XRD, EPMA, FT- 
IR,ICP-AES, ion 
chromatography 

Particle size, diffraction 
pattern, absorbance spectra 

New 
Zealand 
white 
rabbits 

8 Calvarial defect 4 weeks Histomorphometry Newly formed bone(%) 
Implanted granule(%) 
Soft tissue(%) 

Lee et al. (2013) 
[55] 

60 TCP40HA Granules XRD, SEM Porosity, Macro-pore size, 
diffraction pattern, chemical 
composition 

Rat 52 Calvarial defect 8 weeks Histology 
Micro-CT 

BV/TV, BS/BV, Tb.Pf, 
SMI, 
Tb.Th, Tb.N, Tb.Sp, DA 

Lee et al. (2013) 
[56] 

HAp, β-TCP, BCP Granules XRD, SEM, FE-SEM, 
Micro-CT 

Granule size, porosity, 
Macro-pore size, diffraction 
pattern, chemical 
composition, 
interconnectivity 

Rat 130 Calvarial defect 8 weeks Histology 
Micro-CT 

BV/TV, BS/BV, Tb.Pf, 
SMI, 
Tb.Th, Tb.N, Tb.Sp, DA 

Jang et al. 
(2014) [57] 

HAps Granules SEM Granule size Rat 10 Mastoid 
obliteration 

12 weeks Fluorescent labeling 
Histology 
Micro-CT 

Osteoconduction 
Ca deposition 
Resorption 

(continued on next page) 
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Table 3 (continued ) 

Paper ID Biomaterial(s) Physical form Characterization 
methods 

Characteristics Animal Qty. Bone defect Duration Observation Outcome 

Kobayashi et al. 
(2014) [58] 

OCP 
ACPOCP/ACP 

Granules FT-IR, XRD, SEM Granule size, diffraction 
pattern, absorbance spectra, 
chemical composition, 
Degree of Supersaturation 

Rat N/P Calvarial defect 12 weeks Radiography 
XRD 
Histology 
Histomorphometry 

Radiopacity(%) 
New bone(%) 

Lee et al. (2014) 
[59] 

sHA 
eHA 

Powder FT-IR, XRD, SEM Diffraction pattern, 
absorbance spectra 

Rat 30 Parietal defect 8 weeks Histomorphometry Total new bone(%) 
Residual graft(%) 

Xia et al. (2014) 
[60] 

macroporous 
HAp 

Block SEM Rod diameter, Macropore 
size and interconnected pore 
size 

Rat 6 Calvarial defect 8 weeks Micro-CT 
Histology 
Histomorphometry 

BMD(mgHA/cm)Tb.Th 
(mm) 
New bone area(%) 
New vessel area(%) 

Yang et al. 
(2014) [61] 

β-TCP (Cerasorb), 
BCPs 

Granules SEM, XRD Particle size, porosity, Macro 
and micro-pore size, 
diffraction pattern, chemical 
composition 

New 
Zealand 
white 
rabbits 

10 Calvarial defect 8 weeks Histology 
Histomorphometry 

Area of augmentation 
(mm2) 
New bone area(mm2,%) 
Residual particle area 
(mm2,%) 

Calasans-Maia 
et al. (2015) 
[62] 

HAp and 
carbonated HAp 

Spheres SEM SEM image Rat 15 Alveolar defect 42 days Histomorphometry BV/TV(%)BiomatV/TV 
(%) 
RANKL(pg/mL) 
OPG(pg/mL) 

Calvo-Guirado 
et al. (2015) 
[63] 

BCP (4Bone®) Granules SEM Granule size, Porosity, Macro 
and micro-pore size, 
chemical composition 

New 
Zealand 
white 
rabbits 

7 Parietal defect 12 weeks Histomorphometry Cortical Defect Closure 
(%) 
New bone(%) 
Connective tissue(%) 
Residual material(%) 

Khan et al. 
(2015) [64] 

BCP Granules helium pycnometry, 
Acoustic & 
electro-acoustic 
spectrometer 

Particle size distribution, 
Chemical composition, 
Surface area, Density 

New 
Zealand 
white 
rabbits 

12 Parietal defect 8 weeks Histomorphometry Bone growth(%) 
Graft(%) 
Soft tissue(%) 

Lim et al. (2015) 
[65] 

BCPs Block XRD, SEM, Mech. Porosity, Macro-pore size, 
Diffraction pattern, chemical 
composition, compressive 
strength, Crystalline phase 
(%) 

New 
Zealand 
white 
rabbits 

12 Calvarial defect 8 weeks Histology 
Histomorphometry 

Newly formed bone(%) 
Residual material(%) 

Manchon et al. 
(2015) [66] 

β-TCP Granules SEM, XRD, BET Granule size, Porosity, pores 
fraction, pore size, diffraction 
pattern, surface area 

New 
Zealand 
white 
rabbits 

4 Calvarial defect 12 weeks Histology 
Histomorphometry 

New bone(%) 
Residual graft material 
(%) 
Fibrous tissue(%) 

Manchon et al. 
(2015) [67] 

β-TCP Granules SEM, XRD, BET Porosity, pore size, pores 
fraction, diffraction pattern, 
surface area, blend 
composition, lattice 
parameters 

New 
Zealand 
white 
rabbits 

4 Parietal defect 12 weeks Histology 
Histomorphometry 

New bone(%) 
Residual graft material 
(%) 
Fibrous tissue(%) 

Mangano et al. 
(2015) [68] 

BCP Block SEM, XRD Rod diameter, porosity, 
Macro and micro-pore size, 
chemical composition 

Sheep 6 Sinus 
augmentation 

90 days Micro-CT 
Histology 
Histomorphometry 

Newly deposited bone 
area/field area(%) 
peripheral and central 

Lee et al. (2016) 
[69] 

nano-sized β-TCP Granules SEM, XRD, FT-IR, BET, 
μCT, particle size 
analyzer, Mech. 

Porosity, Macro-pore size, 
diffraction pattern, 
absorbance spectra, surface 
area, compressive strength 

Dog 18 Mandibular 
defect 

12 weeks Histology Newly formed bone(%) 
Residual quantity(%) 
Resorption(%) 

Sheikh et al. 
(2016) [70] 

dicalcium 
phosphate 

Disc SEM, XRD Porosity, diffraction pattern, 
surface area, Ca/P ratio, 
Density, Compressive 
strength 

New 
Zealand 
white 
rabbits 

5 Calvarial defect 12 weeks Histology 
Histomorphometry 
SEM 
XRD 

Bone volume (%) 
Remaining graft(%) 

(continued on next page) 

E. Sadeghian Dehkord et al.                                                                                                                                                                                                                  



MaterialsTodayBio26(2024)101100

9

Table 3 (continued ) 

Paper ID Biomaterial(s) Physical form Characterization 
methods 

Characteristics Animal Qty. Bone defect Duration Observation Outcome 

Lambert et al. 
(2017) [71] 

BHA (Bio-Oss) 
CBHA (Endobon) 
SHA (Osbone) 

Granules SEM, BET Particle size, surface area New 
Zealand 
white 
rabbits 

24 Calvarial defect 12 weeks Histology 
Histomorphometry 

Newly formed bone(%) 
Biomaterial(%) 
BMC(%) 

Diao et al. 
(2018) [72] 

3D Plotted β-TCP Paste μCT, SEM, XRD Porosity, Macro-pore size, 
Diffraction pattern, 
Connectivity 

SD Rats N/P Calvarial defect 12 weeks Micro-CT 
Histology 
Biomechanical 

New bone(%) 
BMD(g.cm-3) 
BV(mm3) 
Max load(N) 
Stiffness(N/mm) 

Fan et al. (2018) 
[73] 

ABBM, BioOss Granules SEM, BET, XPS, XRD, FT- 
IR 

Macro-pore size, Diffraction 
pattern, absorbance spectra, 
XPS spectrum, surface area, 
average pore volume 

New 
Zealand 
white 
rabbits 

16 Calvarial defect 12 weeks Micro-CT 
Histology 
Histomorphometry 

Newly formed bone(%) 
remnant graft(%) 

Yao et al. (2018) 
[74] 

BCPs Block SEM, XRD Porosity, Macro-pore size, 
Diffraction pattern, Chemical 
composition 

Dog 9 Bilateral 
alveolar ridges 

12 weeks Fluorescent dye labeling 
Histology 
Histomorphometry 
Spiral CT 

New bone formation(%) 
Graft volume 

Madhumathi 
et al. (2018) 
[75] 

CDHA 
β-TCP 
CDHA/β-TCP 

Granules XRD, FT-IR, TEM Diffraction pattern, surface 
area 

Rat 12 Cranial defect 12 weeks Micro-CT 
Histology 
Immunohistochemistry 

total healing score 

da Silva Brum 
et al. (2019) 
[76] 

BCP nano-particle SEM, XRD, mercury 
intrusion porosimetry, 
helium gas pycnometry 

Porosity, Macro-pore size, 
Diffraction pattern, Density 

Rat 48 Calvarial defect 4 weeks Histology 
Histomorphometry 

Graft remaining 
particles area(%) 
Graft remaining 
particles number(%) 
New tissue area(%) 

De Carvalho 
et al. (2019) 
[77] 

Non-sintered 
HAP 
HAp sintered at 
820 ◦C 
HAp sintered at 
1200 ◦C 

Granules SEM, XRD, BET Macro and micro-pore size, 
Diffraction pattern, Surface 
area, Pore volume 

mini-pig 5 Alveolar defects 3 months Histology 
Histomorphometry 

Regenerated area 
Regeneration(%) 
Newly formed bone(%) 
Biomaterial(%) 
Soft tissue(%) 
Bone to material 
contact(%) 

Park et al. 
(2019) [78] 

β-TCPs(a,b,c,d) Block SEM Porosity, Macro and micro- 
pore size 

Rat 48 Calvarial defect 4 weeks Micro-CT 
Histology 
Immunohistochemistry 

New bone formation 
Osteoblastic 
differentiation 
Type I collagen 

Zhang et al. 
(2019) [79] 

HAp 
α-TCP 
β-TCP 
BCP (30 % β-TCP) 
BCP (70 % β-TCP) 

Disc SEM, XRD, Mech. Diffraction pattern, Ca/P 
ratio, Compressive strength, 
Solubility 

Dog N/P Skull defect 8 months Histology New bone regeneration 
Vascularization 
Bone resorption 

Hung et al. 
(2019) [80] 

BCP Granules SEM Porosity, Macro-pore size, 
Chemical composition, 
Compressive strength, 
Density 

mini-pig 6 Sinus 
augmentation 

12 weeks Micro-CT 
Histometry 

New bone (%) 
Connective tissue (%) 
Residual particles (%) 
Bone density variables 
(BA/TA and BS/TV) 
Bone architecture 
variables (Tb.Th and 
Tb.N) 
Bone spacing variable 
(Po.(OP)) 

Chi et al. (2020) 
[81] 

3D-HAp Cylinder SEM, Mech. Pore size, Compressive 
modulus 

Rat 6 Skull defect 12 weeks Micro-CT 
Histometry 

BV/TV(%), Tb.N, Tb.Sp, 
Tb.Th, 

(continued on next page) 
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Table 3 (continued ) 

Paper ID Biomaterial(s) Physical form Characterization 
methods 

Characteristics Animal Qty. Bone defect Duration Observation Outcome 

Jensen et al. 
(2020) [82] 

TCP Cylinder XRD, Mech. Pore size, Diffraction pattern, 
Compressive force 

Mouse 5 Calvarial defect 8 weeks Luciferase scanning 
histology 

Implant surface with 
bone (%) 

Intapibool et al. 
(2020) [83] 

BCP(30% 
TCP70%HAP) 
BCP(70% 
TCP30%HAp) 

Granules SEM, XRD Granules size, 
Diffraction pattern, 
Micro-pore size, 
Macro-pore size, 
Chemical composition 

Pig 8 Calvarial defect 16 weeks Histology 
Histomorphometry 

New bone(%) 
Residual graft material 
(%) 
Bone to material 
contact(%) 

Kiyochi et al. 
(2020) [84] 

BCP Disc SEM, XRD, Mech., 
Micro-hardness 

Diffraction pattern, Particle 
size, Density, Porosity, 
Vickers hardness, 
Compressive strength 

Rat 35 Calvarial defect 60 days SEM 
Histology 

Bone mineralization 
Presence of blood 
vessels 

De Oliveira 
Junior et al. 
(2021) [85] 

BioOss, BCPs Granules SEM, BET Pore volume, specific surface 
area 

Rat 45 Calvarial defect 90 days Histology 
Histomorphometry 

Bone neoformation 
(μm2) 

Seo et al. (2021) 
[86] 

BCPs Granules SEM Pore diameter, porosity, 
chemical composition 

Rabbit 6 Calvarial defect 8 weeks Micro-CT 
Histometry 

New bone formation 
(mm3) 
Residual graft(mm3) 

Wang et al. 
(2021) [87] 

HAp fiber, 
BioOss 

Fiber, 
Granules 

FE-SEM, XRD Diffraction pattern, Particle 
diameter, Pore size 

Rabbit 8 Cranial defect 8 weeks Micro-CT 
Histometry 

BV/TV(%) 
New bone area(mm2) 
Residual graft(%) 

Ghayor et al. 
(2022) [88] 

HAp1100 
HAp1200 
HAp1300 
HAp1400 

Cube SEM, Mech, 
Microporosity, BET 

Grain size, surface area, 
Microporosity, Compressive 
strength 

Rabbit N/P Calvarial defect 8 weeks Histomorphometry Bone regeneration(%) 

Da Silva et al. 
(2023) [89] 

BCP Cylinder XRD, SEM/EDS Diffraction pattern, Chemical 
composition 

Rat 25 Alveolar defect 120 days Histology Alveolar regeneration 

Wu et al. (2023) 
[90] 

BCPs Disc SEM, FT-IR, Mech. Porosity Rat 6 Calvarial defect 12 weeks Micro-CT 
Histology 

New bone area(%)BV/ 
TV(%) 

Youseflee et al. 
(2023) [91] 

nHAp Disc FE-SEM, XRD Diffraction pattern Rat 5 Calvarial defect 45 days Histopathology 
histomorphometry, 
Immunohistochemistry 

Fibrous connective 
tissue(%) New bone 
formation(%) 
Angiogenesis(%)  
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of 11.4 %. Thus, when taking into consideration the statistical precision 
of NB values, the global mean was much lower than the one computed 
bluntly from all observations. 

3.3.1.1. Effect of time. As displayed in Fig. 4, a highly significant rela
tionship (p < 0.0001) was found between NB and time (i.e. the duration 
of the experiment expressed in days), and the estimated regression 
equation was Logit (NB) = − 5.31 + 0.87 log(time). Thus, for an 
experiment duration of e.g. 50 days, the expected NB would be 12.9 %. 

3.3.1.2. Biomaterials. The W-GLMM model evidenced significant dif
ferences of NB between biomaterials (p = 0.0021). The estimated NB 
values were low for HAp, TCP and BCP (8.6–13 %) and much higher for 
OCP-ACP-OA, DCP and CaP (25.7–39 %), but the latter were based on 
smaller sample sizes. Multiple comparisons showed significant differ
ence between TCP and CaP (p = 0.016). When restricting the compar
ison of biomaterials to the first three types (HAp, TCP and BCP), 
significant differences were still detected (p = 0.027), the largest dif
ference being between TCP and BCP (Supplemental Table S4). No 

interaction was found between biomaterials and time. 

3.3.1.3. Experimental features. No significant association was found 
between NB and the number of implantations (p = 0.56), nor between 
NB and the physical form of the biomaterial (p = 0.35). By contrast, NB 
varied with the animal species used in the experiment (p = 0.0025), 
being 51.7 % for baboons, 10.6 % for dogs, 19.9 % for mini-pigs, 12.4 % 
for rabbits and 8.0 % for rats. The two latter species were also among the 
most used in the studies reported. NB values also differed significantly 
according to type of defect (p < 0.0001), being 9.6 % for calvarial defect 
(the most frequent, N = 131) and higher elsewhere but based on lower 
sample sizes: mandibular (N = 11, 10.4 %), alveolar (N = 6, 10.8 %), 
skull (N = 1, 10.8 %), sinus augmentation (N = 2, 25.4 %), cranial (N =
4, 41.1 %), parietal (N = 4, 47.2 %), and bilateral maxillary and 
mandibular defect (N = 4, 61.2 %). Estimated NB values (mean ± SE) 
with respect to the type of biomaterial, animal species and types of 
defects are displayed in Supplemental Fig. S2. 

3.3.1.4. Biomaterial characteristics. When fitting W-GLMM to NB data 
according to each biomaterial characteristic, significant effects were 
observed for macropore size (N = 71, slope = − 0.0016 ± 0.00031, p <
0.0001), and to a lesser extent to Ca/P ratio (N = 18, slope = − 5.31 ±
2.33, p = 0.041) and to compressive strength (N = 20, slope = − 0.11 ±
0.035, p = 0.020) (Fig. 5). The two first effects remained significant 
when including time in the regression analysis. Of note, no effect was 
observed for particle size (N = 79, p = 0.85), porosity (N = 74, p = 0.13), 
log-transformed micropore size (N = 27, p = 0.64), surface area (N = 32, 
p = 0.18), and density (N = 6, p = 0.40). 

3.3.2. Analysis of bone to material contact (BMC) 
BMC (%) was reported in only 4 papers involving 9 animal studies 

yielding a total of N = 31 experimental units. Weights could be calcu
lated for all 31 BMC values, but one observation (Intapibool et al., 2020) 
was discarded due to an abnormally high weight (w = 20.8 compared to 
a median ± robust SD weight of 0.053 ± 1.74) (see Supplemental 
Table S5). Thus, 30 BMC values were used in the analysis. A W-GLMM 
was fitted to BMC values alone (without covariates) yielding an esti
mated BMC average of 34.1 %, lower than the value reported in Sup
plemental Table S3 based on all observations. 

Fig. 3. Results of the risk of bias and methodological quality indicators for all included studies. The items in SYRCLE’s Risk of Bias assessment; Questions Q1–Q10 
were scored indicating a low or high risk of bias or were scored “unclear” when the item was not reported, resulting in an unknown risk of bias [33]. Questions 
Q11-Q14 are additional study quality indicators. For Q14, “low risk” indicates a numeric quantitative value was provided in the study, and a “high risk” indicates 
only qualitative results were reported. The label “unclear” was used for studies showing indicators only in graphical format. For additional information on the 
questions and indicators, see the methods section and Hooijmans et al. (2014). 

Fig. 4. Relationship between new bone NB (%) and duration of the animal 
experiment (log-scale) derived by weighted generalized linear mixed modeling. 
Five NB values with outlying weights (big hollow dots at days 14; 28 and 56) 
were eliminated from the analysis. 
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3.3.2.1. Effect of time. A time effect was evidenced by W-GLMM anal
ysis (slope for log-transformed time equal to 1.53 ± 0.38, p = 0.0004) 
indicating that BMC values reported in the literature increased with 
respect to experiment duration (Fig. 6). The regression equation was: 
Logit (BMC) = - 6.88 + 1.53 log(duration). Thus, for an experiment 
duration of e.g. 50 days, the expected BMC would be 29 %. 

3.3.2.2. Biomaterials. No difference was found in BMC values according 
to the three biomaterials utilized (p = 0.58), namely HAp (N = 11, 12.2 
%), BCP (N = 12, 32.8 %) and CaP (N = 8, 68.6 %), as displayed in 
Fig. 7a. 

Experimental features. A significant association was found between 
BMC and number of implantations (p < 0.0001), especially between 2 
and 4 implantations (see Fig. 7b). By contrast, all BMC values were 
associated with non-rigid structures, and no significant association was 
detected between BMC and animal species (p = 0.97, mini-pig, rabbits, 
or rats), or between BMC and type of defect (p = 0.81 for alveolar or 
calvarial defects). 

3.3.2.3. Biomaterial characteristics. When fitting W-GLMM to BMC data 
according to each biomaterial characteristic, significant effects were 
observed for the particle size (p < 0.0001, especially between 750 and 

1500 μm), the Ca/P ratio (N = 8, slope = − 12.3 ± 1.27, p < 0.0001) and 
to a lesser extent to surface area (N = 9, slope = 0.017 ± 0.0063, p =
0.042). Those three effects are illustrated in Fig. 8. Of note, no effect was 
observed for macropore size (N = 10, p = 0.86) nor for log-transformed 
micropore size (N = 10, p = 0.73); porosity was identical for all ob
servations (N = 8, all 80 %) and there were no data on compressive 
strength nor density. 

3.3.3. Analysis of residual graft (RG) 
RG (%) was reported in 21 papers involving 43 animal studies 

yielding a total of N = 80 experimental units. Weights could be calcu
lated for all RG values, but two observations (Yang et al., 2014 and Da 
Silva Brum et al., 2019) (Supplemental Table S5) had to be discarded 
because of an abnormally high weight (w = 11.5 and w = 84.9 compared 
to a median ± robust SD weight of 0.20 ± 0.41). Thus, 78 RG values 
were used in the meta-analysis. A weighted generalized linear mixed 
model (W-GLMM) was fitted to RG values alone (without covariates) 
yielding an estimated RG average of 20.1 %, much lower than the value 
reported before based on all observations. 

3.3.3.1. Effect of time. No time effect could be evidenced by W-GLMM 
analysis (slope for log-transformed time is 0.37 ± 0.20, p = 0.067) 
indicating that RG values were relatively stable with respect to experi
ment duration. 

3.3.3.2. Biomaterials. By contrast (Fig. 9a), significant RG differences 
were seen between biomaterials (p = 0.039); namely HAp (N = 22, 27.2 
%), TCP (N = 15, 28.0 %), BCP (N = 33, 15.8 %), DCP (N = 2, 50.2 %) 
and CaP (N = 8, 24.7 %). When combining time and biomaterials, both 
effects became non-significant (p = 0.050 for biomaterial and p = 0.11 
for time). 

3.3.3.3. Experimental features. RG differed significantly according to 
several experimental features: physical form (p = 0.039) being 43.8 % 
for 3D rigid structures (N = 15) and 18.9 % for non-rigid structures (N =
65) (Fig. 9b); animal species (p = 0.022) being 40.9 % in dogs (N = 3) 
compared to 15.6 % in rabbits (N = 42), 18.3 % in rats (N = 17), 21.4 % 
in mini-pigs (N = 14) and 25.5 % in baboons (N = 4) (Fig. 9c). Inter
estingly, no significant association was detected between RG and the 
number of implantations (p = 0.080) neither between RG nor bone 
defects (p = 0.33). 

3.3.3.4. Biomaterial characteristics. For biomaterial characteristics, only 

Fig. 5. Relationship between new bone (NB) and biomaterial characteristics (macropore size, Ca/P ratio and compressive strength respectively) derived by weighted 
generalized linear mixed modelling. NB values with outlying weights (big hollow dots) were eliminated from the analysis. Experimental samples data from the same 
animals are joined by dashed lines. 

Fig. 6. Relationship between BMC (%) and duration of the animal experiment 
(log scale) derived by weighted generalized linear mixed modelling. One BMC 
value with outlying weight (big hollow dot at day 84) was eliminated from 
the analysis. 
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macropore size (N = 44, slope = − 0.0025 ± 0.00060, p = 0.0001), 
compressive strength (N = 16, slope = 0.13 ± 0.024, p = 0.0030) and 
particle size (N = 42, slope = 0.00089 ± 0.00034, = 0.016) were 
significantly associated with RG values. 

3.4. Physicochemical characteristics of biomaterials 

Spearman correlation analysis of the physicochemical characteristics 
of biomaterials exhibited perfect correlations between some of the 

Fig. 7. Estimated bone to material contact (BMC) values (mean ± SE), globally (horizontal dotted lines) and with respect to (a) the biomaterials and (b) the number 
of implantations, as derived by weighted generalized linear mixed modelling. 

Fig. 8. Relationship between bone-material-contact (BMC) and characteristics (particle size, surface area and Ca/P ratio respectively) derived by weighted 
generalized linear mixed modeling. Experimental samples data from the same animals are joined by dashed lines. 

Fig. 9. Estimated residual graft (RG) values (mean ± SE), globally (horizontal dotted lines) and concerning (a) biomaterials, (b) physical structure and (c) animal 
species, as derived by weighted generalized linear mixed modeling. 
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reported characteristics such as macropore size and Ca/P ratio (r = +1, 
p < 0.0001), macropore size and density (r = − 1, p < 0.0001), and 
particle size and compressive strength (r = +1, p < 0.0001). The surface 
area was shown to have significant correlations with particle size (r =
+0.58, p = 0.028), porosity (r = − 0.86, p = 0.0033), macropore size (r 
=+0.61, p = 0.022), and Ca/P ratio (r =+0.85, p = 0.0020). A negative 
correlation was also found between macropore size and compressive 
strength (r = − 0.61, p = 0.022). It should be noted that correlations 
were computed on small sample sizes and did not consider repeated 
observations. Correlations between all characteristics with an indication 
of the corresponding sample size are provided in Supplemental Table S6. 

4. Discussion 

The demand for technologies capable of enhancing the biomaterials 
used to treat CMF bone defects has been on the rise. This quest, 
accompanied by the advent of functionally tailored, biocompatible, and 
biodegradable materials, has motivated an enormous research interest 
in bone TE. As a result, different materials and fabrication methods have 
been investigated towards this end, leading to a deeper understanding of 
the geometrical, mechanical, and biological requirements associated 
with bone scaffolds. CaPs are a highly used scaffold material for bone 
regeneration because they actively promote osteogenesis. Structural 
control and optimization of CaPs in multi-scaled level may lead to sig
nificant developments in bone TE. 

The aim of this study was to systematically review the preclinical in 
vivo evidence for the influence of biomaterial characteristics on CMF 
bone regeneration. Overall, the results of this systematic review and 
meta-analysis demonstrated that physicochemical characteristics of 
biomaterials influence bone regenerative responses; moreover, experi
mental features affect both the percentage of newly formed bone and the 
volume of the residual graft. 

In some prior systematic reviews, the performance of bone tissue 
engineering scaffolds in in vivo animal models has been studied. In 2016, 
de Misquita et al. concluded that in the studies with calvarial bone de
fects, CaPs had important osteoinductive effects which increased when 
combined with other classes of biomaterials [92]. Their study aimed to 
determine which class of materials had achieved a higher rate of bone 
neoformation, so no correlation between the materials’ properties and 
their regenerative capacity was developed. Additionally, in 2017, 
Shanbhag et al. conducted a systematic review of animal models to study 
how cell-based bone TE strategies enhance bone regeneration and/or 
biomaterial osteointegration in experimental peri-implant defects, 
compared to grafting with autogenous bone or only biomaterial scaf
folds. They observed that bone regeneration and osseointegration in 
peri-implant defects were enhanced by the addition of osteogenic cells to 
biomaterial scaffolds [93]. 

To the best of our knowledge, the current study is the only systematic 
review and meta-analysis that has evaluated the effect of physico
chemical characteristics of CaP biomaterials on CMF bone regeneration. 
To do so, we employed a comprehensive search and robust data assim
ilation procedure. For the 58 studies that were finally selected, a data
base was built based on the physicochemical characteristics of scaffolds 
and their bone regeneration capacity. The risk of bias (RoB) was assessed 
using SYRCLE’s RoB tool. Each study was subjected to 10 questions 
related to the general risk of bias and 4 questions related to the quality of 
randomization and study item reporting. Meta-analysis was only per
formed for the 39 studies reporting quantitative outcomes. Our analysis 
of data from these studies demonstrates the impact of structural char
acteristics along with the experimental features on CMF bone 
regeneration. 

4.1. Characteristics of animal models 

Guidelines for designing preclinical animal models in bone TE have 
indicated some essential criteria as follows: (1) the models should match 

the clinical and biological environment and material formulation to the 
greatest extent possible; (2) they should allow the use of quantifiable 
parameters to evaluate success and functional performance of regener
ated tissues; and (3) they should detect and predict clinically relevant 
differences in biological performance between the regenerative thera
pies assessed [94]. In the present study, all these experimental features 
were attentively observed and their effect on the regeneration outcomes 
was analyzed. The average time of implant placement within included 
studies was 83.6 ± 53.5 days. Although some studies with relatively 
long evaluation times (Ripamonti et al., 2008 and Zhang et al., 2019) 
were present among the included studies, additional long-term in vivo 
assessments are needed to ensure preclinical safety. In the present 
meta-analysis, a significant effect of time on new bone tissue formation 
was observed. Regarding the animal models, seven different species 
were used across the included studies and small animals composed most 
tested animals (66 % rats and 22.7 % rabbits). The remaining 11.3 % 
were large animals (dog, mini-pig, mouse, sheep and baboon). In gen
eral, large animals resemble the clinical conditions in bone TE better 
than small ones. This is due to similarities to the human bone in terms of 
composition and density [95]. Nevertheless, rodents are more frequently 
used for the assessment of bone biomaterials for CMF indications (and in 
general) as they are less costly and easier in housing. However, they are 
primarily being used for preliminary screenings followed by verification 
in large animals that are considered for the last phase of validating a new 
intervention [95,96]. Moreover, small rodents have a more controlled 
and clearer genetic background with less variation among individual 
animals requiring a lower number of experimental values to achieve 
statistically valid data [96,97]. Rabbits also have the advantages of 
small size and easy handling while achieving their skeletal maturity by 6 
months of age allowing higher volumes of bone tissue to be formed in 
set-ups for testing periodontal and CMF reconstruction therapies. They 
also report higher reliability in terms of critical size defects [98]. 

4.2. Types of bone defects and biomaterials 

Various types of defects, both acute and chronic, are studied in the 
CMF region. In this systematic review, 70.6 % of the included studies 
assessed cranial defects (calvarial, parietal and skull) and 29.4 % of 
them tested maxillo-facial ones (mandibular, alveolar, bilateral max
illomandibular and sinus augmentation). It should be remembered that 
the focus point in this review is the impact of physicochemical charac
teristics on the regeneration process. Therefore, only acute surgically 
created defects were studied here by excluding the defects with any 
factors interfering with bone regeneration. Likewise, for the biomaterial 
type, only pure CaP-based biomaterials free of any bioactive substances 
(cells, drugs, growth factors etc.) were included. This gives a better 
indication of how the physicochemical cues can affect the regeneration 
phase. There are some systematic reviews in which the implementation 
of cell-based approaches was studied in pre-clinical periodontal animal 
models [99–101]. A wide variety of biomaterial physical forms has been 
used in these bone defects. To avoid confusion due to the different terms 
used, they were grouped into three main categories. In total, 65.9 % of 
the biomaterials applied in the meta-analysis were non-rigid structures 
including granules, particles, spheres, and powder; 28 % were in 3D 
rigid forms including disc, block, cylinder, cube, sponge and tube; and 
6.1 % were putties. Generally, the latter materials consist of a mixture of 
granules and an aqueous solution. They harden after in situ implantation 
or injection. The mechanical stability in these biomaterials is provided 
by the physical entanglement of CaP crystals. Their good handling and 
injectability extend their field of application, for instance for the treat
ment of bone fractures by minimally invasive techniques [102]. 

4.3. Outcome measures 

Bone regenerative outcomes in this systematic review showed dif
ferences across all experimental circumstances mentioned above. Both 
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NB and BMC increased significantly over time. NB also differed notably 
among animal species and defect types. BMC was influenced by the 
number of implantations and physical form of biomaterials. RG was 
influenced significantly by biomaterial type, animal species and physical 
form. On the biomaterial type, the NB value for TCP was lower than for 
HAp and BCP while presenting the lowest RG in the meantime. Un
doubtedly, the experimental variables documented across the studies 
included (such as biomaterial type, implantation time, number of im
plantations, animal species, defect type and biomaterial’s physical form) 
have demonstrated varying degrees of influence on the regenerative 
outcomes. 

It should be noted that BMC analysis allows the evaluation of the 
osteointegration and osteoconductive behavior of the bone substitutes 
and can be correlated to surface topography and/or to sintering tem
peratures used in the fabrication process. The manufacturing method of 
bone fillers allows for the preservation of a certain surface roughness 
favoring cell colonization, osteoconductivity and better bone regenera
tion [71,77]. High osteoconductive properties are important from a 
regenerative point of view since a tight network between bone and 
biomaterial plays a key role in implant primary stability and implant 
survival rates [71,103,104]. 

4.4. Influence of physicochemical characteristics on regenerative 
responses 

A series of structural properties of CaPs have been analyzed within 
the regeneration process of included studies. Macropore size exhibited a 
significant effect on both NB and RG. The pore architecture at the macro 
and micro level affects the capability of the surrounding tissue to pro
mote cell infiltration, migration, vascularization, and nutrient and ox
ygen flows [105]. The distribution of macropores in the included studies 
ranged from 0.4 μm to 850 μm and the ones of the micropores from 4 nm 
to 150 μm. These ranges are wider than what is usually suggested in the 
literature for successful bone regeneration (100–600 μm for macropores 
and micropores bigger than 20 nm) [105,106]. The significant effect of 
macro and micropore size on both NB and RG in the models developed 
here emphasizes the crucial role of porosity in the biomaterial’s design 
regardless of the size. However, the issue remains for the optimal ar
chitecture of the pores in the structure. The presence of macropores 
favors osteointegration and angiogenesis while micropores increase the 
surface area available for protein adsorption [106]. It has been shown 
that the distribution of micropores on the walls of macropores could play 
a positive role in favoring the adsorption of proteins [107]. The pore size 
distribution was shown to influence the degradation performance of the 
scaffold, as shown here in RG values and, therefore, the biodegradation 
kinetics could be modulated by varying the pore architecture [108]. 
Another parameter that has mostly been dealt with in the included 
studies on non-rigid CaPs is particle size. This quantity varied from 0.5 
μm to 1500 μm in the included articles and showed a significant effect on 
BMC and RG. Particle size was shown to be a highly determinant feature 
for the bioactivity of granulated CaPs that could be influenced by 
altering available surface area, roughness, mechanical performance and 
the resorbability of scaffolds [105]. 

Among the surface properties within the included studies, extensive 
attention has been directed toward the surface area, with ten studies 
spanning a wide range from 0.24 to 87.5 (m2/g). This parameter plays a 
vital role in cellular attachment, offering ample anchoring sites for cell 
expansion and proliferation [109]. High surface areas exhibit a 
remarkable capability to absorb large quantities of biomolecules, 
thereby promoting extracellular responses [110]. The meta-analysis 
conducted herein elucidated a significant effect of surface area on 
BMC, emphasizing its crucial role in influencing cellular behaviors and 
material performance. 

Mechanical properties were barely investigated in the included 
studies, and this is mainly because the CMF defects studied here were 
low or non-load bearing and did not require biomaterials matching the 

natural mechanical properties. Of note, the compressive modulus of 
sections of bone from the skull containing both cortical and cancellous 
regions is on the order of 0.36–5.6 GPa, depending on the direction of 
the load. These mechanical characteristics can be difficult to achieve 
with porous materials. CaPs may more easily approach these charac
teristics (though with lower toughness then native bone); however, it 
seems that such a high degree of mechanical competence is not neces
sarily needed (or even desirable) for bone repair [111]. 

Compressive strength is the most reported mechanical property in 
the literature as it is the dominant type of loading on BTE scaffolds in the 
body [112]. The compressive strength of various CaPs in the included 
studies varies from 1.8 MPa to 14 MPa and showed a significant effect on 
both NB and RG values. Nonetheless, mechanical properties can come 
with concerns in the CMF area when the implanted biomaterial does not 
fit the defect space. In the stiffer biomaterials, stress-shielding at the 
bone-material interface can cause greater bone loss and in the softer 
biomaterials, instability and limited motion can cause further damage 
[111]. One approach to overcome this issue is to employ in situ 
implantable CaPs that harden within the defect space [113,114]. 

Another physicochemical parameter that exhibited an impact on the 
regenerative responses of CaP biomaterials in the included studies is the 
Ca/P ratio. Overall, this ratio for CaP biomaterials used in biological 
applications can vary, depending on stoichiometry, from 1 to 1.67 for 
dicalcium phosphate (DCPA) and pure HAp, respectively. The values of 
almost the whole of this range have been extracted from the studies and 
then fed to the meta-analysis. The analysis showed a significant effect of 
the Ca/P ratio on NB and, to a lesser extent, on BMC. CaP biomaterials 
offer fast or slow degradation rates depending on their Ca/P molar ratio. 
β-TCP with a Ca/P ratio of 1.5 has been classified as a resorbable ma
terial while sintered HAp with a Ca/P ratio of 1.67 may show slower 
resorbability. Nevertheless, HAp becomes more resorbable in the pres
ence of certain impurities, such as water-soluble binders and biode
gradable polymers [115,116]. The other approach to increase HAp’s 
resorbability is to reduce its grain size to nano-scale [117]. Hence, Ca/P 
ratio is a compositional parameter that is quite tunable for various 
functions. In some situations, fast resorbing materials with low me
chanical properties are needed, therefore a lower ratio of Ca/P such as 
TCP is preferred. In other cases, materials in a higher ratio of Ca/P with 
more stability and slower resorption characteristics (e.g., HAp) or a 
proper combination of both (TCP and HAp) are recommended. 

Although the meta-analysis is able to extract quantified conclusions 
from the reviewed literature, the results do not permit going beyond 
establishing the general trends of influence of specific physicochemical 
parameters. The range of tested parameters are constrained by the 
choices made in the individual studies and often do not cover the entire 
parameter space. Furthermore, finding optimal properties also depends 
on the context of use for the biomaterial, requiring dedicated studies for 
each condition (cfr section on clinical relevance). For example, in a 
previously published study, we analyzed a series of in-house experi
ments performed in a rabbit sinus augmentation model, allowing us to 
use a different empirical model linking physicochemical biomaterial 
characteristics to intra-oral bone formation [118]. 

4.5. Limitations 

One of the limitations of this systematic review is that only four 
studies have reported BMC. Additional data on this aspect would pro
vide a more robust indication of how the experimental features and 
material characteristics interact with BMC. Likewise, some physico
chemical characterizations were only scarcely investigated in the 
included studies, which limits interpreting their impact on the regen
eration process. Mechanical properties were less thoroughly considered 
in the included studies, even though facial bones such as maxillary and 
mandible act as load-bearing bones for the dental region [119]. The 
mechanics of biomaterials are highly important for CMF defect treat
ments and future biomaterial developments should focus on this. These 
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considerations should not only include the stiffness difference between 
biomaterial and bone (potentially leading to stress shielding) but also 
the fixation of the biomaterial (avoiding movement) as well as ease of 
application. Other characteristics mostly neglected in the studies were 
surface energy, crystallinity and surface roughness. Surface roughness 
has a key role in protein adsorption [106], requiring further investiga
tion in particular when the CaP biomaterials are implanted with bio
macromolecules. Though there are studies that study these factors in 
detail, in this review we only selected studies that include an in vivo 
assessment. As a consequence, many of the selected studies had a focus 
that was not necessarily on the quantification of all the aforementioned 
physicochemical characteristics that have been shown to be. Finally, the 
meta-analysis was limited to the studies reporting the responses in a 
quantitative manner, so the studies using qualitative outputs were 
excluded from the analysis. 

Despite searching for relevant studies in major electronic databases, 
we cannot rule out the possibility of missing studies. It should be noted 
as well that there was substantial heterogeneity across studies for all 
outcomes assessed, hence the results should be interpreted with caution. 
The study of applications combining scaffolds with cells, drugs or 
growth factors would be useful to elucidate how the structural elements 
should be tailored in their presence. 

4.6. Clinical relevance 

Systematic reviews and meta-analyses of animal studies can be useful 
for designing future clinical trials, capturing the underlying heteroge
neity between studies and treatment effects, and improving the meth
odological quality of future studies [33]. The biomaterial design and 
selection for clinically successful CMF bone regeneration is fully 
dependent on the treatment strategy’s requirements, emphasizing the 
role of biomaterial composition and physicochemical properties [120]. 
To test the efficacy and predictability of bone substitute materials, 
preclinical in vivo studies in clinically relevant animal models are a 
fundamental step in translational research [97,98,121]. Multiple 
experimental and preclinical studies demonstrate impressive results on 
bone neoformation in CaP scaffolds with a wide variety of characteristics 
[122,123], however, not all of them have exhibited similar efficacy in 
humans [124]. Developing statistical models for the meta-analysis of 
such studies, as done here for the preclinical models, will provide an 
indication of the most influencing elements to be considered in the early 
phases of biomaterial design. Future prospective randomized clinical 
trials should then be performed to identify clear indications in humans 
and to demonstrate clinical outcomes. The inherent limitation of pre
clinical modeling should always be considered while interpreting the 
results of the meta-analyses. In the context of in vivo experiments, the 
defects are usually surgically created and well controlled, with intact 
surrounding soft tissues and generally uncompromised blood supply, 
and most often in young and healthy animals. These conditions are often 
not present in clinical scenarios which may lead to the overestimation of 
clinical performance [94]. Therefore, the experimental defect models 
should be standardized in future preclinical investigations to better 
represent the clinical settings [125]. Moreover, in synthesizing the 
preclinical data encompassing regions from the cranium to the midface, 
mandibular bone, and the dento-alveolus, it is crucial to recognize 
inherent physiological, anatomical, and biomechanical distinctions 
within the human body. While the animal studies incorporated in this 
review predominantly focused on evaluating the regenerative potential 
of substitute materials, they did not sufficiently address the specific 
prerequisite characteristics crucial to each distinct region (e.g., the use of 
animal cranial defect for human mandibular bone applications). 
Consequently, the outcomes were combined in a unified meta-analysis 
in the present study. Moving forward, it is imperative for future clin
ical studies to acknowledge and address these differences. The selection 
of biomaterials and their requisite characteristics should be tailored to 
meet the unique specifications of each region. Therefore, a strategic 

approach involving separate sub-analyses is warranted, ensuring a more 
refined understanding of the regenerative outcomes and paving the way 
for more targeted and effective clinical interventions. 

5. Conclusion 

This systematic review provides tangible evidence in support of the 
influence of fundamental and structural properties on the bone regen
erative capacity of CaP biomaterials. Our findings from the included 
studies showed that macropore size, Ca/P ratio and compressive 
strength are influencing factors for newly formed bone in the regener
ation process. Additionally, the contact between biomaterials and their 
surrounding tissue was notably influenced by particle size, Ca/P ratio 
and surface area. Regarding biodegradability, macropore size and 
compressive strength seemed to determine the amount of residual graft. 
Furthermore, the experimental setting is strongly determining the 
scaffold’s performance. These observations may be useful in designing 
the next generation of bone scaffolds to target higher rates of regener
ation. Additional investigations of CaP scaffolds in standardized pre
clinical studies could provide more insight into their fundamental 
features, promoting their application on a more regular basis and 
improving clinical outcomes. 
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[125] J. Lammens, M. Maréchal, H. Delport, L. Geris, H. Oppermann, S. Vukicevic, F. 
P. Luyten, A cell-based combination product for the repair of large bone defects, 
Bone 138 (2020) 115511, https://doi.org/10.1016/j.bone.2020.115511. 

E. Sadeghian Dehkord et al.                                                                                                                                                                                                                  

https://doi.org/10.1007/s10856-020-06414-5
https://doi.org/10.1038/s41598-021-84033-y
https://doi.org/10.1088/1748-605X/abb1fc
https://doi.org/10.4012/dmj.2020-327
https://doi.org/10.3390/ma15041433
https://doi.org/10.3390/ma15041433
https://doi.org/10.1016/j.matchemphys.2022.127082
https://doi.org/10.1016/j.matdes.2023.112230
https://doi.org/10.1007/s10561-022-10042-4
https://doi.org/10.1177/0885328216656476
https://doi.org/10.1002/term.2198
https://doi.org/10.1002/term.2198
https://doi.org/10.1089/ten.teb.2009.0658
https://doi.org/10.1089/ten.teb.2009.0658
https://doi.org/10.1210/endo.139.2.5751
https://doi.org/10.1210/endo.139.2.5751
https://doi.org/10.1111/prd.12065
https://doi.org/10.1177/0022034509349748
https://doi.org/10.3109/08941939.2013.778922
https://doi.org/10.1089/ten.teb.2015.0049
https://doi.org/10.1111/jre.12455
https://doi.org/10.4012/dmj.2018-315
https://doi.org/10.1016/S1369-7021(10)70014-6
https://doi.org/10.1902/jop.2008.070476
https://doi.org/10.1902/jop.2008.070476
https://doi.org/10.11607/jomi.2332
https://doi.org/10.11607/jomi.2332
https://doi.org/10.3390/jcs5090227
https://doi.org/10.3390/jcs5090227
https://doi.org/10.1016/j.actbio.2013.06.014
https://doi.org/10.1016/j.actbio.2013.06.014
https://doi.org/10.1016/j.actbio.2009.10.032
https://doi.org/10.1016/j.actbio.2009.10.032
https://doi.org/10.1016/j.actbio.2018.08.026
https://doi.org/10.1016/j.actbio.2018.08.026
https://doi.org/10.1016/j.addma.2021.101870
https://doi.org/10.1016/j.addma.2021.101870
https://doi.org/10.1038/boneres.2017.59
https://doi.org/10.1039/D1RA02557K
https://doi.org/10.1039/D1RA02557K
https://doi.org/10.1016/j.msec.2021.112578
https://doi.org/10.1097/SCS.0b013e3181f7df69
https://doi.org/10.1097/SCS.0b013e3181f7df69
https://doi.org/10.1016/j.dental.2012.06.009
https://doi.org/10.1016/j.actbio.2016.12.024
https://doi.org/10.1002/jbm.a.35584
https://doi.org/10.1002/jbm.a.35584
https://doi.org/10.1177/2280800019872594
https://doi.org/10.1177/2280800019872594
https://doi.org/10.3390/jfb14070388
https://doi.org/10.3390/jfb14070388
https://doi.org/10.3390/jfb8040049
https://doi.org/10.1016/j.injury.2011.06.014
https://doi.org/10.3390/ma13071500
https://doi.org/10.3390/ma13071500
https://doi.org/10.1902/jop.2006.050283
https://doi.org/10.1902/jop.2006.050283
https://doi.org/10.1902/jop.2007.060353
https://doi.org/10.1902/jop.2008.070141
https://doi.org/10.1016/j.bone.2020.115511

	Influence of physicochemical characteristics of calcium phosphate-based biomaterials in cranio-maxillofacial bone regenerat ...
	1 Introduction
	2 Material and methods
	2.1 Study design
	2.2 Focused question and search strategy
	2.3 Inclusion/exclusion criteria
	2.4 Data extraction
	2.5 Quality assessment and risk of bias
	2.6 Statistical methods

	3 Results
	3.1 Systematic review and study data description
	3.2 Quality assessment and risk of bias
	3.3 Meta-analysis
	3.3.1 Analysis of new bone (NB)
	3.3.1.1 Effect of time
	3.3.1.2 Biomaterials
	3.3.1.3 Experimental features
	3.3.1.4 Biomaterial characteristics

	3.3.2 Analysis of bone to material contact (BMC)
	3.3.2.1 Effect of time
	3.3.2.2 Biomaterials
	3.3.2.3 Biomaterial characteristics

	3.3.3 Analysis of residual graft (RG)
	3.3.3.1 Effect of time
	3.3.3.2 Biomaterials
	3.3.3.3 Experimental features
	3.3.3.4 Biomaterial characteristics


	3.4 Physicochemical characteristics of biomaterials

	4 Discussion
	4.1 Characteristics of animal models
	4.2 Types of bone defects and biomaterials
	4.3 Outcome measures
	4.4 Influence of physicochemical characteristics on regenerative responses
	4.5 Limitations
	4.6 Clinical relevance

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


