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Abstract

:

Bone healing after tooth extraction may be affected by defects of the alveolus buccal wall, such as fenestrations and dehiscences. Therefore, to minimize dimensional changes it is advisable to perform alveolar ridge preservation after tooth extractions. Different biomaterials are used for this purpose. The aim of this study was to investigate the qualitative and quantitative histological changes in human biopsies taken after 6 months of healing of extraction sockets with buccal wall defects. For this purpose, the defects of 36 patients (18 per group) were treated with injectable biphasic calcium phosphate (I-BCP) or bovine xenograft (BX) after extraction. After six months of healing, biopsies were taken and proceeded to the histology laboratory. No evidence of an inflammatory response of the tissue was observed in the biopsies of either group, and the newly formed bone (NB) was in close contact with the remaining biomaterial (BM). The histomorphometric results showed that there was no statistically significant difference between the groups in the mean percentage of NB (p = 0.854), BM (p = 0.129), and soft tissue (p = 0.094). To conclude, both biomaterials exhibited osteoconductivity and biocompatibility and achieved satisfactory bone regeneration of buccal wall defects after tooth extraction.
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1. Introduction


Dental implants are used as an alternative to partial or complete dentures and fixed dental prostheses. It can be said that dental implants are the gold standard when it comes to replacing one or more lost teeth, which is confirmed by clinical studies that have shown that this is the most convenient therapeutic solution for patients to solve the problem of partial or complete edentulism [1,2]. Moreover, studies have shown that dental implants are the optimal solution for the treatment of edentulism from the aesthetic and functional points of view [3].



However, following tooth extraction bone undergoes dynamic changes of the resorption and de novo bone formation, which is under physiological conditions a balanced process, but after tooth extraction, the resorptive processes in bone predominate over the processes of new bone formation, resulting in a reduction of the vertical and horizontal dimensions of the alveolar ridge [4,5]. Remodeling of the alveolar ridge is a progressive process. In the first year after extraction an average of 25% of the alveolar bone volume is lost and after three years this increases up to 40%. Complicating factors in the process of bone remodeling that can lead to even greater dimensional changes in the alveolar ridge during healing is the presence of bone dehiscence and fenestrations [6].



Dehiscence and fenestration are defects of the vestibular bone wall that are usually the result of a thin buccal wall, periapical or periodontal pathology, or trauma during extraction [7]. As already mentioned, dehiscence and fenestration can be disruptive factors in bone healing after tooth extraction, since the volume loss is greater in the molar region and on the vestibular walls of the alveolus [5,8]. Therefore, in order to minimize dimensional changes of the alveolar ridge it is advisable to perform a surgical procedure such as ridge preservation [9].



However, the success of augmentation procedures as well as overall implant-prosthetic rehabilitation depends not only on the choice of a surgical technique and the clinical skills of the provider, but also on the knowledge and proper selection and use of the various biomaterials. The science of the dental biomaterials is one of the fastest growing disciplines in dentistry, and a more detailed knowledge of the properties of existing biomaterials and the development of new ones are certainly areas that require special research attention. Biomaterials for bone regeneration are divided into bone substitutes (allografts, xenografts, and alloplastic bone materials) and membranes [10].



Xenografts are bone substitutes derived from a genetically completely different species than the host. They are usually obtained from animals, primarily cattle, pigs, and horses. To remove the organic component, the graft is mechanically and chemically processed before use. Removal of the organic component is necessary to prevent a host immune response to the foreign body. In addition, this process reduces the possibility of transmission of infectious diseases [11]. The safety, biocompatibility, and osteoconductivity of bovine xenograft (BX) have been described in clinical, histologic, and radiologic studies in humans [12,13,14,15,16,17,18].



Alloplastic bone substitutes or alloplasts are completely synthetic biomaterials, so their availability does not depend on a living individual. The group of calcium phosphate biomaterials is particularly interesting because their chemical composition is very similar to human bone, they have excellent osteoconductive properties, and they form a very strong bond with bone during bone remodeling [19]. The term biphasic calcium phosphate (BCP) was first used by Ellinger et al. [20] to describe a ceramic material consisting of a combination of hydroxyapatite (HA) and beta-tricalcium phosphate (β-TCP). The initial description of the mixture was based on X-ray diffraction analysis, which revealed 20% of HA and 80% of β-TCP in the analyzed biomaterial. This combination showed significant advantages compared to other calcium phosphate-based biomaterials. Today, HA and β-TCP are mixed in different ratios, usually 60:40 and 70:30, and it is the different ratios of these compounds that determine the bioactivity and biodegradability of the material [20,21,22].



Injectable biphasic calcium phosphate (I-BCP) showed good results in augmentation of three-dimensional cavities such as the maxillary sinus, extraction wounds or intrabony periodontal defects [22,23,24,25,26]. It is characterized by its viscosity, which allows more complete and easier filling of the bone defects. In addition, the material does not need to be mixed with physiological solution or blood. Overall, the use of I-BCP shortens the duration of the surgical procedure and therefore reduces the discomfort for the patient [27]. As mentioned earlier, vestibular wall defects could be an aggravating factor for bone healing after tooth extraction. Therefore, we aimed to compare regenerative potential of I-BCP, based on histologic evaluation 6 months after treatment of vestibular wall defects, with the well-known bovine xenograft (BX).




2. Materials and Methods


2.1. Ethics Statement


The study was approved by the Ethics Committee of the Osijek-Baranja County Health Centre (Reg. No.: 03-1897/20) and the Faculty of Medicine of the Josip Juraj Strossmayer University of Osijek (Class: 602-04/22-08/02, Reg. No.: 2158-61-46-22-109). The randomized controlled trials registration number was also provided by ClinicalTrials.gov (NCT06020092). The identity of patients participating in the study was fully protected. Prior to enrollment in the study, all study participants were provided with detailed written and verbal information about the objectives and methodology of the study and the methods of dissemination of study results. All study participants voluntarily signed an informed consent form as one of the conditions for participation in the study.




2.2. Study Design, Inclusion and Exclusion Criteria


The study was designed as a randomized controlled clinical trial. To participate in the study, patients were required to have at least one tooth predisposed for extraction and to have a dental implant placed after completion of the healing period. The indications for tooth extraction were: chronic periapical process, chronic periodontal disease, or root fracture. The inclusion criteria were: age between 18 and 60 years, intact physical and mental health, understand of the study protocol and signed an informed consent. Participants were recruited in July and August 2021.



Patients were excluded from the study if they had at least one of the absolute contraindications to implant prosthetic therapy described by Wang and Hwang [28]. Other exclusion criteria included the following systemic diseases: uncontrolled diabetes, osteoporosis and osteopenia, and vitamin D deficiency, bisphosphonate therapy, glucocorticoid therapy, hypothyroidism, uncontrolled cardiovascular disease (hypertension, coronary artery disease, congestive heart failure), and the following local factors: use of tobacco products (up to 10 cigarettes per day) and poor oral hygiene. Pregnant and lactating women were not included in the study [29].



In addition to the general health criteria mentioned above, the patient had to meet at least one intraoral criterion, namely the presence of a buccal bone defect such as fenestration or dehiscence. Patients who met the inclusion criteria and were willing to participate, were randomly assigned via a web interface (https://www.randomizer.org/ accessed on 28 April 2021) into test and control group [30].




2.3. Participants and Materials


Participants were recruited from the oral surgery office. A total of 36 healthy patients were included in the study. In analyzing the validity of the test, the approach of equivalence of the tested methods and noninferiority of the tested method compared with the existing method was used. With a significance level α of 0.05, a test power of 80%, an expected standard deviation of the predicted result of 10, and an equivalence limit of d = 10, it was necessary to include at least 36 subjects in the study, 18 subjects per group [31,32].



A total of 18 patients in the test group received I-BCP (maxresorb® inject, botiss GmbH, Berlin, Germany). This biomaterial is an alloplastic bone substitute material in the form of a paste that is placed into the defect with a plastic syringe. The material consists of an aqueous gel containing granules of biphasic calcium phosphate in the composition of 60% HA and 40% β-TCP (particle size between 15–50 nm). Patients in the control group received BX (cerabone®, botiss GmbH, Berlin, Germany). The material is completely anorganic and consists of 100% HA. For this study, the material was used in granular form (the size of the granules is between 0.5 and 1 mm), mixed with physiological solution prior to placement into the defect. The randomisation process was carried out by one person (M.Č.). Blinding was not possible because I-BCP was administered in the form of a paste, while BX in the form of a granulate was mixed with a physiological solution before administration.




2.4. First Surgical Phase and Healing Period


Both surgical phases were performed by the same experienced oral surgeon (M.M.). Before the procedure, the patient was administered a 3% chlorhexidine solution to rinse the oral cavity for one minute. Local anesthesia (2% Lidocaine®, Belupo, Koprivnica, Croatia) was then administered and the surgical field was covered with sterile drapes. A full-thickness mucoperiosteal flap was elevated at the extraction site (Figure 1B and Figure 2B). To perform the tooth extraction atraumatically, the roots of the multirooted teeth were separated with a drill before extraction. The extraction was performed with atraumatic instruments, with as little trauma to the alveolus as possible. The alveolus was then carefully examined and curetted to remove granulations and stimulate fresh bleeding in the alveoli (Figure 1B and Figure 2B). The alveolus was then filled to the edge with I-BCP in the test group and BX in the control group. In the end, bone grafting biomaterial was covered with a resorbable native collagen membrane obtained from porcine pericardium (Jason® membrane, Botiss GmbH, Berlin, Germany) in both groups (Figure 1C and Figure 2C). The mucoperiosteal flap was then adjusted and primary closure was achieved using single sutures (5.0 monofilament) (Figure 1D and Figure 2D). All phases of the first surgical procedure, separately by the groups, are shown in the sets of photographs taken during the surgical procedures (Figure 1 and Figure 2). The patient was then prescribed an analgesic (400 mg ibuprofen) and instructed to take antibiotics (amoxicillin with clavulanic acid or clindamycin) for the next 7 days. Patients were given standardized postoperative instructions for oral hygiene. They were instructed to brush their teeth with a soft brush and to make sure that the sutures remained free of food debris. They were also given a mouthwash with chlorhexidine gluconate 0.12% for 10 days and instructed to use it from the second postoperative day. On the 10th day after surgery, the sutures were removed.



A 6-month period of regeneration of the bone defect followed. During this period, the patient reported for follow-up examinations at the first, second, and third months after surgery and immediately before the sixth month to arrange for a second surgical procedure. Based on the radiographic examination, the selection and positioning of the appropriate implant was performed.




2.5. Second Surgical Phase


Six months after extraction, patients came to the office for placement of a dental implant (Ankylos®, Denstply Sirona, Charlotte, NC, USA). The preparation of the patient (rinsing of the oral cavity with an antiseptic solution, local anesthesia, sterile covering of the working area) is the same as for the first surgical procedure. Subsequently, a biopsy at pre-existing defect was taken using a trephine drill (Ustomed® intrumente, Tuttlingen, Germany). The inner diameter of the trephine drill was smaller than that of the final drill used to prepare the implant bed, to avoid unnecessary removal of the patient’s bone. In addition, each biopsy was taken from the central part of the pre-existing defect to reduce the possibility of an incorrect biopsy (e.g., biopsy of only the native bone that was not treated with biomaterial).




2.6. Histological Analysis


The trephine drill was placed in a hermetically sealed plastic tube containing a 4% formaldehyde solution and sent to the histology laboratory for further analysis. The histological processing was the same as previously described by our group of authors [26]. The samples were stained using Masson’s trichrome and Movat’s Pentachrome.



Pathohistological analysis evaluated the tissue response to the implanted biomaterial, i.e., the presence of fibroblasts, blood vessels, neutrophils, monocytes/marophages, and multinucleated giant cells (MGC).



Histomorphometric processing of the specimens was performed using the free ImageJ software (https://imagej.nih.gov/ij/download.html accessed on 22 June 2022). The surface of the new bone, the surface of the biomaterial, and the surface of the soft tissue were marked on each specimen. The surface was then measured, and the following was calculated from the data obtained: percentage of new bone formed, percentage of biomaterial remaining, and percentage of soft tissue [24].




2.7. Statistical Analyses


Categorical variables are reported with absolute and relative frequencies. Differences between categorical variables were tested with the Fisher-Freeman-Halton test.



Continuous data are described by the arithmetic mean and standard deviation. The normality of the distribution was tested using the Shapiro-Wilk test. Differences in continuous variables were tested with the t-test (with corresponding difference and 95% confidence interval of the difference). All P values were two-sided. The significance level was set at alpha = 0.05. IBM SPSS Statistical software, version 27.0.1 (IBM Corp., Armonk, NY, USA), was used for the analysis.





3. Results


A total of 44 oral surgery patients were included in the screening process for participation in the study. Of these, 36 patients fully met the inclusion criteria and signed an informed consent form to participate in the study (Figure 3). The reason for extraction was deep caries lesions with chronic periapical periodontitis in 32 patients and fractures of the tooth crown and/or root in the other 4 patients.



Each patient had only one extraction site, after which the wound was filled with biomaterial. There were no significant differences in the distribution of subjects according to gender (p = 0.505, Fisher-Freeman-Halton exact test) and age (p > 0.99, Fisher-Freeman-Halton exact test) (Table 1.).



The healing time was eventful in the patients of both groups. Only 4 patients in the test group and 3 patients in the control group reported mild side effects such as edema and pain at the surgical site. Edema and pain were treated locally with cold packs and systemically with previously administered oral antibiotics and analgesics. At the time of suture removal, edema and pain had resolved in all patients. No membrane exposure was observed in the postoperative controls. By the third month after ridge preservation, mucosa was healed at the extraction sites in all participants.



3.1. Quantitative Histological Findings


Quantitative histologic analysis was performed on a total of 36 biopsies (18 per group). No statistically significant difference was found between groups in the percentage of newly formed bone, residual biomaterial, and soft tissue (two-tailed t-test). A more detailed presentation of the histomorphometric results can be found in the Table 2.




3.2. Qualitative Histological Analysis


A total of 36 biopsies, 18 per group, were included in the pathohistological analysis. The same pathohistological changes were observed in both groups (Figure 4, Figure 5, Figure 6 and Figure 7). Newly formed bone (NB) was in close contact with residual biomaterial (BM). Vascularized, nonmineralized soft tissue (ST) is clearly visible in the bone biopsies. Successful bone regeneration is evident throughout the specimen. Bone regeneration occurs specifically at the point of contact between BM and the surrounding tissue, in the apposition line. The apposition line is a thin line along which osteoblasts are located, active bone cells that indicate bone remodeling. NB has a regular structure with osteocytes located in lacunae, which is a characteristic of lamellar bone. BM has an irregular appearance and is incorporated into NB and non-mineralized tissue. Fibroblasts are the most numerous cells of ST. No multinucleated giant cells were observed in the specimens after 6 months of healing. Also, cells characteristic of an inflammatory response in the tissue were not observed in any sample, indicating the biocompatibility of both the biomaterials and the surrounding tissue.





4. Discussion


Tooth extraction results in qualitative and quantitative changes in the soft and hard tissues of the alveolar ridge. In addition, buccal wall defects such as dehiscence and fenestration, which are usually the result of chronic periapical and/or periodontal lesions or trauma during extraction, may further impair alveolar healing. To reduce these changes, it is recommended after tooth extraction to preserve the alveolus according to the principles of guided bone regeneration (GBR), a surgical technique that has been shown to prevent alveolar bone volume loss after extraction [33,34,35]. This study was conducted as a randomized controlled clinical trial evaluating the qualitative and quantitative histologic changes in bone biopsies taken six months after ridge preservation of the postextraction alveolus with buccal fenestration and dehiscence with two different biomaterials.



The mean age of patients in the test group was 36.0 ± 10.4 years and in the control group 36.9 ± 13.4 years, with no statistically significant difference in the age of patients between groups (p = 0.505, Fisher-Freeman-Halton exact test). Previous studies have shown that patient age affects bone regeneration potential. Bone healing is indeed a complex biological process in which inflammation occurs initially, with various cells interacting in the microenvironment, mainly the monocyte-macrophage lineage, then osteoclasts, mesenchymal stem cells, and osteoblasts. With age, inflammatory processes increase, which may impair osteogenesis [36,37,38]. For this very reason, only patients aged 18 to 60 years were included in the study to minimize the above-mentioned factors affecting osteogenetic processes. No significant difference was found between patients in the test and control groups with respect to gender (I-BCP: 39% female and 61% male vs. BX: 55% male and 45% female; p > 0.99, Fisher-Freeman-Halton exact test). Overall, the distribution of participants by gender and age is consistent with previously published similar studies [24,25,39,40].



Histologic analysis of bone biopsies is neither common nor routine in clinical work with dental biomaterials. However, monitoring bone healing by histological analysis is extremely valuable as it reveals differences in the quantity and quality of newly formed bone depending on the type of biomaterial used for augmentation [41]. Pathohistological analysis of the bone biopsies showed that the biomaterial in both groups was fully integrated into the surrounding tissue and was in close contact with the newly formed bone. These observations are identical to those previously described in human histological studies in which various bone defects were augmented with BX [42,43] or I-BCP [23,24,25]. Close contact between the residual biomaterial and the newly formed bone was observed in the biopsies of both groups, suggesting the osteoconductive properties of the biomaterial [44]. After 6 months of healing, no MGCs, cells indicative of an immune response to a foreign body, were found in the biopsies of either the test or control group [45]. The role of these cells in bone regeneration and biomaterial degradation has not been fully elucidated [46,47]. However, it has been shown that higher numbers of MGCs were found in biopsies where healing was compromised, especially with respect to early exposure of the biomaterial to the oral cavity [48]. Clinical observations during the healing phase showed that there was no exposure of the biomaterials in the oral cavity in the test and control groups. In addition, patients reported only mild side effects in the form of edema and pain at the surgical site, and no complications that could affect healing were observed during follow-up. Also, cells characteristic of an inflammatory reaction of the tissue were not observed in any of the samples examined, indicating the biocompatibility of both biomaterials with the surrounding tissue [49,50].



Histomorphometric analysis showed a mean 31.5 ± 13.24% of newly formed bone in the test group. It can be said that the reported result is in accordance with the results of similar histological studies with BCP or I-BCP, in which about one third of the specimen was newly formed bone, such as in the studies of Jelušić et al. [51], Mangano et al. [52], Čandrlić et al. [25], Tomas et al. [24] and Schmitt et al. [42]. The same findings were observed with the mean percentage of the residual biomaterial and soft tissue in the test group.



A literature search revealed a number of comparative histological studies on the regenerative potential of I-BCP and BX, mainly on the maxillary sinus model. In the study by Oh et al. [53] histomorphometric analysis 6 months after maxillary sinus elevation with BCP and BX, showed that there was no significant difference in histomorphometric results between the groups. In the study by Wagner et al. [54] focus was on the comparison between BCP and BX mixed with autogenous bone. The results of their study also showed that both biomaterials had comparable histomorphometric and clinical outcomes. A randomized clinical trial comparing I-BCP and BX was also published by Kraus et al. [55]. In this study, both biomaterials showed comparable results in histomorphometric analysis of newly formed bone between groups. However, a significantly higher percentage of soft tissue was observed in the biopsies of the BCP group compared to the BX group. Cordaro et al. [56] also came to the same conclusions in their study. Previous studies do not indicate whether the percentage of soft tissue in the biopsies is clinically relevant, so it would be interesting to investigate in further studies whether this difference has clinical implications. Although this remains unknown for now, it is known from previous studies that the quality and quantity of regenerated bone and the absence of an inflammatory reaction of the tissue are important prerequisites for the long-term success of implant prosthetic therapy [57,58]. Our group of authors previously reported two histologic studies on the osteogenic potential of I-BCP compared with BX in different clinical indications. Interestingly, the average percentage of soft tissue was significantly higher when I-BCP was used to preserve the intact alveolus after extraction [25]. In contrast, histologic analysis showed no statistically significant differences between groups when the same biomaterial was used to treat alveoli with at least one wall defect after extraction [24]. In the present study, we obtained the same results. This confirms that the type of defect is an important factor in the regenerative potential of the biomaterial, so this study certainly represents an important update of the current knowledge on the osteogenic potential of I-BCP in different clinical indications.



It could be argued that the lack of a negative control group, in which biopsies were taken after 6 months of healing without intervention, is a limitation of the present study. However, several studies have confirmed that alveolar preservation minimizes bone resorption compared with healing without intervention [59,60]. Therefore, no negative control was included in the study. Harvesting bone from the regenerated site can be challenging as it is not a standard procedure in oral surgery. In addition, bone harvesting is performed simultaneously with the placement of the dental implant, so care must be taken to ensure a favourable implant position during bone harvesting, which may lead to incorrect harvesting.



In conclusion, for both biomaterials studied it was confirmed osteoconductive properties, biocompatibility and safety for treatment of buccal bone wall defects. The percentage of the newly formed bone is satisfactory in both groups. Still, there is a room for new studies on the immunological response to I-BCP as well as on its use in various clinical indications.







Author Contributions


Conceptualization, M.Č. and M.T.; clinical work, M.M.; methodology, M.Č., S.Č., I.M., M.T., Ž.P.K. and A.V.; histologic analysis Ž.P.K. and M.Č.; writing—original draft preparation, M.Č. and M.B.; writing—review and editing, Ž.U., I.B.P., I.M. and A.V.; supervision, A.V., M.M. and Ž.P.K.; project administration, M.Č. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the institutional project of the Faculty of Dental Medicine and Health Osijek, Josip Juraj Strossmayer University of Osijek, grant number IP-05.




Institutional Review Board Statement


The study was carried out in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Community Healthcare Center of Osijek-Baranja County, Croatia (No. 03-1897/20) and the Ethics Committee of the Faculty of Medicine in Osijek (Class: 2158-61-07-21-18, No. 602-04/21-08/07).




Informed Consent Statement


Informed consent was obtained from all patients involved in the study. Written informed consent has been obtained from the patients to publish this paper.




Data Availability Statement


The data presented in this article are available on request from the corresponding author.




Acknowledgments


We hereby thank the technicians at Berlin Analytix, Berlin, Germany, for assistance with histologic preparation of the specimens.




Conflicts of Interest


Ž.P.K. is a part-time employee of Botiss Biomaterials GmbH.




References


	



Stanford, C.M. Application of oral implants to the general dental practice. J. Am. Dent. Assoc. 2005, 136, 1092–1100. [Google Scholar] [CrossRef] [PubMed]

	



De Souza, F.; Costa, A.; Pereira, R.; dos Santos, P.; de Brito, R.; Rocha, E. Assessment of Satisfaction Level of Edentulous Patients Rehabilitated with Implant-Supported Prostheses. Int. J. Oral Maxillofac. Implant. 2016, 31, 884–890. [Google Scholar] [CrossRef] [PubMed]

	



Johannsen, A.; Westergren, A.; Johannsen, G. Dental implants from the patients perspective: Transition from tooth loss, through amputation to implants—Negative and positive trajectories. J. Clin. Periodontol. 2012, 39, 681–687. [Google Scholar] [CrossRef] [PubMed]

	



Crockett, J.C.; Rogers, M.J.; Coxon, F.P.; Hocking, L.J.; Helfrich, M.H. Bone remodelling at a glance. J. Cell Sci. 2011, 124, 991–998. [Google Scholar] [CrossRef]

	



Schropp, L.; Wenzel, A.; Kostopoulos, L.; Karring, T. Bone healing and soft tissue contour changes following single-tooth extraction: A clinical and radiographic 12-month prospective study. Int. J. Periodontics Restor. Dent. 2003, 23, 313–323. [Google Scholar]

	



Liu, J.; Kerns, D.G. Mechanisms of Guided Bone Regeneration: A Review. Open Dent. J. 2014, 8, 56–65. [Google Scholar] [CrossRef]

	



Prato Pini, P.G.; Roberto, R.; Pierpaolo, C.; Carlo, T.; Robert, A. Interdental papilla management: A review and classification of the therapeutic approaches. Int. J. Periodontics Restor. Dent. 2004, 24, 246–255. [Google Scholar] [CrossRef]

	



Araújo, M.G.; Silva, C.O.; Misawa, M.; Sukekava, F. Alveolar socket healing: What can we learn? Periodontol. 2000 2015, 68, 122–134. [Google Scholar] [CrossRef]

	



Bassir, S.; Alhareky, M.; Wangsrimongkol, B.; Jia, Y.; Karimbux, N. Systematic Review and Meta-Analysis of Hard Tissue Outcomes of Alveolar Ridge Preservation. Int. J. Oral Maxillofac. Implant. 2018, 33, 979–994. [Google Scholar] [CrossRef]

	



Soldatos, N.K.; Stylianou, P.; Angelov, N.; Koidou, P.; Yukna, R.; Romanos, G.E. Limitations and options using resorbable versus nonresorbable membranes for successful guided bone regeneration. Quintessence Int. 2017, 48, 131–147. [Google Scholar] [CrossRef]

	



Katz, J.; Mukherjee, N.; Cobb, R.R.; Bursac, P.; York-Ely, A. Incorporation and immunogenicity of cleaned bovine bone in a sheep model. J. Biomater. Appl. 2009, 24, 159–174. [Google Scholar] [CrossRef] [PubMed]

	



Wychowanski, P.; Woliński, J.; Morawiec, T.; Kownacki, P.; Starzynska, A.; Kosieradzki, M.; Fiedor, P. Preliminary Clinical Data and the Comparison of the Safety and Efficacy of Autogenous Bone Grafts Versus Xenograft Implantations in Vertical Bone Deficiencies Before Dental Implant Installation. Transplant. Proc. 2020, 52, 2248–2251. [Google Scholar] [CrossRef]

	



Temmerman, A.; Cortellini, S.; Van Dessel, J.; De Greef, A.; Jacobs, R.; Dhondt, R.; Teughels, W.; Quirynen, M. Bovine-derived xenograft in combination with autogenous bone chips versus xenograft alone for the augmentation of bony dehiscences around oral implants: A randomized, controlled, split-mouth clinical trial. J. Clin. Periodontol. 2020, 47, 110–119. [Google Scholar] [CrossRef] [PubMed]

	



Serrano Méndez, C.A.; Lang, N.P.; Caneva, M.; Ramírez Lemus, G.; Mora Solano, G.; Botticelli, D. Comparison of allografts and xenografts used for alveolar ridge preservation. A clinical and histomorphometric RCT in humans. Clin. Implant Dent. Relat. Res. 2017, 19, 608–615. [Google Scholar] [CrossRef] [PubMed]

	



Al Qabbani, A.; Al Kawas, S.; Razak, N.H.A.; Al Bayatti, S.W.; Enezei, H.H.; Samsudin, A.R.; Sheikh Ab Hamid, S. Three-Dimensional Radiological Assessment of Alveolar Bone Volume Preservation Using Bovine Bone Xenograft. J. Craniofac. Surg. 2018, 29, e203–e209. [Google Scholar] [CrossRef] [PubMed]

	



Lai, V.J.; Michalek, J.E.; Liu, Q.; Mealey, B.L. Ridge preservation following tooth extraction using bovine xenograft compared with porcine xenograft: A randomized controlled clinical trial. J. Periodontol. 2020, 91, 361–368. [Google Scholar] [CrossRef]

	



Fischer, K.; Mühlemann, S.; Jung, R.; Friedmann, A.; Fickl, S. Dimensional Evaluation of Different Ridge Preservation Techniques with a Bovine Xenograft: A Randomized Controlled Clinical Trial. Int. J. Periodontics Restor. Dent. 2018, 38, 549–556. [Google Scholar] [CrossRef]

	



Mendoza-Azpur, G.; de la Fuente, A.; Chavez, E.; Valdivia, E.; Khouly, I. Horizontal ridge augmentation with guided bone regeneration using particulate xenogenic bone substitutes with or without autogenous block grafts: A randomized controlled trial. Clin. Implant Dent. Relat. Res. 2019, 21, 521–530. [Google Scholar] [CrossRef]

	



Sheikh, Z.; Hamdan, N.; Ikeda, Y.; Grynpas, M.; Ganss, B.; Glogauer, M. Natural graft tissues and synthetic biomaterials for periodontal and alveolar bone reconstructive applications: A review. Biomater. Res. 2017, 21, 9. [Google Scholar] [CrossRef]

	



Ellinger, R.F.; Nery, E.B.; Lynch, K.L. Histological assessment of periodontal osseous defects following implantation of hydroxyapatite and biphasic calcium phosphate ceramics: A case report. Int. J. Periodontics Restor. Dent. 1986, 6, 22–23. [Google Scholar]

	



Bouler, J.M.; Pilet, P.; Gauthier, O.; Verron, E. Biphasic calcium phosphate ceramics for bone reconstruction: A review of biological response. Acta Biomater. 2017, 53, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Gauthier, O.; Boix, D.; Grimandi, G.; Aguado, E.; Bouler, J.-M.; Weiss, P.; Daculsi, G. A New Injectable Calcium Phosphate Biomaterial for Immediate Bone Filling of Extraction Sockets: A Preliminary Study in Dogs. J. Periodontol. 1999, 70, 375–383. [Google Scholar] [CrossRef] [PubMed]

	



Čandrlić, M.; Kačarević, Ž.P.; Ivanišević, Z.; Tomas, M.; Včev, A.; Faj, D.; Matijević, M. Histological and radiological features of a four-phase injectable synthetic bone graft in guided bone regeneration: A case report. Int. J. Environ. Res. Public Health 2020, 18, 206. [Google Scholar] [CrossRef] [PubMed]

	



Tomas, M.; Karl, M.; Čandrlić, M.; Matijević, M.; Juzbašić, M.; Peloza, O.C.; Radetić, A.T.J.; Kuiš, D.; Vidaković, B.; Ivanišević, Z.; et al. A Histologic, Histomorphometric, and Immunohistochemical Evaluation of Anorganic Bovine Bone and Injectable Biphasic Calcium Phosphate in Humans: A Randomized Clinical Trial. Int. J. Mol. Sci. 2023, 24, 5539. [Google Scholar] [CrossRef]

	



Čandrlić, M.; Tomas, M.; Karl, M.; Malešić, L.; Včev, A.; Perić Kačarević, Ž.; Matijević, M. Comparison of Injectable Biphasic Calcium Phosphate and a Bovine Xenograft in Socket Preservation: Qualitative and Quantitative Histologic Study in Humans. Int. J. Mol. Sci. 2022, 23, 2539. [Google Scholar] [CrossRef]

	



Hoekstra, J.W.M.; Klijn, R.J.; Meijer, G.J.; van den Beucken, J.J.J.P.; Jansen, J.A. Maxillary sinus floor augmentation with injectable calcium phosphate cements: A pre-clinical study in sheep. Clin. Oral Implant. Res. 2013, 24, 210–216. [Google Scholar] [CrossRef]

	



Barbeck, M.; Lorenz, J.; Kubesch, A.; Böhm, N.; Booms, P.; Choukroun, J.; Sader, R.; Kirkpatrick, C.J.; Ghanaati, S. Porcine Dermis-Derived Collagen Membranes Induce Implantation Bed Vascularization Via Multinucleated Giant Cells: A Physiological Reaction? J. Oral Implantol. 2015, 41, e238–e251. [Google Scholar] [CrossRef]

	



Hwang, D.; Wang, H.-L. Medical contraindications to implant therapy: Part I: Absolute contraindications. Implant Dent. 2006, 15, 353–360. [Google Scholar] [CrossRef]

	



Hwang, D.; Wang, H.L. Medical contraindications to implant therapy: Part II: Relative contraindications. Implant Dent. 2007, 16, 13–23. [Google Scholar] [CrossRef]

	



Research Randomizer. Available online: https://www.randomizer.org/about/ (accessed on 28 April 2021).

	



Sealed Envelope|Power Calculator for Continuous Outcome Equivalence Trial. Available online: https://www.sealedenvelope.com/power/continuous-equivalence/ (accessed on 28 April 2021).

	



Julious, S.A. Tutorial in biostatistics: Sample sizes for clinical trials with Normal data. Stat. Med. 2004, 23, 1921–1986. [Google Scholar] [CrossRef]

	



Horowitz, R.; Holtzclaw, D.; Rosen, P.S. A review on alveolar ridge preservation following tooth extraction. J. Evid. Based Dent. Pract. 2012, 12, 149–160. [Google Scholar] [CrossRef] [PubMed]

	



Darby, I.B.; Chen, S.T.; Buser, D. Ridge preservation for implant therapy. Int. J. Oral Maxillofac. Implant. 2009, 24, 260–271. [Google Scholar]

	



Kalsi, A.S.; Kalsi, J.S.; Bassi, S. Alveolar ridge preservation: Why, when and how. Br. Dent. J. 2019, 227, 264–274. [Google Scholar] [CrossRef] [PubMed]

	



Gibon, E.; Lu, L.; Goodman, S.B. Aging, inflammation, stem cells, and bone healing. Stem Cell Res. Ther. 2016, 7, 44. [Google Scholar] [CrossRef] [PubMed]

	



Gibon, E.; Lu, L.Y.; Nathan, K.; Goodman, S.B. Inflammation, ageing, and bone regeneration. J. Orthop. Transl. 2017, 10, 28–35. [Google Scholar] [CrossRef]

	



Moy, P.K.; Medina, D.; Shetty, V.; Aghaloo, T.L. Dental implant failure rates and associated risk factors. Int. J. Oral Maxillofac. Implants 2005, 20, 569–577. [Google Scholar] [PubMed]

	



Tosta, M.; Cortes, A.R.G.; Corrêa, L.; Pinto, D.D.S.; Tumenas, I.; Katchburian, E. Histologic and histomorphometric evaluation of a synthetic bone substitute for maxillary sinus grafting in humans. Clin. Oral Implant. Res. 2013, 24, 866–870. [Google Scholar] [CrossRef]

	



Annibali, S.; Iezzi, G.; Sfasciotti, G.L.; Cristalli, M.P.; Vozza, I.; Mangano, C.; La Monaca, G.; Polimeni, A. Histological and histomorphometric human results of HA-Beta-TCP 30/70 compared to three different biomaterials in maxillary sinus augmentation at 6 months: A preliminary report. BioMed Res. Int. 2015, 2015, 156850. [Google Scholar] [CrossRef]

	



Benic, G.I.; Hämmerle, C.H.F. Horizontal bone augmentation by means of guided bone regeneration. Periodontol. 2000 2014, 66, 13–40. [Google Scholar] [CrossRef]

	



Schmitt, C.M.; Doering, H.; Schmidt, T.; Lutz, R.; Neukam, F.W.; Schlegel, K.A. Histological results after maxillary sinus augmentation with Straumann® BoneCeramic, Bio-Oss®, Puros®, and autologous bone. A randomized controlled clinical trial. Clin. Oral Implant. Res. 2013, 24, 576–585. [Google Scholar] [CrossRef]

	



Manfro, R.; Fonseca, F.S.; Bortoluzzi, M.C.; Sendyk, W.R. Comparative, Histological and Histomorphometric Analysis of Three Anorganic Bovine Xenogenous Bone Substitutes: Bio-Oss, Bone-Fill and Gen-Ox Anorganic. J. Maxillofac. Oral Surg. 2014, 13, 464–470. [Google Scholar] [CrossRef] [PubMed]

	



Sousa, S.B.; Castro-Silva, I.I.; Da Rocha Coutinho, L.A.C.; Lenharo, A.; Granjeiro, J.M. Osteoconduction and Bioresorption of Bone Allograft versus Anorganic Bovine Bone Xenograft: A Histomorphometric Study in Humans. J. Biomim. Biomater. Tissue Eng. 2013, 18, 85–95. [Google Scholar] [CrossRef]

	



Anderson, J.M.; Rodriguez, A.; Chang, D.T. Foreign body reaction to biomaterials. Semin. Immunol. 2008, 20, 86–100. [Google Scholar] [CrossRef]

	



Kucera, T.; Sponer, P.; Urban, K.; Kohout, A. Histological assessment of tissue from large human bone defects repaired with β-tricalcium phosphate. Eur. J. Orthop. Surg. Traumatol. 2014, 24, 1357–1365. [Google Scholar] [CrossRef] [PubMed]

	



Chappard, D.; Guillaume, B.; Mallet, R.; Pascaretti-Grizon, F.; Baslé, M.F.; Libouban, H. Sinus lift augmentation and beta-TCP: A microCT and histologic analysis on human bone biopsies. Micron 2010, 41, 321–326. [Google Scholar] [CrossRef]

	



Friedmann, A.; Gissel, K.; Konermann, A.; Götz, W. Tissue reactions after simultaneous alveolar ridge augmentation with biphasic calcium phosphate and implant insertion—Histological and immunohistochemical evaluation in humans. Clin. Oral Investig. 2015, 19, 1595–1603. [Google Scholar] [CrossRef] [PubMed]

	



Pröhl, A.; Batinic, M.; Alkildani, S.; Hahn, M.; Radenkovic, M.; Najman, S.; Jung, O.; Barbeck, M. In Vivo Analysis of the Biocompatibility and Bone Healing Capacity of a Novel Bone Grafting Material Combined with Hyaluronic Acid. Int. J. Mol. Sci. 2021, 22, 4818. [Google Scholar] [CrossRef]

	



Nuss, K.M.R.; von Rechenberg, B. Biocompatibility Issues with Modern Implants in Bone—A Review for Clinical Orthopedics. Open Orthop. J. 2008, 2, 66–78. [Google Scholar] [CrossRef]

	



Jelusic, D.; Zirk, M.L.; Fienitz, T.; Plancak, D.; Puhar, I.; Rothamel, D. Monophasic ß-TCP vs. biphasic HA/ß-TCP in two-stage sinus floor augmentation procedures—A prospective randomized clinical trial. Clin. Oral Implant. Res. 2017, 28, e175–e183. [Google Scholar] [CrossRef]

	



Mangano, C.; Perrotti, V.; Shibli, J.A.; Mangano, F.; Ricci, L.; Piattelli, A.; Iezzi, G. Maxillary sinus grafting with biphasic calcium phosphate ceramics: Clinical and histologic evaluation in man. Int. J. Oral Maxillofac. Implant. 2013, 28, 51–56. [Google Scholar] [CrossRef]

	



Oh, J.S.; Seo, Y.S.; Lee, G.J.; You, J.S.; Kim, S.G. A Comparative Study with Biphasic Calcium Phosphate to Deproteinized Bovine Bone in Maxillary Sinus Augmentation: A Prospective Randomized and Controlled Clinical Trial. Int. J. Oral Maxillofac. Implant. 2019, 34, 233–242. [Google Scholar] [CrossRef] [PubMed]

	



Wagner, W.; Wiltfang, J.; Pistner, H.; Yildirim, M.; Ploder, B.; Chapman, M.; Schiestl, N.; Hantak, E. Bone formation with a biphasic calcium phosphate combined with fibrin sealant in maxillary sinus floor elevation for delayed dental implant. Clin. Oral Implant. Res. 2012, 23, 1112–1117. [Google Scholar] [CrossRef] [PubMed]

	



Kraus, R.; Stricker, A.; Thoma, D.; Jung, R. Sinus Floor Elevation with Biphasic Calcium Phosphate or Deproteinized Bovine Bone Mineral: Clinical and Histomorphometric Outcomes of a Randomized Controlled Clinical Trial. Int. J. Oral Maxillofac. Implant. 2020, 35, 1005–1012. [Google Scholar] [CrossRef] [PubMed]

	



Cordaro, L.; Bosshardt, D.D.; Palattella, P.; Rao, W.; Serino, G.; Chiapasco, M. Maxillary sinus grafting with Bio-Oss or Straumann Bone Ceramic: Histomorphometric results from a randomized controlled multicenter clinical trial. Clin. Oral Implant. Res. 2008, 19, 796–803. [Google Scholar] [CrossRef] [PubMed]

	



Sargolzaie, N.; Rafiee, M.; Salari Sedigh, H.; Zare Mahmoudabadi, R.; Keshavarz, H.; Sedigh, H.S.; Mahmoudabadi, R.Z.; Keshavarz, H. Comparison of the effect of hemihydrate calcium sulfate granules and Cerabone on dental socket preservation: An animal experiment. J. Dent. Res. Dent. Clin. Dent. Prospect. 2018, 12, 238–244. [Google Scholar] [CrossRef]

	



Scarano, A.; Carinci, F.; Quaranta, A.; Iezzi, G.; Piattelli, M.; Piattelli, A. Correlation between implant stability quotient (ISQ) with clinical and histological aspects of dental implants removed for mobility. Int. J. Immunopathol. Pharmacol. 2007, 20, 33–36. [Google Scholar] [CrossRef]

	



Jambhekar, S.; Kernen, F.; Bidra, A.S. Clinical and histologic outcomes of socket grafting after flapless tooth extraction: A systematic review of randomized controlled clinical trials. J. Prosthet. Dent. 2015, 113, 371–382. [Google Scholar] [CrossRef]

	



Chan, H.-L.; Lin, G.-H.; Fu, J.-H.; Wang, H.-L. Alterations in bone quality after socket preservation with grafting materials: A systematic review. Int. J. Oral Maxillofac. Implant. 2013, 28, 710–720. [Google Scholar] [CrossRef]








[image: Dentistry 11 00223 g001] 





Figure 1. First surgical phase—test group. (A) A tooth 46 (FDI notation system) was selected for extraction. (B) The tooth was extracted atraumatically. Note the defect in the buccal bone wall. (C) The alveolus was filled to the margin with I-BCP and covered with resorbable membrane. (D) Primary wound closure with single sutures. 
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Figure 2. First surgical phase—control group. (A) A tooth 13 (FDI notation system) with the extensive caries. (B) Alveolus after atraumatic extraction and curretage. Note the fenestration in the buccal bone wall. (C) The alveolus was filled to the margin with BX and covered with a resorbable membrane. (D) The flap was adapted, and primary wound closure was achived. 
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Figure 3. Study CONSORT Diagram. 
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Figure 4. Bone biopsy six months after ridge preservation with I-BCP stained with Masson’s trichrome. (A) Longitudinal section. Along the entire specimen, residual biomaterial and newly formed bone (red arrows) can be seen in the area where bone regeneration occurs. The square indicates the area shown at higher magnification. Scale bar 1000 μm. (B) Granules of residual biomaterial (BM) are incorporated into the newly formed bone (NB) and surrounded by soft tissue (ST). Active osteoblasts (green arrows) indicate active bone remodeling. No signs of inflammatory reaction were noted. Scale bar 100 μm. 
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Figure 5. Bone biopsy six months after ridge preservation with I-BCP, stained with Movat’s Pentachrome. (A) Longitudinal section. The square indicates the area shown at higher magnification. Scale bar 500 μm. (B) The newly formed bone (NB) is surrounded by soft tissue (ST). Small blood vessels are easily detected (yellow arrows). ST is rich in fibroblasts whose nuclei are indicated by nofilled black arrows. No signs of inflammatory reaction of the tissue were found. Scale bar 200 μm. 
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Figure 6. Bone biopsy taken six months after ridge preservation with BX and stained with Masson’s trichrome. (A) Longitudinal section. The square shows the area under higher magnification. Scale bar 100 μm. (B) Granules of residual biomaterial (BM) are incorporated into the newly formed bone (NB). Blood vessels (yellow arrows) and fibroblasts (nofilled black arrows) are in soft tissue (ST). No signs of inflammatory reaction were observed in the specimen. Scale bar 200 μm. 






Figure 6. Bone biopsy taken six months after ridge preservation with BX and stained with Masson’s trichrome. (A) Longitudinal section. The square shows the area under higher magnification. Scale bar 100 μm. (B) Granules of residual biomaterial (BM) are incorporated into the newly formed bone (NB). Blood vessels (yellow arrows) and fibroblasts (nofilled black arrows) are in soft tissue (ST). No signs of inflammatory reaction were observed in the specimen. Scale bar 200 μm.



[image: Dentistry 11 00223 g006]







[image: Dentistry 11 00223 g007] 





Figure 7. Bone biopsy taken six months after ridge preservation with BXand stained with Movat pentachrome stain. (A) Longitudinal section. The square shows the area under higher magnification. Scale bar 500 μm. (B) The image shows an apposition line (blue arrows) in direct contact with the remaining biomaterial (BM). The soft tissue (ST) is rich in fibroblasts, whose nuclei are indicated by nonfilled black arrows. No signs of inflammatory reaction were detected in the specimens. Scale bar 100 μm. 
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Table 1. Demographic data of participants.
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I-BCP 1

	
BX 2

	
p-Value






	
Gender

	

	

	




	
Female

	
7 (39%)

	
10 (55%)

	
0.505




	
Male

	
11 (61%)

	
8 (45%)




	
n

	
18

	
18

	




	
Age (years)

	

	

	




	
Mean

	
36.0

	
36.9

	




	
SD

	
10.4

	
13.4

	
>0.99




	
Min

	
20

	
18

	




	
Max

	
55

	
59

	








1 Injectable biphasic calcium phosphate, 2 Bovine xenograft.













 





Table 2. Histomorphometrical results.
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	Newly Formed Bone (NB)
	Residual Biomaterial (BM)
	Soft Tissue (ST)





	IBCP 1
	31.5 ± 13.24%
	14.01 ± 10.81%
	54.48 ± 9.57%



	BX 2
	32.42 ± 16.02%
	18.88 ± 11.66%
	48.69 ± 12.09%



	p-value *
	0.854
	0.129
	0.094







1 Injectable biphasic calcium phosphate, 2 Bovine xenograft; * two-tailed t-test.
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