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ABSTRACT 

 

 

Thesis Title: An in vivo Investigation of Dentin-Pulp Regeneration 
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Thesis Directed by: Ashraf F. Fouad, BDS, DDS, MS 

   

 

Tissue regeneration requires an interaction of stem cells and growth factors in a 

bioactive scaffold. This study utilized the ferret canine as an in situ animal model 

to investigate a clinically applicable tissue engineering approach for dentin-pulp 

regeneration. Specifically, we aimed to determine the efficacy of delivering stem 

cells within a bioactive scaffold directly into the root canal space, in the presence 

of growth factors released from dentin, compared with traditional procedures in 

dentin-pulp regeneration. Periapical lesions were induced in 24 canine teeth of 6 

ferrets. Dental pulp stem cells were isolated, characterized, encapsulated in a 

hydrogel scaffold, and injected in half the experimental teeth. The other half were 

treated using the conventional protocol with a blood clot scaffold. After an 

evaluation period of 3 months, the animals were sacrificed and block sections 

were processed for radiographic analysis. Results showed that there was no 



 

statistically significant difference between groups. Some teeth in both groups 

showed control of the infectious process with increase in root wall thickness, root 

length and apical closure, while others did not. There was a significant 

association between the presence or absence of a periapical lesion at the 3-

month evaluation and whether the tooth showed continued root maturation. Pre-

operative infection may have played a critical role in the treatment outcome.  
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INTRODUCTION 

 

The dental pulp frequently succumbs to irreversible disease caused by 

caries, trauma, congenital abnormalities or consequences of previous dental 

procedures. Millions of such teeth are saved each year by root canal therapy. 

Endodontics has traditionally approached the problem of pulpal necrosis by 

attempting to eliminate the bacteria causing the infection, and preventing 

recurrence by sealing the tooth against future ingress of bacteria. While this is 

highly successful in many situations, teeth with immature apices present some 

specific challenges. Root canal instrumentation, disinfection and sealing are 

more technically difficult to perform in these circumstances. Further, depending 

on the degree of root maturation, the thin root canal walls can render the tooth 

weak and susceptible to fracture (Cvek 1992). 

 Current treatment options are long-term apexification or the MTA (mineral 

trioxide aggregate) barrier technique. Apexification takes several months to years 

and is not predictable. Calcium hydroxide apexification was also found to weaken 

the tooth structure (Andreasen et al. 2002, Doyon et al. 2005). The MTA barrier 

technique has been shown to be successful (Simon et al. 2007, Holden et al. 

2008), however it does not reinforce the thin root walls and the tooth could still 

potentially fracture in the future. 

 A more ideal treatment approach is to remove the diseased or necrotic 

pulp tissues and replace them with regenerated healthy pulp tissues that would 
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continue normal dentinogenesis. In recent years, there has been strong interest 

in developing such biologically based treatment modalities (Murray et al. 2007, 

Verma and Fouad 2012). The treatment approach of dental pulp regeneration 

has the potential for restoring the vitality of the tooth. In immature teeth, this can 

allow for continued normal physiologic development. The pulp has the ability to 

promote dentin formation, which will increase root thickness and length to 

prevent fracture and will also result in the development of an apical morphology 

more appropriate for conventional endodontic therapy if future treatment 

becomes necessary. Other benefits of the pulp include the ability to repair the 

tooth through tertiary dentin, to elicit an immune response to foreign substances, 

and to provide normal vascular and sensory responses.  

 It is generally recognized that tissue regeneration requires an interaction 

of stem cells and growth factors in a bioactive scaffold, referred to as the tissue 

engineering triad (Langer and Vacanti 1993). Current clinical procedures appear 

to provide components of these elements, sufficient to provide clinically 

acceptable results. Several case reports and case series have demonstrated 

control of the infectious process, radiographic thickening of canal walls and 

continued root development following pulpal necrosis in teeth with immature 

apices (Cotti et al. 2008, Jung et al. 2008, Shah et al. 2008, Chueh et al. 2009, 

Petrino et al. 2010, Torabinejad and Turman 2011). As these are clinical case 

reports, it has not been possible to determine the histological nature of the 

regenerated tissue. Results from in vivo animal studies using similar protocols 
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with an induced blood clot in the canal suggest that the regenerated tissue is not 

pulp tissue but in fact repair tissue consisting of bone, cementum, and 

inflammatory tissue (Thibodeau et al. 2007, Wang et al. 2010). The problems that 

arise from this include that the technique is not clinically predictable, the resultant 

mineralized tissue is not strong enough to support masticatory forces and that if 

endodontic treatment is necessary, the root canal environment would not be 

conducive to traditional techniques.  

 Further, current revitalization protocols appear to address only the scaffold 

and growth factor components, and provide for a root canal milieu that is 

conducive to tissue revitalization. They rely on the presence of stem cells in the 

apical papilla tissue. In the presence of a periapical lesion, it is difficult to predict 

whether the apical tissue has a sufficient number of stem cells to allow for pulp 

regeneration. Even after successful disinfection, it is impossible to know whether 

these stem cells will predictably migrate into the root canal space, and then 

differentiate into a sufficient number of odontoblasts to allow for true dentin-pulp 

regeneration.  

This study focuses on these aspects of the tissue-engineering triad by delivering 

stem cells directly into the root canal space.  
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REVIEW OF THE LITERATURE 

 

 There is substantial evidence at this point that regenerative endodontic 

techniques can lead to clinically successful outcomes. This has been 

demonstrated not only in several case reports and case series as previously 

mentioned (Banchs and Trope 2004, Cotti et al. 2008, Jung et al. 2008, Shah et 

al. 2008, Petrino et al. 2010, Torabinejad and Turman 2011) but also recently 

shown in a retrospective study of clinical outcomes in 61 cases (Jeeruphan et al. 

2012), in a prospective analysis of 16 cases (Kahler et al. 2014) and in a 

randomized clinical trial of 36 cases (Nagy et al. 2014).  

The retrospective study, which is also known as the Mahidol study 

(Jeeruphan et al. 2012), looked at clinical outcome data and radiographs from 61 

cases (22 calcium hydroxide apexification cases, 19 MTA apexification cases 

and 20 revascularization cases). They showed that the percentage increase of 

root length was significantly greater in the revascularization group (28.2%) 

compared with the MTA apexification (0.0%) and calcium hydroxide apexification 

(1.5%) groups. The survival rates of the revascularization treated teeth (100%) 

and the MTA apexification treated teeth (95%) were greater than the survival 

rates in teeth treated with calcium hydroxide (77.2%).  

The prospective study (Kahler et al. 2014) analyzed outcomes of 

regenerative endodontic procedures carried out on 16 teeth (3 mandibular 

premolars and 13 traumatized central incisors) after 18-month recalls. The 
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periapical radiolucency resolved in 90.3% of the cases. Apical closure was 

assessed as incomplete in 47.2% and complete apical closure in 19.4% of cases. 

Quantitative assessment showed change in root length varying from -2.7% to 

25.3% and change for root dentin thickness of -1.9% to 72.6%. Of the 16 cases, 

5 showed a positive response to electric pulp sensibility testing at the 18-month 

recall.  

The randomized clinical trial (Nagy et al. 2014) compared outcomes of 

regenerative procedures in young permanent immature teeth with necrotic pulps 

after three treatment protocols- 1) an MTA apical plug, 2) the traditional 

regenerative endodontic protocol with blood clot scaffold (REG group) and 3) the 

regenerative endodontic protocol with a blood clot and an injectable scaffold 

impregnated with basic fibroblast growth factor (FGF group).  They treated 36 

teeth randomly divided into the three groups (12 teeth in each group). After a 

follow-up period of 18 months, most of the cases showed radiographic evidence 

of periapical healing. The REG and FGF showed a progressive increase in root 

length and width and a decrease in apical diameter, but there was no statistically 

significant difference between them. The use of artificial hydrogel scaffold and 

FGF was not necessary for repair.  

 

Histological outcomes of animal studies 

 The available evidence for the histological nature of regenerated tissue 

comes mostly from animal studies and from some histological reports of human 
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teeth. Animal studies on the protocol for pulp regeneration have documented the 

formation of new hard tissues on root dentinal walls and apical closure 

radiographically and histologically. They also showed new tissues growing into 

the root canal space (Thibodeau et al. 2007, da Silva et al. 2010, Wang et al. 

2010). All of these studies have been done on dog models. Thibodeau et al 

(Thibodeau et al. 2007) evaluated the effect of blood clot and a soluble collagen 

scaffold on the outcome of the treatment. They showed that the amount of vital 

tissues inside the root canals and the amount of hard tissue deposited on the 

dentinal walls were not different in the presence or absence of blood clot inside 

the root canal space. In addition, presence of a soluble collagen scaffold did not 

improve the results. Detailed histological evaluation of the same specimens by 

Wang et al (Wang et al. 2010) revealed that there were three types of tissues 

formed inside the root canals following the treatment: cementum-like tissue which 

was responsible for increase in root length and thickness, bone-like tissue, and 

periodontal ligament (PDL) like tissue inside the canal space. da Silva et al (da 

Silva et al. 2010) showed that the vital tissue formed inside the root canal space 

after treatment is generally ingrowth of periodontal connective tissue to the root 

canal space. An interesting finding in this study was presence of inflammation in 

almost all of the specimens in experimental groups. They also showed that using 

EndoVac with NaOCl for root canal irrigation would be a better option than 

irrigation with NaOCl plus TAP dressing. Yamauchi et al (Yamauchi et al. 2011) 

attempted to perform pulp regeneration in a dog model by adding an insoluble 
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collagen scaffold to the blood clot and using 17% EDTA. EDTA was used as a 

demineralizing agent to release growth factors embedded in dentinal walls and 

expose dentine matrix and therefore, promote differentiation of mesenchymal 

cells. Immunohistochemical analysis of the tissues formed after the treatment 

showed that the hard tissue formed on the dentinal walls was a cementum-like 

tissue with different organization and maturation of collagen fibers.  

All of these animal studies showed that the recent protocol of pulp 

regeneration is not predictable in terms of type of tissue formed inside the root 

canal and on the dentinal walls. However, none of these animal studies 

investigated the presence of stem cells in the apical papilla after inducing the 

periapical infection, or in the blood clot. 

 

Histological reports of human teeth 

The first histological report of outcome of pulp regeneration in human teeth 

was done by Torabinejad and Faras (Torabinejad and Faras 2012). In this study 

root canal treatment was performed on a maxillary premolar, which had received 

regenerative endodontic treatment by using platelet rich plasma (PRP) as 

scaffold 14 months previously. Because of the method of tissue sampling they 

were not able to provide information about pulp-dentin complex and the hard 

tissue deposited on the root canal walls. They showed presence of a pulp-like 

connective tissue inside the canal.  

Shimizu et al (Shimizu et al. 2012) performed histological evaluations  on 
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a maxillary central incisor three and a half weeks after treatment. The tooth was 

extracted because of an oblique enamel-dentin fracture due to a traumatic 

impact. They showed that the tissue inside the root canal was a loose connective 

tissue similar to an immature pulp containing spindle-shaped fibroblasts and 

mesenchymal cells. Another report on the histological outcome of the treatment 

in human teeth was done by Martin et al (Martin et al. 2013). They performed 

regenerative endodontic treatment in a mandibular molar by using PRP in distal 

canal and blood clot in mesial canals. The tooth was extracted 2 years and one 

month after the treatment because of an oblique fracture of the lingual cusps. 

The mineralized tissue formed on the root canal walls was cementoid/osteoid 

tissue and the root canal spaces were filled with vital connective tissue and blood 

vessels. Regardless of the scaffold, they showed that there was no pulp tissue 

inside the roots. 

Becerra et al. treated an immature mandibular premolar with pulp necrosis 

and chronic apical abscess using revascularization procedures (Becerra et al. 

2014). Radiographic examination two years later showed complete resolution of 

the periapical lesion, narrowing of the root apex without root lengthening, and 

minimal thickening of the canal walls. The tooth was extracted because of 

orthodontic treatment and histologic examination showed that the canal space 

was filled with fibrous connective tissue showing different degrees of 

inflammation, mainly plasma cells and foam cells. The apical closure was caused 

by cementum deposition without dentin. Cellular and acellular cementum-like 
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tissue was formed on the canal walls. This was comparable with the histology 

observed in the canals of teeth from animal models of revascularization. 

All in all, the aforementioned data shows that although the recent protocol 

for pulp regeneration has higher success rate and survival rate compared to 

other methods of treatment for immature teeth with pulp necrosis, the biological 

outcome of the treatment is still not predictable and it may not be true pulp 

regeneration. Part of the problem might be related to the disinfection strategies. A 

study by Trevino et al (Trevino et al. 2011) showed that full strength NaOCl is 

toxic to SCAP and prevents repopulation of SCAP on dentinal walls. Investigation 

of the ability of dental pulp stem cells (DPSCs) to adhere to dentin after being 

exposed to different irrigants revealed that irrigation with NaOCl was related to a 

lower degree of cell adherence (Ring et al. 2008). In addition, denaturation of 

dentinal proteins by NaOCl interferes with differentiation of stem cells in contact 

with dentin (Casagrande et al. 2010). Routine antibiotic dressings with creamy 

consistency might be another threat to pulp regeneration. A recent study by 

Ruparel et al (Ruparel et al. 2012) showed that TAP with creamy consistency 

(1000 mg/mL) would be extremely toxic to SCAP. The study revealed that a 

concentration of 0.01 to 0.1 mg/mL would be conducive to SCAP survival. A low 

concentration of antibiotic is a watery solution which would not be stable inside 

the root canal space and therefore, a biocompatible carrier has to be used to hold 

the dressing for a few weeks. Besides, the antibacterial efficacy of antibiotics in 

this low concentration is another concern, which deserves further studies. 
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Tissue engineering approaches 

 It has been proposed that the way forward is to develop therapies based 

on sound tissue engineering principles using a triad of stem cells, growth factors 

and bioactive scaffolds (Hargreaves et al. 2008). There are advantages in such 

attempts to direct or orchestrate the regenerative process including futuristic 

possibilities such as being able to custom design a pulp with appropriate immune 

response, vitality and sensibility. Controlled regeneration would also avoid 

unfavorable outcomes, and applications for treating mature teeth could be 

developed. The regenerated pulp tissue could potentially be directed to produce 

a dentin overlay precisely where needed to restore damaged tooth structure, or 

to increase root length and root thickness.  

Tissue engineering models used include the tooth slice/scaffold (Sakai et 

al. 2010), the 6-7mm long human tooth root fragment (Huang et al. 2010) and in 

vivo whole pulp regeneration animal studies (Nakashima and Iohara 2011), each 

of which represents a step closer to the clinical situation, both in terms of 

simulating the biological response as well as simulating the root canal anatomy.  

 Previous studies have looked at the ideal combination of stem cells, 

scaffold and growth factors for dentin-pulp regeneration. Huang et al have shown 

that mesenchymal stem cells (MSCs) derived from dental sources are more likely 

to differentiate into odontogenic cells, as compared to bone marrow MSCs 

(Huang et al. 2009). The incorporation of dental pulp derived stem cells with 

bioactive factors into a hydrogel scaffold was shown to promote cell proliferation, 
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differentiation and angiogenesis (Galler et al. 2012). Irrigation with 

ethylenediaminetretraacetic acid (EDTA) can release bioactive growth factors 

that are sequestered into the dentin matrix (Graham et al. 2006), which may aid 

in the proliferation of regenerated pulp tissue. Conditioning the root canal dentin 

with EDTA also enhances stem cell attachment and differentiation into 

odontoblasts (Galler et al. 2011). This study therefore used stem cells from 

dental sources, delivered them in a resorbable hydrogel scaffold, and used EDTA 

to release growth factors sequestered in dentin. 

 Huang et al in a previous project conducted in our department at the 

University of Maryland provided the first evidence showing that pulp-like tissue 

can be regenerated de novo in emptied root canal space by stem cells from 

apical papilla and dental pulp stem cells that give rise to odontoblast-like cells 

producing dentin-like tissue on existing dentinal walls (Huang et al. 2010). This 

study provided proof of concept, but did not simulate the clinical situation. A 

recent study by Nakashima et al demonstrated whole pulp regeneration in dogs 

using stem cells (Nakashima and Iohara 2011). While this study produced 

encouraging results, it also used a model that does not resemble the clinical 

situation. They used dog teeth which were extracted, an apicoectomy and 

pulpectomy was performed, the canals were filled with the test materials, and the 

teeth were replanted. Further, the test materials were not delivered in a form that 

can be translated into a product for commercial use. 
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RATIONALE 
 

 The problem in all previous preclinical research is that it really does not 

present an in situ model for human regenerative procedures, as they would be 

used on patients. The reason for this is that animal model studies have to use 

immunodeficient rodents, which would not reject the transplanted tissues and 

stem cells, but are too small for realistic endodontic procedures. Larger mammals 

are reasonable alternatives, but their stem cells have not been characterized due 

to absence of specific antibodies, they may reject xenografts of human stem 

cells, or allografts from other members of their own species.  

In this study we used the canine teeth from a validated and effective 

animal model- the ferret (Mustela putorius furo). The ferret model is unique in that 

it represents an in situ model for human regenerative procedures. This model 

was first utilized to induce periapical lesions and perform endodontic procedures 

by a member of our group (Fouad et al. 1992, Fouad et al. 1993). These two 

studies characterized the endodontic disease process and treatment procedures 

in ferret canines. The ferret model has also been validated to study treatment 

procedures and materials for vital pulp therapy (Rutherford and Gu 2000, 

Rutherford 2001, Dickens et al. 2010). The advantage of using ferrets as 

experimental animal models is that they have more similar root canal anatomy of 

the canine to humans than rabbits and rats, with less cost and ethical objections 

than cats, dogs or primates (He et al. 2002). 

Torabinejad et al (Torabinejad et al. 2011) have recently described this 
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model in terms of age changes and milestones in development. Their findings 

suggest that this model is suitable for experiments in regenerative endodontics. 

The permanent maxillary and mandibular cuspids of male ferrets erupt between 

51 and 61 days after birth. Initial signs of closure of the apical foramen are 

observed at 90-110 days. Complete apical closure and thickening of the root 

canal walls is seen at 133 days. The most appropriate time to conduct 

experiments on ferret cuspids with immature apices is when the animals are 

between the ages of 70 to 90 days (Torabinejad et al. 2011). The ferret canine 

reaches most of its length, but still has an open apex at this age, which roughly 

corresponds with the R1/2—Rc on the classification by Moorrees et al., in humans 

(Moorrees et al. 1963).  

Our study also used a method of delivering allogeneic stem cells (derived 

from ferret dental pulp tissues) that is likely to lead to successful engraftment. 

Mesenchymal stem cells have reduced immunogenicity because they are able to 

avoid the immune response and also make factors that suppress the immune 

response (Aggarwal and Pittenger 2005). These stem cells home to injured 

tissues and modulate the inflammatory response through synergistic down-

regulation of pro-inflammatory cytokines and up-regulation of pro-survival and 

anti-inflammatory factors (Nasef et al. 2008). Their immunosuppressive 

properties also include suppression of T cells, NK cell functions, and modulation 

of dendritic cell activities (Salem and Thiemermann 2010). The hydrogel scaffold 

used for encapsulation of stem cells does contain some fibrin derived from 
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bovine plasma, which could potentially cause an immune reaction when 

transplanted in ferrets. However, the likelihood of this reaction is very low 

because the concentration of fibrinogen in the alginate solution used to prepare 

the microbeads is only 0.1% (Zhou and Xu 2011). For clinical trials, fibrinogen 

derived from human plasma could be used instead. Allogeneic delivery of stem 

cells is selected because it represents a technique that could be translated to 

clinical use in human patients. Immunocompatible off-the-shelf allogeneic stem 

cells could be used to formulate a viable commercial product to use for total 

dentin-pulp regeneration in endodontic practice.  

In summary, this study is different from previous studies in that it 

attempted to precisely simulate the clinical situation by using young ferrets with 

immature apices, and delivering the test materials in a form that could be used in 

clinical endodontic practice. 
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SIGNIFICANCE OF THE RESEARCH 

 

Complete healing of periapical lesions has been the traditional goal of 

endodontic therapy. Outcome studies show that this is achievable with a high 

rate of success (Farzaneh et al. 2004, Farzaneh et al. 2004, Marquis et al. 2006, 

de Chevigny et al. 2008, de Chevigny et al. 2008, Ng et al. 2011, Ng et al. 2011). 

The next logical step for the specialty is complete regeneration of the dentin-pulp 

complex. Although the challenges of introducing endodontic tissue engineering 

therapies are substantial, the potential benefits to patients and the profession are 

equally ground breaking (Murray et al. 2007, Verma and Fouad 2012).  

This study has the potential to introduce a predictable and clinically 

applicable protocol for dentin-pulp regeneration, which could then be validated in 

a randomized controlled clinical trial. A strong case can be made for parallelism 

of this in situ model with the human situation. The human dental stem cells would 

be isolated from exfoliated deciduous teeth (SHED), expanded in culture and 

encapsulated using the same hydrogel microbeads.  The first manufactured drug 

based on allogeneic stem cell transplantation was recently granted regulatory 

approval to treat children suffering from graft-versus-host-disease (Pollack 2012) 

and we propose to follow a similar process of regulatory approval for using stem 

cells to treat endodontic disease. Scaffold materials like PLG (polylactide-co-

glycolide) have already been granted US Food and Drug Administration (FDA) 

approval for use in humans. PLG are hydrolytically degradable polymers, but 
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they are hydrophobic and typically are processed under relatively severe 

conditions, which makes encapsulation of viable cells potentially a challenge. As 

an alternative, a variety of hydrogels are being employed as scaffold materials 

because they are typically degradable, can be processed under relatively mild 

conditions, have mechanical and structural properties similar to many tissues, 

and can be delivered in a minimally invasive manner. The alginate-fibrin hydrogel 

microbeads developed in Dr. Huakun Xu’s lab have shown very promising 

results. Alginate is FDA approved for use in food and for many types 

of medical applications including use as a wound dressing and hemostatic agent. 

The components of fibrin, fibrinogen and thrombin, can be purified from human 

plasma, and fibrin glue has a long history of clinical use in FDA approved 

products such as Tisseel®, Evicel™, and Crosseal™. Additionally, fibrin has 

been shown to be an excellent scaffold for cell delivery and tissue ingrowth in a 

number of tissue engineering applications. The last factor of the tissue 

engineering triad, i.e. growth factors, will be derived from dentin by irrigation with 

EDTA. If additional amounts are needed, they are commercially available and 

can be encapsulated within the same microbeads. If successful, this study could 

thus be directly translated to a clinical trial and make significant contributions in 

the endodontic specialty. 
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PRELIMINARY STUDY 
 

When a new procedure is introduced, it is important to quantify the public 

health need.  While the advantages of regenerative endodontics for teeth with 

immature apices and pulp necrosis are well recognized, there has been no 

publication detailing the prevalence of this clinical problem among our patient 

population. The aim of this preliminary study was to identify how many of our 

patients stand to benefit from the development of a predictable protocol for 

regenerative endodontics. 

 

Methodology: 

It was assumed for the purposes of this study that all patients who were 

treated by apexification or apexogenesis would have been potential candidates 

for a regenerative procedure. 

  To determine the number of apexification and/or apexogenesis procedures 

performed by private practitioners in the United States, the following sources and 

reports were analyzed- 

1. American Dental Association (ADA) Dental Practice Series: 1999 Survey 

of Dental Services Rendered 

2. ADA Dental Practice Series: 2005-06 Survey of Dental Services Rendered  

3. American Association of Endodontists (AAE) report on Economics of 

Endodontics 2003 

4. Cases submitted to the AAE Regenerative Endodontics Database 
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5. Survey of University of Maryland Dental School part-time Endodontic 

faculty  

To determine the number of apexification and/or apexogenesis procedures 

performed in an academic institution, the University of Maryland dental school’s 

records from 2006 to 2010 were analyzed. All cases treated by postgraduate 

residents are entered into a database called the Maryland Endodontic Record 

(MER). Reports were generated from the MER database and all patient 

identifying information was made anonymous. Results were statistically analyzed 

using Chi Square to determine if there was a change in prevalence from 2006 to 

2010. 

 

Results: 

The number of active private practitioners in the United States is shown in table 1 

(ADA Dental Practice Series)- 

 

Table 1. Number of active private practitioners in the United States 

 1999 2005 

Endodontists 3,323 4,080 
General Practitioners 123,625 130,054 
 

 

Endodontics is one of the smaller clinical specialties of dentistry. Only 

prosthodontics is smaller.  Over the previous two decades, the number of 

endodontists has grown faster than any other specialty and faster than general 
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practitioners. The next largest growth over that period of time was for 

periodontists.  Since 1982, the number of endodontists increased by 84%, 

compared to a 33% increase in the number of general practitioners.  

The market for endodontic services in the US is segmented between 

endodontists and general practitioners. Endodontists accounted for 

approximately $2.8 billion of the total $8.2 billion in expenditures for root canal 

services, general practitioners accounted for most of the remaining $5.5 billion. 

Referrals from general practitioners to endodontists are crucially important to the 

economic health of the endodontic specialty.  In 1999, private practicing 

endodontists reported that general practitioners were the source of about 85.5% 

of patients referred to them (Brown et al. 2003). 

The age distribution of patients seen by Endodontists is shown in table 2 (ADA 
Dental Practice Series)- 
 
Table 2. Age distribution of patients seen by endodontists 
 
Age Group 
 

1999 2005-06 
Percent N Percent N 

Under 5 0.0 0 0.0 0 
5-9 0.6 4 0.4 20 
10-19 3.5 23 4.4 244 
20-29 11.3 75 7.7 424 
30-39 17.6 117 14.2 782 
40-49 20.0 133 21.3 1,173 
50-59 17.9 119 21.0 1,153 
60-69 11.6 77 12.4 684 
70-79 5.7 38 6.3 346 
80 and over 2.6 17 2.9 161 
Age unspecified 9.2 61 9.2 508 
All Patients 100.0 664 99.8 5,496 
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Fig. 1. Age distribution of patients seen by endodontists, 2005-06 
 

 
 

We can reasonably assume that patients with incomplete root formation lie 

in the age groups 5-9 and 10-19. These patients would be candidates for the 

current regenerative procedures being developed for immature teeth. Together, 

these two groups comprised 4.8% of the patients seen by endodontists in 2005-

06, and 4.1% of the patients seen by endodontists in 1999.  This is a relatively 

small fraction. If a protocol for predictable pulp regeneration could be developed 

for mature teeth, a much larger number of patients would stand to benefit. 

The annual estimates of endodontic procedures completed by private 

practitioners, 2005-06 (ADA Dental Practice Series) is shown below in table 3 - 

 
Table 3. Annual estimates of endodontic procedures 
 Endodontists General 

Practitioners 
All Private 
Practitioners 

Apexification/ 
recalcification  
(D3351-D3353) 

 
23,650 

 
0 

 
23,650 

 
Total Endodontic  
Procedures 

 
5,672,500 

 
15,213,370 

 
22,315,460 

Age	  Distribution	  of	  Patients	  Seen	  by	  Endodontists,	  2005-‐06	  

5	  to	  19	  yrs	  

20	  and	  over	  

Age	  Unspeci7ied	  
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Fig. 2. Apexification procedures completed by endodontists in private practice, 
2005-06 

 
 

Apexification procedures comprised 0.4% of the total endodontic 

procedures completed by endodontists, and 0.1% of the total endodontic 

procedures completed by all private practitioners. Even assuming that all patients 

who underwent an apexification procedure were candidates for a regenerative 

procedure, this represents a very small fraction of the total patient population. 

 

 

 

 

 

 

 

Apexi=ication	  procedures	  completed	  by	  
Endodontists	  in	  Private	  Practice,	  2005-‐06	  

Apexi7ication/	  
recalci7ication	  

Total	  Endodontic	  
Procedures	  
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Annual Numbers of Endodontic Procedures completed by Postgraduate 

Residents at an Academic Institution (University of Maryland) is shown below in 

table 4- 

Table 4. Annual numbers of endodontic procedures completed by postgraduate 
residents 

 
2006 2007 2008 2009 2010 Total 

Total Number of NS 
RCT & Retx 
(Obturations) done by 
residents 846 829 955 807 701 4138 
Total Number of NS 
RCT  & Retx 
(Obturations) done by 
residents <18 y/o 216 266 350 226 136 1194 
Total number of 
Apexifications 4 10 10 2 11 37 
Total number of 
Apexogenesis 3 9 14 4 4 34 
Percent of cases 
needing Regenerative 
Endodontics 0.83 2.29 2.51 0.74 2.14 1.72 
Percent of cases <18 
y/o needing 
Regenerative 
Endodontics 3.24 7.14 6.86 2.65 11.03 5.95 

 
 
Results were statistically analyzed (Chi Square; p> 0.05) to determine if there 
was a change in prevalence from 2006 to 2010. 
 
Table 5. Statistical analysis of prevalence 2006-2010 
 Apexification/Apexogenesis cases NS RCT and Retreatment cases 

2006 7 (0.8%) 846 (99.2%) 
2007 19 (2.2%) 829 (97.8%) 
2008 24 (2.5%) 955 (97.5%) 
2009 6 (0.7%) 807 (99.3%) 
2010 15 (2.1%) 701 (97.9%) 
p<0.05, Chi Square = 14.011 at 4 degrees of freedom 
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The results are statistically significant (p<0.05). Therefore, significantly more 

cases would have been potential candidates for regenerative endodontics in 

some years than in others. 

 

Although there was a statistically significant difference in prevalence from 2006-

2010, the trend was not consistent, as shown in the graph below (fig. 3) 

 
Fig. 3. Percent of cases needing regenerative endodontics 
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Percent	  of	  Cases	  needing	  Regenerative	  Endodontics	  
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Fig. 4. Procedure mix for postgraduate residents 
 

 
 
 
AAE Regenerative Endodontics Database 
 

As of October 2013, 95 cases with pretreatment and follow up radiographs 

have been submitted to the AAE Regenerative Endodontics Database. The age 

range of the patients is 6-29 years. Sixty-seven of these cases have a ≥1 year 

follow up that includes a radiograph.  Some of the follow up radiographs are for 

the same patient; thus, there are not 67 distinct cases with at least a one-year 

follow up.  There are a total 52 distinct cases with pretreatment and ≥1 year 

follow up radiographs. This gives us a sense for the number of cases being 

performed nationally. 

 

 

Procedure	  mix	  for	  Postgraduate	  Residents	  at	  the	  
University	  of	  Maryland	  

Endodontic	  procedures	  on	  
patients	  below	  18	  years	  

Endodontic	  procedues	  on	  
patients	  above	  18	  years	  

Root	  canal	  treatment	  or	  
Retreatment	  

Apexi7ication	  or	  Apexogenesis	  
procedures	  
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Survey of University of Maryland Part-Time Faculty in Endodontics 

An email survey was sent out to 21 part-time faculty members at the 

University of Maryland, all of whom had limited their practice to Endodontics. The 

survey asked the following question- 

What was the total number of Apexification and Apexogenesis procedures 

completed by you in 2010? (Procedure codes D3222, D3351, D3352, D3353 or 

others that you may use for these procedures) 

14 faculty members responded to the survey, for a response rate of 67%. The 

number of procedures reported ranged between 0-15, with a median of 1 and a 

mean of 3.14.   

 

Cost : Benefit Analysis- 

In 2003, endodontists accounted for approximately $2.8 billion of the total $8.2 

billion in expenditures for root canal services, general practitioners accounted for 

most of the remaining $5.5 billion (Brown et al. 2003). Apexification and 

apexogenesis comprised 0.4% of all procedures performed by endodontists in 

private practice in 2005-06. From these figures, we can draw an approximation of 

the national market for regenerative endodontics at $11.2 million. In 2005, there 

were 4,080 endodontists in active private practice in the United States. 

Therefore, the potential revenue from regenerative endodontics would be 

approximately $2745 per endodontist per year. This represents a very small 

fraction of the gross annual revenue of a typical endodontic solo practice. 
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Discussion: 

The results of the present study show that the public health need for 

regenerative endodontic treatment in its current scope is limited. The recent 

protocol published by AAE is limited to immature permanent teeth with pulpal 

necrosis, which comprise a very small fraction of endodontic treatments. The vast 

majority of endodontic treatments are done on mature permanent teeth with 

necrotic pulps or teeth with some degree of irreversible pulpal degeneration/ 

inflammation. Therefore, development of a predictable protocol for regenerative 

endodontic treatments in mature teeth will significantly change the public health 

impact of these treatments. However, there is only one case report for such 

treatment in mature teeth (Paryani and Kim 2013). In addition, a recent animal 

study showed that regenerative endodontic treatment protocols in mature teeth 

could potentially revitalize the teeth. The study showed ~72% success rate for re-

growth of a new vital connective tissue into previously infected mature teeth of 

dogs. (Gomes-Filho et al. 2013). Further studies in this field are necessary to 

establish a predictable treatment protocol.  

As shown in the ADA report of 2005-6, general dentists do about 75% of 

endodontic procedures. Endodontic procedures are considered technically 

complex procedures in dentistry and it has been shown that the success rate of 

treatments done by endodontists is significantly higher than general dentists 

(Alley et al. 2004). However, regenerative endodontic procedures involve less 

instrumentation and more efficient root canal disinfection strategies (Fouad 
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2011). In addition, there is no obturation process. Therefore, these treatments 

are technically less complicated than traditional root canal treatments and could 

be performed by general dentists with success rates comparable to specialists. 

This is a very important aspect of the public health need for regenerative 

endodontic procedures. A service that can be easily performed by general 

dentists would be more accessible to the public than one that requires a 

specialist. In addition, because of the simplicity of the treatment procedure, the 

service would be less expensive than traditional root canal treatment and so it is 

possible that insurance coverage may be better. 

On the other hand, there is lack of studies with high level of evidence to 

support this new treatment for immature teeth. A review of studies in this field 

shows that most of the clinical studies are case reports (Nosrat et al. 2011, 

Torabinejad and Turman 2011) (level 5 evidence) or case series (Jung et al. 

2008, Ding et al. 2009) (level 4 evidence). There are two retrospective studies 

available on the outcome of the treatment (Bose et al. 2009, Jeeruphan et al. 

2012); one would be classified as a low-quality cohort (Bose et al. 2009) because 

the radiographic evaluations were done to assess outcomes of treatments done 

by different clinicians with different treatment protocols. There are few animal 

studies published in this field. All of these studies showed unpredictable results in 

terms of tissues generated inside the root canal space using the current clinical 

protocol (da Silva et al. 2010, Wang et al. 2010, Yamauchi et al. 2011). A recent 

comprehensive review concluded that studies done in this field have high risk of 
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bias and low methodological quality (Moreno-Hidalgo et al. 2013). 

Studies have shown that the success rate of primary endodontic treatment 

is significantly lower in teeth with pulp necrosis and periapical lesions compared 

to teeth without periapical lesions (Ng et al. 2008, Ricucci et al. 2011). It has 

been documented that residual bacteria are the main determinants for the 

healing of endodontic disease (Fabricius et al. 2006). Contemporary endodontic 

procedures cannot completely eliminate bacteria from dentinal tubules and 

anatomical complexities (Nair et al. 2005). We also know that bacteria infiltrate 

deeper and affect more dentinal tubules in teeth from young patients (Kakoli et al. 

2009). This implies that complete elimination of infection in immature teeth with 

pulp necrosis might be even more difficult than in mature teeth. Further, the level 

of disinfection required for successful tissue regeneration in a previously infected 

root canal is higher than that required for successful traditional root canal therapy 

(Fouad 2011).  

Most published case reports on regenerative endodontic treatments in 

immature permanent teeth describe cases diagnosed as pulpal necrosis with 

periapical lesions and clinical presentation of either swelling, sinus tract, 

mastication pain, or no symptoms (Nosrat et al. 2011, Lenzi and Trope 2012). 

Although all of the reports in this field have shown clinical and radiographic 

success in terms of infection control (Nosrat et al. 2012), there are very few 

retrospective studies in this field and no randomized clinical trials. A retrospective 

study on the clinical and radiographic outcomes of regenerative endodontic 
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treatments showed promising results for this new treatment (Jeeruphan et al. 

2012). Included were 20 teeth (only one case without apical periodontitis) in 

regenerative treatment group with ~ 21 months follow up. They showed 100% 

clinical and radiographic (healed + healing) success rate for regenerative 

endodontic treatment which was the highest among the groups (vs. MTA apical 

plug and calcium hydroxide apexification) (Jeeruphan et al. 2012).  

However, since the ideal goal is “pulp regeneration”, the definition of 

“success” for this new treatment should not be limited to a clinically functional 

tooth with normal radiographic periapical status. “Continuing physiologic 

development” and “regaining pulp vitality” are other criteria that should be 

considered in this regard. There are case reports showing apparently successful 

clinical and radiographic outcomes without further root development. In these 

cases it was clinically confirmed that the treated teeth had empty root canal 

spaces (Nosrat et al. 2012, Nosrat et al. 2013). Although retrospective studies on 

the radiographic outcome of the regenerative endodontic treatments show that 

this new treatment protocol causes significant increase in root length and root 

wall thickness (Bose et al. 2009, Jeeruphan et al. 2012), these reports (Nosrat et 

al. 2012, Nosrat et al. 2013) indicate that the current protocol is not predictable in 

terms of pulp regeneration and root development. 
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Conclusions: 

The results show that the public health need for regenerative endodontics 

in its current scope is limited. Even if all patients who underwent apexification or 

apexogenesis procedures were assumed to be candidates for regeneration, this 

still represents a small fraction of the patient population (0.1-2.5%).  

The results of this preliminary study support the idea that the scope of 

regenerative endodontics should be expanded to include treatment of adult 

patients suffering from endodontic disease in teeth with mature apices, if this new 

branch of the specialty is to have a significant public health impact. Development 

of a protocol for predictable pulp regeneration in teeth with mature apices would 

also be necessary in order to have a significant impact on the procedure mix in a 

typical endodontic practice. 

However, a major roadblock to achieving dentin-pulp regeneration in teeth 

with mature apices is the absence of sufficient numbers of stem cells in the 

periapical area of adult teeth with endodontic disease. Direct delivery of stem 

cells capable of differentiating into odontoblasts in the root canal space is the 

logical way to overcome this problem. The following study is the first attempt to 

test such a protocol using an animal model that closely simulates the clinical 

situation and to deliver stem cells in a form that could be applied in clinical 

practice. As a first step, we tested this protocol in teeth of young animals with 

immature apices, which have greater healing potential and access to an 

abundant blood supply. If the treatment is proven to be both reliable and valid, 
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and is shown to be successful in a randomized controlled clinical trial, it will 

provide direction for future studies attempting to regenerate the dentin-pulp 

complex in mature teeth with pulpal necrosis. 

  



 32 

 

SPECIFIC AIM OF THE MAJOR STUDY 

 

The overarching goal of the study was to develop a predictable and clinically 

applicable protocol for dentin-pulp regeneration in an animal model that has been 

characterized for root canal infections.  

 

The specific aim of the project was as follows: 

 

To determine the efficacy in regeneration of the dentin-pulp complex in an animal 

model, of delivering stem cells within a bioactive scaffold directly into the root 

canal space compared with traditional procedures. 

 

 

 

 

  



 33 

 

HYPOTHESIS  

 

Hypothesis related to Aim: 

 

In immature teeth with pulpal necrosis, a superior treatment outcome of 

regenerative endodontics will be achieved by directly delivering dental pulp stem 

cells encapsulated in a hydrogel scaffold as compared to using a blood clot 

alone. 
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MATERIALS AND METHODS 

 

Phase 1 

The University of Maryland Institutional Animal Care and Use Committee 

(IACUC) approved the protocol on October 17, 2012. A critical step in the proof of 

concept for this research was to identify and characterize dental pulp stem cells 

(DPSCs) in ferrets. Therefore, a descented male ferret was purchased for the 

purpose of retrieving and staining of DPSCs  (Marshall BioResources, North 

Rose, NY). At the time of surgery, the ferret was 80 days old. General anesthesia 

was administered (detailed methodology in experimental method section) and 

three canine teeth were extracted. The teeth were sectioned and the pulp tissues 

were carefully extracted under magnification and promptly transported in HBSS + 

100U/ml Penicillin/Streptomycin) and processed by Paragon Bioservices as 

follows- 

 
DPSC Expansion Protocol: 

Pulp was individually washed 3x PBS, minced and digested (700U/ml 

Collagenase Type I, 100U/ml Pen/Strep in PBS) for 1 hour at 37C. Cells and 

remaining tissues were washed (3 x PBS, 500 x g, 5min) and resuspended  in 

1ml DPSC Media (DMEM/Low glucose, 100U/ml Pen/Strep) with (n=2) and 

without (n=1) recombinant mouse bFGF (2ng/ml) and seeded into 1 T25 

flask/sample. The following day nonadherent cells and tissue were removed and 

fresh media was added. 
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Six days after seeding the colonies were passaged. Colonies were 

washed 1x PBS, trypsinized (TrypLE, 5-10min, 37°C). Cells were counted (Life 

Technologies, Countess) with an average of 9.0x105 viable cells (mean=90%) 

recovered per sample with bFGF, 2.2x105 viable cells (91%) without bFGF. Each 

sample was seeded into 2 T25 flasks at 1x104 cells/cm2 all with DPSC media 

containing bFGF. A 48-well plate was also seeded with densities ranging from 

1x103 to 1x105 cells/cm2 with and without bFGF. 

Flasks reached confluency 5 days later and were passaged, mean 9.7x106 

viable cells (93%), into 2 T175 flasks at 1x104 cells/cm2. A 48-well plate was 

seeded at 1x104 cells/well for immunostaining. Additionally, some cells were 

frozen in either CryoStor CS10 or Freezing Solution (DMEM + 20% FBS + 10% 

DMSO) for freeze/thaw studies.  

Flasks reached confluency after 4 days, mean 3.8x107 viable cells (92%). 

Cells were replated in 2 T175 at 1x104 cells/cm2 for each sample. Remaining 

cells were pooled and either plated into a 48-well at 1x104 cells/cm2 for 

immunostaining or frozen in Freezing Solution at 8.5 x 106 cells/ml aliquoted into 

11 vials. Primary Antibodies and Isotype Controls were tested for immunostaining 

at dilutions of 1:50, 1:200, 1:500, a follow-up experiment the following day 

included 1:20, 1:1000 and 1:2000 dilutions based on previous results along with 

cross-reactivity studies. Ferret specific antibodies are not commercially available, 

so we chose antibodies from other species with genetic homology that were likely 

to cross-react with ferret tissues. Briefly, cells in 48-well plates were washed with 
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PBS, fixed with 4% paraformaldehyde (30min @ 22°C), washed 3x PBS, Blocked 

(7.5% BSA in PBS, 30min @ 22C), Primary Incubation (1hr @ 22C), washed 3x 

PBS, Secondary Incubation (1hr @ 22C), washed 3x PBS, DAPI stained, Imaged 

on EVOS FL microscope. 

Initial results were positive for STRO1, CD90 and CD105 but negative for 

CD146. The next step was to generate additional data by staining for CD146 with 

other antibodies and testing for odontoblast differentiation and dentin 

sialophosphoprotein (DSPP) expression. This part of the study was done in Dr. 

George Huang’s lab in Memphis, Tennessee. Frozen ferret DPSCs at passage 3 

were shipped to the lab. The cells were thawed and passaged again. They were 

grown in alpha-MEM culture medium to ~70% confluence. An alternative CD146 

antibody was selected (mouse anti-mouse, Novus Biologicals catalog #NBP1-

43346) based on discussions with experts regarding cross-reactivity with ferret 

tissues. Cells were plated in 4 wells of a 12-well culture plate. Fixed with 4% 

paraformaldehyde for 20 mins. Washed with PBS 4 times. To each well added 

5ml of blocking buffer (5% goat serum with water and wash buffer) to block any 

binding from non-specific antigens. The primary antibody was tested in 3 

dilutions- 1:50, 1:100 and 1:200. Secondary antibody used was Alexa 568 rabbit 

anti-mouse (red). DAPI dye at 1:2000 dilution was used to stain the cell nuclei.  

 

Differentiation testing: Cells were plated in culture plates and incubated in-  

a. Osteo/odontogenic differentiation medium containing 10 nM dexamethasone, 
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10 mM β-glycerophosphate, 50 µg/ml ascorbate phosphate, 10 nM 1, 25 

dihydroxyvitamin D3, and 10% FBS. At 2 time points (4 weeks and 8 weeks), 

cultures were fixed in 60% isopropranolol, and mineralization of extracellular 

matrix stained with 1% Alizarin Red S. Expression of DSPP was tested by by 

ELISA to look for the DSPP protein. 

b. Adipogenic medium containing 1 µM dexamethasone, 1 µg/ml insulin, 0.5 mM 

3-isobutyl-1-methylxanthine, and 10% FBS. At 2 time points (4 weeks and 8 

weeks), cells were fixed in 10% formalin for 60 mins, washed with 70% ethanol, 

and lipid droplets were stained with 2% (w/v) Oil Red O reagent for 5 mins and 

washed with water. 
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Phase 2 

 

Research Design: 

This study is being conducted at the University of Maryland School of 

Medicine Animal Research facility and the University of Maryland Dental School. 

Nine descented 70-day old male ferrets were used for the study. The sample size 

was determined by power analysis (GPower software). The animals were 

purchased from an approved, licensed vendor (Marshall BioResources, North 

Rose, NY; infous@marshallbio.com). All nine ferrets were derived from the same 

colony of animals. Upon arrival, the animals were acclimated for 7 days before 

being used in the study. There were two experimental groups in the study: Group 

1- Traditional Revascularization and Group 2- Tissue Engineered Construct.  

The nine animals were utilized as follows: 

Donor animal (1)- stem cell donor, all teeth were utilized to harvest pulp 

tissues, followed by euthanasia.  

Control animals (2)- All 4 canines per ferret were utilized for a total of 8 

canine teeth. These 8 control teeth were randomly derived from the 2 control 

ferrets, each of which contributed 2 canine teeth as positive controls and 2 

canine teeth as negative controls.  

Experimental animals (6)- All 4 canines were utilized per ferret for a total 

of 24 canine teeth. Of these 6 ferrets, 3 ferrets were randomly allocated to 

receive treatment configuration A, and 3 ferrets to receive treatment configuration 
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B, as shown in the tables below. The teeth in all groups were split randomly to 

allow for even distribution between maxillary and mandibular teeth (table 6) so 

that if there were differences in tooth dimensions or rate of growth between 

maxillary and mandibular teeth, they would not affect the analyses. Periapical 

lesions were induced in the experimental groups and the positive controls as 

described in previous studies (Fouad et al. 1992). Tissue engineered constructs 

were prepared in syringes by encapsulating the previously isolated ferret dental 

pulp stem cells into a hydrogel scaffold. 

 

Table 6. Treatment configurations 

 
Treatment Configuration A (3 ferrets) 
 Right Side  Left Side 
Maxillary Canines Traditional Revascularization (Group 

1) 
Tissue Engineered Construct (Group 
2) 

Mandibular Canines Traditional Revascularization (Group 
1) 

Tissue Engineered Construct (Group 
2) 

 
Treatment Configuration B (3 ferrets) 
 Right Side  Left Side 
Maxillary Canines Tissue Engineered Construct (Group 

2) 
Traditional Revascularization (Group 
1) 

Mandibular Canines Tissue Engineered Construct (Group 
2) 

Traditional Revascularization (Group 
1) 

 

Therefore, each of these 6 ferrets contributed 2 canine teeth to each of the 

2 experimental groups, and in total each group had 12 teeth. Power analysis 

showed that with an N of 12 in each experimental group, power for the 

independent variable was 81% at a significance level of 0.05 and effect size of 

.60. The effect size of .60 was determined from a previous study (Bose et al. 

2009), which was a retrospective analysis of radiographic outcomes of 
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regenerative endodontics in immature teeth with pulp necrosis. Therefore, an N 

of 12 is sufficient when studying increase in the width of the root canal walls, 

which is the most important outcome variable we are examining.  

 

Table 7. Distribution of teeth in each group 

 
Distribution of teeth in each group: 

Type of Treatment 
Traditional Revascularization Tissue Engineered Construct 

Group 1- 12 teeth Group 2- 12 teeth 

 
 Positive Controls Negative Controls 
Number of Control teeth 4 teeth 4 teeth 

 
 

All procedures were conducted under aseptic protocol with the use of 

sterile materials and equipment. A veterinarian or veterinary technician was 

present for each procedure. The weight of each ferret was recorded before 

anaesthesia and repeated before each procedure. The initial weight of a 70 day 

old ferret is approximately 800 gms (Ball 2006). After a fasting period of 4 hours, 

the animals were sedated with Ketamine HCl (Ketaject, Phoenix Pharmaceutical, 

Inc. St. Joseph, Mo) 30-40 mg/kg IM and Xylazine (AnaSed, Lloyd Laboratories 

Inc. Shenandoah, IA) 2-3 mg/kg IM. The animals were intubated with a size 2.5 

to 3 endotracheal tube, and then maintained under 1 to 4% isofluorane gas 

(Phoenix Pharmaceuticals Inc, St. Joseph, MO). Animals were given IV fluids as 

needed (Lactate Ringers solution). The animals were maintained in surgical 

plane of anaesthesia throughout the procedure. An analgesic (Buprenorphine, 
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0.01-0.03 mg/kg IM every 12 hours or Carpofen 3 mg/kg SC every 24 hours) was 

given immediately prior to the procedure and continued until the following day to 

manage any post-operative pain.  

 

Controls: 

Positive Controls: Periapical lesions were induced but no treatment was 

rendered. Positive controls served as reference sections for progression of the 

disease when untreated and for baseline measurement of root length and 

thickness. After administration of 2% lidocaine without epinepherine (Dentsply 

International, York, PA, USA), endodontic access was made by removing 2-3 mm 

from the incisal edge of each tooth to expose the pulp with a sterile taper fissure 

bur in a high-speed dental handpiece.  After pulp exposure, the orifice was 

enlarged to facilitate access to the entire canal. Pulp extirpation was done with 

broaches (# 40) placed to a length of approximately 10mm as measured from a 

radiograph in a previous study (Torabinejad et al. 2011).  The canal was irrigated 

with saline and left exposed to the oral cavity for one week. After one week, 

under the same conditions of general anaesthesia, a cotton pellet was placed in 

the access and then sealed with Cavit to promote the growth of anaerobes. 

Lesion development was allowed to occur for 3 weeks. During this period, an 

analgesic (Buprenorphine 0.01-0.03 mg/kg IM BID or Carpofen 3mg/kg SC QID) 

was given to manage any pain or soreness. Immediately before further 

procedures were performed, the animals received an oral dose of 41.6 nmol/g of 
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body weight of pharmaceutical grade tetracycline hydrochloride to label any new 

calcified tissue formed after treatment (Sakai et al. 2010). To give periodic 

labeling, the tetracycline administrations were repeated every 3 weeks 

throughout the observation period.  

 

Negative Controls: No lesions were induced for negative controls. They defined 

the normal growth in terms of increase in root length, dentin thickness and apical 

closure. They also served as reference sections for the histological appearance 

of ferret tooth structures. 

 

Experimental Groups:  

Lesion induction was performed as described previously for positive 

controls. Tetracycline doses were also given as described previously to label new 

mineralized tissue. 

 

Phase 1: Disinfection 

Each of the 4 animals was again subjected to general anaesthesia and 

2% lidocaine without epinephrine was administered at the treatment sites. The 

canine teeth were isolated with a rubber dam, #212 clamps and Oraseal 

(Ultradent Inc., South Jordan, UT, USA). The operative field was disinfected with 

2.5% sodium hypochlorite and the Cavit was removed. The teeth were minimally 

instrumented with endodontic files to avoid damage to the thin root canal walls. 
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Irrigation was done with sodium hypochlorite diluted to a 1% concentration. This 

lower concentration was chosen because full strength hypochlorite may interfere 

with stem cell survival (Trevino et al. 2011), may prevent attachment of stem cells 

to root canal dentin (Ring et al. 2008) and may denature proteins of the dentin 

matrix, which are involved in promoting tissue regeneration (Casagrande et al. 

2010). Furthermore, 1% sodium hypochlorite has been shown to be sufficiently 

effective to significantly reduce bacterial presence in infected root canals 

(Shuping et al. 2000). Max-i-probe needles (25 gauge) with side vents were used 

for irrigation. Approximately 3ml of irrigant was used per tooth. The canals were 

then dried and filled with Triple Antibiotic Paste (equal weights of ciprofloxacin, 

metronidazole and minocycline ground into powder form and mixed with sterile 

saline). The antibiotic paste was delivered into all root canals with a Centrix 

syringe to the level of the cementoenamel junction. The access of all root canals 

was sealed with Cavit. 

 

Phase 2: Pulp Revascularization (Group 1) 

One week later, under the same conditions of general anaesthesia, the 

teeth were isolated and the field disinfected, as described before, then the 

temporary restoration was removed. Irrigation was performed with 5ml of 17% 

EDTA. Using EDTA can release bioactive growth factors that are sequestered 

into the dentin matrix (Graham et al. 2006) which may aid in the proliferation of 

regenerated pulp tissue. Conditioning the root canal dentin with EDTA also 
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enhances stem cell attachment and differentiation into odontoblasts (Galler et al. 

2011). The canals were then dried with paper points.  

 Teeth in group 1 were treated with a traditional revascularization 

procedure. Hemorrhage was induced by gentle agitation of files in the periapical 

area (1-2mm past the apex). Coagulation of the blood clot was controlled below 

the CEJ. In group 2, the same procedure was followed, except that the blood clot 

step was replaced with the tissue engineering construct, as described below. A 

layer of 2-3 mm of ProRoot MTA was then placed over the blood clot to fill the 

access cavity 3mm from the cavosurface margin and a layer of Fuji II glass 

ionomer material (GC America, Alsip, IL) was placed over it to give an effective 

and durable seal. 

 

Pulp Regeneration (Group 2)  

Tissue Engineered Construct preparation and delivery: 

Three canine teeth extracted from the donor ferret and used to prepare the 

tissue engineered construct. The teeth were sectioned and pulp and apical 

papilla tissues carefully separated out under magnification. The tissues were 

processed to isolate stem cells and expanded in culture by a biopharmaceutical 

company that is affiliated with the University of Maryland Stem Cell Consortium 

(Paragon Bioservices, Baltimore, MD, USA). Clinically provided ferret dental pulp 

tissues were minced, digested (Collagenase), strained and seeded into culture 

flasks with alpha-MEM supplemented with FBS and basic-FGF. Non-adherant 
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cells were removed and media exchanged on the first day post seeding and 

cultures expanded (often as focal colonies). Over the course of 2-3 weeks, the 

adherent cells were passaged 3-5 times with trypsin, then harvested and 

cryogenically frozen at a concentration of 1x106 cells/ml. Sufficient material was 

grown for injection, reagent qualification, characterization and testing. Cells were 

tested for post-thaw viability and mycoplasma contamination.  

As a scaffold, the oxidized alginate-fibrin hydrogel microbeads developed 

by Dr. Xu’s group were used to encapsulate the stem cells (Zhou and Xu 2011). 

These microbeads degrade inside the root canal to release the cells and initiate 

cell migration and tissue ingrowth. In brief, a 1.2% (by mass) sodium alginate 

solution was prepared by dissolving oxidized alginate (UP LVG, 64% guluronic 

acid, MW = 75,000~220,000 g/mol, ProNova, Oslo, Norway) in saline (155 

mmol/L NaCl). Fibrinogen from bovine plasma (Sigma) was added at a 

concentration of 0.1% to the alginate solution and incubated at 37 °C for 2 hrs to 

yield a mixed alginate-fibrinogen solution. Stem cells were added to the alginate-

fibrinogen solution at a density of 1 million cells/mL of alginate. The alginate-cell 

solution was loaded into a syringe which was connected to a bead-generating 

device (Var J1, Nisco, Zurich, Switzerland). Nitrogen gas was fed to the gas inlet 

and a pressure of 8 psi was established to form a coaxial air flow to break up the 

alginate – fibrinogen droplets. The droplets were fed into a well of 100 mmol/L 

calcium chloride solution plus 125 NIH units of thrombin (Sigma) and cross-linked 

to form microbeads by calcium chloride, while the reaction between fibrinogen 
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and thrombin produced fibrin. The cell-scaffold matrix was then transported to the 

animal facility under sterile conditions and immediately used in the experiment. 

The volume of the root canal of a ferret canine is approximately 32µl, as 

calculated from the radiographs in a previous study (Torabinejad et al. 2011).  

 Slight apical hemorrhage was induced by gentle agitation of files in the 

periapical area and the cell-scaffold matrix was placed into the root canal space 

using a lentulospiral or a periodontal probe such that it mixed with the blood and 

filled the canal up just below the level of the cementoenamel junction. A layer of 

2-3mm of ProRoot MTA was then placed to fill the access cavity 3mm from the 

cavosurface margin and covered with Fuji II as described previously. 

 

Evaluation of Treatment Results: 

 

 An observation period of 3 months was used. The animals were weighed 

every 3 days. Each animal was observed for food prehension, appetite, general 

appearance, stool consistency, urination, respiration rate and character and 

mentation. Any clinical signs of morbidity were reported to the veterinary staff. At 

intervals of 3 weeks, the animals received oral doses of Tetracycline. After 3 

months, the ferrets were deeply anaesthetized with 5% isofluorane gas and 

intramuscular injections of 10 mg/kg of Ketamine HCl and 2 mg/kg Xylazine.  The 

animals were weighed. The thoracic cavity was exposed, the thoracic aorta and 

vena cava were cross-clamped and the left ventricle of the heart was cannulated.  
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After venting of the right auricular appendage the left ventricle was perfused with 

heparinized saline (Heparin Sodium AAP Pharmaceuticals, Schaumburg, IL) until 

the perfusate ran clear followed by 120-180 mL of  10% buffered formalin (J.T. 

Baker Inc. Phillipsburg, NJ).  After perfusion was complete, block sections of the 

upper and lower jaws were dissected and placed in 10% buffered formalin for 2 

weeks.   

 The blocks were imaged using digital periapical radiographs. All 

radiographs were taken with a custom jig to ensure that the blocks were in the 

same orientation and to minimize distortion of the images. The software used to 

capture the images (MiPACS) was calibrated to ensure that the measurements 

were made accurately. The images were analyzed for canal wall thickness, root 

length, apical closure, and periapical lesion size. 

 Histologic analysis is planned to be completed as part of another 

resident’s master’s thesis. Block sections will be decalcified in 10% buffered 

Formic acid (Sigma Chemical Co., St. Louis, MO) at room temperature under 

magnetic stir bar agitation for 14-21 days.  The samples will be rinsed under 

running tap water for 5 hours followed by dehydration with ascending 

concentrations of alcohol.  The specimens will be embedded in tissue prep 

paraffin (Fischer Scientific, Fair Lawn, NJ) using standard paraffin processing on 

a Tissue-Tek VIP 5 (Sakura Finetek USA Inc., Torrence, CA).  Serial sections of 

each sample will be cut at a thickness of five micrometers.  3 sections cut 

through the apical foramen showing the entire canal space will be selected and 



 48 

stained with hematoxylin and eosin (H & E). Another 3 sections from the same 

regions will be stained with Masson’s Trichrome.  Samples will be evaluated 

using light and confocal microscopy (BioRad Radiance 2100) using the following 

parameters: ultraviolet laser (LD405 nm, 35 mW), 405- to 488-nm excitation filter, 

and 465- to 495-nm barrier filter (Sakai et al. 2010). 

 

Statistical Analysis: 

 

All hypothesis tests were two-tailed, and conducted using SPSS version 20 (IBM, 

SPSS Inc., 2011, Chicago, IL). 

 

Power Analysis: 

Power analysis showed that with an N of 12 in each experimental group, 

power for the independent variable (increase in width of root canal walls) was 

81% at a significance level of 0.05 and effect size of .60. The effect size of .60 

was determined from a previous study (Bose et al. 2009), which was a 

retrospective analysis of radiographic outcomes of regenerative endodontics in 

immature teeth with pulp necrosis. Therefore, an N of 12 was determined to be 

sufficient when studying increase in the width of the root canal walls, which was 

the most important outcome variable we were examining.  
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Phase 1: 

For phase 1 of the study, the data was analyzed using an Independent t-

test at a p value ≤ 0.05 to look for differences in DSPP levels between the control 

group and the osteogenic differentiation group. 

 

Phase 2: 

For phase 2 of the study, the following outcome variables were analyzed: 

 

1. Primary Outcome Variable: Increase in thickness of the dentin walls:  

The power analysis described before was based on an effect size of 60%. 

This effect size was predicated on this primary research outcome for the study. 

All radiographic examinations were done by a blinded oral radiologist. The 

greater the root wall thickness, the lesser the canal diameter. Therefore, in order 

to measure the increase in root wall thickness, the diameter of the canal was 

used as a surrogate outcome and was measured at two levels on the digital 

radiographs- 1mm from the radiographic apex, and mid-way between the 

cingulum and the apex (see fig. 5). Decrease in canal diameter (= increase in 

dentin wall thickness) was calculated using the maximum canal diameter of 

positive controls as a covariable. The maximum canal diameter in the 2 maxillary 

positive controls was averaged and used as a covariable for the maxillary teeth in 

the experimental groups, and a similar calculation was done for mandibular teeth. 

The data was then analyzed by using Analysis of Covariance (ANCOVA) at a p 
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value ≤ 0.05 to look for differences between the groups. The negative controls 

were not used in the data analysis; they just served as reference for normal 

physiologic development. 

 

Fig. 5. Sample screenshot of canal diameter measurement method 

 

 

2. Increase in root length due to formation of new mineralized tissue:  

This was calculated from the digital radiographs, using the root length of 

positive controls as a covariable. Negative controls were used as a reference for 

root length with normal physiologic development (see fig. 6). The data was 

analyzed using Analysis of Covariance (ANCOVA) at a p value ≤ 0.05 to look for 

differences between the groups. 
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Fig. 6. Sample screenshot of root length measurement method 

 

 

3. Presence or absence of periapical lesion: 

 The presence or absence of a periapical lesion was determined from the 

digital radiographs. Data analysis was done using Chi-Square to look for 

differences between the groups at a p value ≤ 0.05. Separate analyses were also 

done using Fisher’s Exact Tests at a p value ≤ 0.05 comparing only maxillary 

teeth between the groups and only mandibular teeth between the groups.  

 

4. Number of teeth showing growth versus no growth: 

 The number of teeth showing growth (=increase in root length and 

thickness) versus the number of teeth showing no growth (no change) was 

compared between the groups using Chi Square analysis at a p value ≤ 0.05. 
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5. Presence or absence of tissue characteristics:  

The histologic sections will be examined to determine the presence of 

absence of an odontoblast layer, blood vessels within the root canal, bone within 

the root canal, and cementum within the root canal. The sections will be scored 

as yes/no for presence or absence each of these characteristics, and the data 

will be analyzed using Chi-Square at a p value ≤ 0.05. This data will be examined 

as part of another resident’s thesis. 
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RESULTS 

 

Results from Phase 1 

 
DPSC Immunostaining: These results are outlined in the table below. Negative 

controls (not shown) for all secondary antibodies were negative at 1:1000 

dilutions used for all these experiments. Ferret DPSC antibody and isotype 

control reactivity are shown in table 8 below, with the optimal concentrations 

highlighted in yellow: 

Table 8. Immunohistochemistry results 

Isotype Conc. Fluoresenc
e 

Secondary Isotype Conc. Fluoresenc
e 

Secondary 
Rbt IgG 1:50 + α-‐rbt 350 Rbt α-‐CD105 1:50 ++ α-‐rbt 594 
  ++ α-‐rbt 594   + α-‐rbt 350 
 1:200 -‐ α-‐rbt 350  1:200 ++ α-‐rbt 594 
  + α-‐rbt 594   + α-‐rbt 350 
 1:500 -‐ α-‐rbt 350  1:500 ++ α-‐rbt 594 
  -‐ α-‐rbt 594   + α-‐rbt 350 
Ms IgG 1:50 -‐ α-‐ms 555   -‐ α-‐ms 488 
CD-146 1:200 -‐ α-‐ms 555   -‐ α-‐ms 555 
 1:500 -‐ α-‐ms 555 RbtCD-105 1:1000 ++ α-‐rbt 594 
Ms IgM 1:20 + α-‐ms 488  1:2000 + α-‐rbt 594 
CD-146 1:50 -‐ α-‐ms 488 Rbt α-‐CD146 1:50 + α-‐rbt 594 
 1:200 -‐ α-‐ms 488   -‐ α-‐rbt 350 
 1:500 -‐ α-‐ms 488  1:200 +/-‐ α-‐rbt 594 
      -‐ α-‐rbt 350 
     1:500 -‐ α-‐rbt 594 
      -‐ α-‐rbt 350 

    Ms α-‐STRO1 1:20 + α-‐ms 488 
    MsSTRO-1 1:50 ++ α-‐ms 488 
Tri label      -‐ α-‐ms 555 
Rbt α-‐CD105 
 

1:500 ++ 
 

α-‐rbt 594 
 

  -‐ α-‐rbt 594 
Ms α-‐STRO1 
 

1:50 
 

+ 
 

α-‐ms 488 
 

 1:200 -‐ α-‐ms 488 
Ms α-‐CD90 1:500 ++ α-‐ms 555  1:500 -‐ α-‐ms 488 
    Ms α-‐CD90 1:50 ++ α-‐ms 555 
     1:200 ++ α-‐ms 555 
     1:500 ++ α-‐ms 555 
      -‐ α-‐ms 488 
      -‐ α-‐rbt 594 
    MsCD-90 1:1000 ++ α-‐ms 555 
     1:2000 + α-‐ms 555 
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The following images are from the Tri Label sample from the same field of view. 
	  

 
 
Fig. 7. Ferret DPSC rbt α-CD105/α-rbt                Fig. 8. Ferret DPSC ms IgM α-STRO1/α-ms IgM 
Alexa 594 + DAPI     Alexa 488 + DAPI 
  

	  
 
Fig. 9. Ferret DPSC ms IgG1 α-CD90/α-ms IgG Alexa 555 + DAPI 
 
 

Results indicate that optimal concentrations for the primary antibodies 

were 1:1000 rbt α-CD105, 1:50 ms α-STRO1, 1:1000 ms α-CD90 but that rbt α-

CD146 did not show labeling above the background reactivity of the isotype 

control. 

Based on these findings, these cells appeared to be ferret DPSCs (dental pulp 

stem cells) and were suitable for our experiments.  

 
The following data were obtained from experiments done with Dr. Huang in 
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Memphis. Ferret DPSCs were grown in alpha-MEM culture medium to ~70% 

confluence.  

           
 
Fig. 10. Ferret DPSC 10x magnification             Fig. 11. Ferret DPSC 40x magnification 
 

Immunofluorescence testing using alternative CD146 antibody yielded the 

following results- 

Immunofluorescence images of ferret DPSCs: 
 

                                   
 
Fig. 12. Ms CD146/ Alexa 568 + DAPI                                    Fig. 13. Ms CD146/Alexa 568 + DAPI      
 

 
Fig. 14. Negative control Alexa 568 + DAPI 
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Results indicate that the ferret DPSCs do not stain very well for the CD146 

biomarker even with an alternative species antibody. We cannot be certain 

whether the cells are negative for CD146 or the antibody does not cross-react 

with ferret tissue. However, even if these cells are 

STRO1+/CD90+/CD105+/CD146-, they are still suitable for our experiments. A 

previous in vivo study has shown that even a heterogeneous population of cells 

(DPSC, SCAP and fibroblasts) can be successfully used for dentin-pulp 

regeneration (Huang et al. 2010).  

 
Differentiation testing results:  

a. Osteo/odontogenic differentiation- Cell proliferation was excellent and Alizarin 

Red staining demonstrated extensive production of mineralized tissue.  

b. Adipogenic differentiation- Cell proliferation was good but Oil Red O staining 

did not show production of fat droplets. 

 

                             
 
Fig. 15. Osteo/odontogenic Differentiation   Fig. 16. Adipogenic Differentiation 
Alizarin Red +      Oil Red O – 
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Results from ELISA testing for DSPP are shown in table 9 below-  

Table 9. ELISA testing for DSPP 

ELISA	   Control	  1	   Control	  2	   Control	  3	   Osteo	  1	   Osteo	  2	   Osteo	  3	  

Day	  4-‐16	  	  
Conc	  (pg/ml)	  

90.66	   65.73	   95.67	   63.92	   67.76	   96.00	  

Day	  20-‐28	  	  
Conc	  (pg/ml)	  

71.91	   56.57	   71.16	   63.39	   58.59	   57.21	  

Day	  32-‐40	  	  
Conc	  (pg/ml)	  

75.96	   56.36	   65.52	   59.87	   69.35	   67.22	  

Day	  44-‐56	  
Conc	  (pg/ml)	  

75.75	   40.48	   65.84	   58.27	   57.74	   74.25	  

 

Statistical analysis is shown in table 10 below- 

Table 10. Independent t-test analyses 

ELISA	   df	   Control	  (mean)	   Osteo	  (mean)	   t	   p	  

Day	  4-‐16	  
Concentration	  

(pg/ml)	  

4	   84.02 ± 16.0 75.9	  ± 17.5	   .593	   .585	  

Day	  20-‐28	  
Concentration	  

(pg/ml)	  

4	   66.55	  ± 8.6	   59.73	  ± 3.2	   1.278	   .270	  

Day	  32-‐40	  
Concentration	  

(pg/ml)	  

4	   65.95	  ± 9.8	   65.48	  ± 5.0	   .074	   .945	  

Day	  44-‐56	  
Concentration	  

(pg/ml)	  

4	   60.69	  ± 18.2	   63.42	  ± 9.4	   -‐.231	   .829	  
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At the 4-16 day time point, t=.593 and p=.585. At the 20-28 day time point, 

t=1.278 and p=.270. At the 32-40 day time point, t=.074 and p=.945. At the 44-56 

day time point, t=-.231 and p=.829. There was no significant difference in DSPP 

level between the control group and the osteogenic differentiation group at any 

time point.   
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Results from Phase 2 

Animals were sacrificed after a 3-month observation period. Block specimens of 

the jaws were dissected and stored in formalin. Digital radiographs of all 31 

specimens were taken using a custom jig to ensure standard orientation of each 

specimen. Selected radiographs are shown in the figures below- 

 

Fig. 17-18. Negative Controls: 

     

 Fig. 17. Maxillary    Fig. 18. Mandibular 

 

Fig. 19-20. Positive Controls: 

      

 Fig. 19. Maxillary    Fig. 20. Mandibular 
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Assignment of Groups: 
 

Ferret #1  
UL & LL positive control 
UR & LR negative control 
 
Ferret #2 
UL & LL negative control 
UR & LR positive control 
 
 
Table 11. Treatment Configuration A (Ferrets #3, 4 & 5) 
 
 Right Side  Left Side 
Maxillary 
Canines 

Traditional Revascularization 
(Group 1) 

Tissue Engineered Construct 
(Group 2) 

Mandibular 
Canines 

Traditional Revascularization 
(Group 1) 

Tissue Engineered Construct 
(Group 2) 

 
Table 12. Treatment Configuration B (Ferrets #6, 7 & 8) 
 
 Right Side  Left Side 
Maxillary 
Canines 

Tissue Engineered Construct 
(Group 2) 

Traditional Revascularization 
(Group 1) 

Mandibular 
Canines 

Tissue Engineered Construct 
(Group 2) 

Traditional Revascularization 
(Group 1) 

 
 
Excluded from analysis: 
 
Ferret #1 UL positive control- lesion did not develop 
Ferret #4 LR traditional revascularization- lost temp filling and canal was 
contaminated 
Ferret #5 LL tissue engineered construct- tooth was avulsed 
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Fig. 21-24-. Traditional Revascularization: 

 

      

 Fig. 21. Maxillary    Fig. 22. Mandibular 

7 out of 11 teeth treated with traditional revascularization showed no growth. 

 

   

 Fig. 23. Maxillary    Fig. 24. Mandibular 

4 out of 11 teeth showed growth. 
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Fig. 25-28. Tissue Engineered Construct: 

 

      

 Fig. 25. Maxillary    Fig. 26. Mandibular 

9 out of 11 teeth showed no growth. 

 

     

 Fig. 27. Maxillary    Fig. 28. Mandibular 

2 out of 11 teeth showed growth. 
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Table 13. Data for maxillary teeth: 

Specimens (Maxillary) 
Length of 
root from 
cingulum to 
apex 

Diameter of 
canal mid-
way 
between 
cingulum 
and apex 

Diameter 
of canal 
1mm 
from 
apex 

Periapical 
lesion 
present 
or absent 

 
Positive Controls 
 

        

Ferret #1 UL (excluded 
from analysis) 11.38 1.2 0.16 Absent 

Ferret #2 UR  10.73 2.93 1.85 Absent 
 
Negative Controls 
 

        

Ferret #1 UR 11.54 1.24 0.17 Absent 
Ferret #2 UL 11.39 1.45 0.27 Absent 
 
Group 1 (Traditional 
Revascularization) 
 

        

Ferret #3 UR 11.04 1.2 0.39 Absent 
Ferret #4 UR 9.35 2.8 1.82 Absent 
Ferret #5 UR 9.72 2.83 1.86 Absent 
Ferret #6 UL 11.21 1.34 0.23 Present 
Ferret #7 UL 10.05 2.76 0.55 Present 
Ferret #8 UL 9.6 2.88 1.35 Present 
 
Group 2 (Tissue 
Engineered Construct) 
 

        

Ferret #3 UL 11.12 1.34 0 Absent 
Ferret #4 UL 9.71 2.67 1.48 Present 
Ferret #5 UL 10.39 2.74 1.6 Absent 
Ferret #6 UR 10.03 2.8 1.49 Present 
Ferret #7 UR 8.89 2.85 0.94 Present 
Ferret #8 UR 9.1 2.79 1.5 Present 
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Table 14. Data for mandibular teeth: 
 

Specimens (Mandibular) 
Length of 
root from 
cingulum 
to apex 

Diameter 
of canal 
mid-way 
between 
cingulum 
and apex 

Diameter 
of canal 
1mm 
from 
apex 

Periapical 
lesion 
present 
or absent 

Positive Controls         

Ferret #1 LL 9.59 2.63 2.05 Present 
Ferret #2 LR 9.81 2.81 2 Present 

Negative Controls         

Ferret #1 LR 10.67 0.27 0.23 Absent 
Ferret #2 LL 10.3 1.07 0.39 Absent 
Group 1 (Traditional 
Revascularization)         

Ferret #3 LR 9.44 2.75 1.92 Present 
Ferret #4 LR (excluded from 
analysis) 10.03 2.05 0.11 Absent 

Ferret #5 LR 10.58 0.83 0 Absent 
Ferret #6 LL 8.98 2.68 1.86 Present 
Ferret #7 LL 9.56 0.94 0.21 Absent 
Ferret #8 LL 8.71 2.41 0.67 Absent 
Group 2 (Tissue Engineered 
Construct)         

Ferret #3 LL 10.43 2.68 1.85 Present 
Ferret #4 LL 9.71 0.62 0.11 Absent 
Ferret #5 LL (no image- tooth 
was avulsed)         

Ferret #6 LR 9.19 2.6 1.86 Present 
Ferret #7 LR 9.36 2.51 0 Absent 
Ferret #8 LR 8.76 2.65 1.59 Present 
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Results of phase 2 statistical analysis using SPSS are shown in the tables below.  

 

Tables 15-17 show results of analyses of covariance (ANCOVA) looking for 

differences in the three outcome measures between the two treatment groups.  

Tables 18-20 show similar analyses but looking at the maxillary teeth only, and 

tables 21-23 show similar analyses looking at the mandibular teeth only.  

 

Table 24 shows results of Chi-Square analysis looking for differences in 

periapical lesion presence or absence between the two treatment groups. Table 

25 shows results of Fisher’s Exact Test looking at the same parameter, but for 

maxillary teeth only. Table 26 shows results of Fisher’s Exact Test looking at the 

same parameter, but for mandibular teeth only.  

 

Finally, table 27 shows results of Fisher’s Exact Test looking for differences in 

the number of teeth showing growth or no growth between the two treatment 

groups. 
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Table 15. Root length- 

ANCOVA analysis. Covariable = mean of positive controls = 10.04 

Group	  	  
(Type	  of	  Treatment)	  

dF	   N	   Mean	   SD	   F	   p	  

Traditional	  
Revascularization	   1	  

11	   9.84	   0.80	  
.104	   .75	  

Tissue	  Engineered	  
Construct	  

11	   9.70	   0.74	  

 

There was no significant difference in root length between the traditional 

revascularization group and the tissue engineered construct group (F=.104, 

p=.75) 

 

Table 16. Mid-root canal diameter (lower diameter = higher root wall thickness)- 

ANCOVA analysis. Covariable = mean of positive controls = 2.79 

Group	  	  
(Type	  of	  Treatment)	  

dF	   N	   Mean	   SD	   F	   p	  

Traditional	  
Revascularization	   1	  

11	   2.13	   0.85	  
2.254	   .149	  

Tissue	  Engineered	  
Construct	  

11	   2.39	   0.72	  

 

There was no significant difference in mid-root canal diameter between the 

traditional revascularization group and the tissue engineered construct group 

(F=2.254, p=.149) 
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Table 17. Apical canal diameter (lower diameter = higher root wall thickness)- 

ANCOVA analysis. Covariable = mean of positive controls = 1.97 

Group	  	  
(Type	  of	  Treatment)	  

dF	   N	   Mean	   SD	   F	   p	  

Traditional	  
Revascularization	   1	  

11	   0.99	   0.78	  
.356	   .558	  

Tissue	  Engineered	  
Construct	  

11	   1.13	   0.74	  

 

There was no significant difference in apical canal diameter between the 

traditional revascularization group and the tissue engineered construct group 

(F=.356, p=.558) 

 

Table 18. Root length for maxillary teeth only- 

ANCOVA analysis. Covariable = maxillary positive control = 10.73 

Group	  	  
(Type	  of	  Treatment)	  

dF	   N	   Mean	   SD	   F	   p	  

Traditional	  
Revascularization	   1	  

6	   10.16	   0.78	  
.000	   .992	  

Tissue	  Engineered	  
Construct	  

6	   9.87	   0.83	  

 

There was no significant difference in root length between the maxillary teeth of 

the traditional revascularization group and the tissue engineered construct group 

(F=.000, p=.992) 
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Table 19. Mid-root canal diameter for maxillary teeth only- 

ANCOVA analysis. Covariable = maxillary positive control = 2.93 

Group	  	  
(Type	  of	  Treatment)	  

dF	   N	   Mean	   SD	   F	   p	  

Traditional	  
Revascularization	   1	  

6	   2.30	   0.80	  
2.206	   .168	  

Tissue	  Engineered	  
Construct	  

6	   2.53	   0.59	  

 

There was no significant difference in mid-root canal diameter between maxillary 

teeth of the traditional revascularization group and the tissue engineered 

construct group (F=2.206, p=.168) 

 

Table 20. Apical canal diameter for maxillary teeth only- 

ANCOVA analysis. Covariable = maxillary positive control = 1.85 

Group	  	  
(Type	  of	  Treatment)	  

dF	   N	   Mean	   SD	   F	   p	  

Traditional	  
Revascularization	   1	  

6	   1.03	   0.73	  
1.148	   .309	  

Tissue	  Engineered	  
Construct	  

6	   1.17	   0.62	  

 

There was no significant difference in apical canal diameter between the 

traditional revascularization group and the tissue engineered construct group 

(F=1.148, p=.309) 
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Table 21. Root length for mandibular teeth only- 

ANCOVA analysis. Covariable = mean of mandibular positive controls = 9.7 

Group	  	  
(Type	  of	  Treatment)	  

dF	   N	   Mean	   SD	   F	   p	  

Traditional	  
Revascularization	   1	  

5	   9.45	   0.72	  
.012	   .914	  

Tissue	  Engineered	  
Construct	  

5	   9.49	   0.63	  

 

There was no significant difference in root length between the mandibular teeth 

of the traditional revascularization group and the tissue engineered construct 

group (F=.012, p=.914) 

 

Table 22. Mid-root canal diameter for mandibular teeth only- 

ANCOVA analysis. Covariable = mean of mandibular positive controls = 2.72 

Group	  	  
(Type	  of	  Treatment)	  

dF	   N	   Mean	   SD	   F	   p	  

Traditional	  
Revascularization	   1	  

5	   1.92	   0.96	  
.542	   .483	  

Tissue	  Engineered	  
Construct	  

5	   2.21	   0.89	  

 

There was no significant difference in mid-root canal diameter between the 

traditional revascularization group and the tissue engineered construct group 

(F=.542, p=.483) 
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Table 23. Apical canal diameter for mandibular teeth only- 

ANCOVA analysis. Covariable = mean of mandibular positive controls = 2.03 

Group	  	  
(Type	  of	  Treatment)	  

dF	   N	   Mean	   SD	   F	   p	  

Traditional	  
Revascularization	   1	  

5	   0.93	   0.91	  
.110	   .748	  

Tissue	  Engineered	  
Construct	  

5	   1.08	   0.94	  

 

There was no significant difference in apical canal diameter between the 

traditional revascularization group and the tissue engineered construct group 

(F=.110, p=.748) 

 

Table 24. Periapical lesion presence or absence- 
 

	  
Periapical	  lesion	  

present	  

Periapical	  lesion	  

absent	  

Traditional	  

Revascularization	  
5	  (45%)	   6	  (55%)	  

Tissue	  Engineered	  

Construct	  
7	  (64%)	   4	  (36%)	  

Chi Square = 0.183, p > 0.05 
 
 
There was no significant difference in periapical lesion presence or absence 

between the traditional revascularization group and the tissue engineered 

construct group (p>0.05) 
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Table 25. Periapical lesion presence or absence for maxillary teeth only- 
 

	  
Periapical	  lesion	  

present	  

Periapical	  lesion	  

absent	  

Traditional	  

Revascularization	  
3	  (50%)	   3	  (50%)	  

Tissue	  Engineered	  

Construct	  
4	  (66.6%)	   2	  (33.3%)	  

Fisher’s Exact Test, p > 0.05 
 
 
There was no significant difference in periapical lesion presence or absence for 

the maxillary teeth between the traditional revascularization group and the tissue 

engineered construct group (p>0.05) 

 
 
 
Table 26. Periapical lesion presence or absence for mandibular teeth only- 
 

	  
Periapical	  lesion	  

present	  

Periapical	  lesion	  

absent	  

Traditional	  

Revascularization	  
2	  (40%)	   3	  (60%)	  

Tissue	  Engineered	  

Construct	  
3	  (60%)	   2	  (40%)	  

Fisher’s Exact Test, p > 0.05 
 
 
There was no significant difference in periapical lesion presence or absence for 

the mandibular teeth between the traditional revascularization group and the 

tissue engineered construct group (p>0.05) 
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Table 27. Number of teeth showing growth vs. no growth after 3-month 
observation period- 
 

	  
Number	  of	  teeth	  

showing	  no	  growth	  

Number	  of	  teeth	  

showing	  growth	  

Traditional	  

Revascularization	  
7	  (63.6%)	   4	  (36.4%)	  

Tissue	  Engineered	  Construct	   9	  (81.8%)	   2	  (18.2%)	  

Fisher’s Exact test, p > 0.05 
 
 
There was no significant difference in the number of teeth showing growth 

(=increase in root wall thickness or root length) versus no growth between the 

traditional revascularization group and the tissue engineered construct group 

(p>0.05). 

 

Table 28. Association between presence/ absence of periapical lesion and tooth 
maturation- 
 

	  
Periapical	  lesion	  

present	  

Periapical	  lesion	  

absent	  

Number	  of	  teeth	  showing	  growth	   1	   5	  

Number	  of	  teeth	  showing	  no	  

growth	  
11	   5	  

Chi Square = 4.7743, p = .028887 

There was a significant association between periapical lesion presence or and 

tooth maturation (p<0.05). 
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The four groups (traditional revascularization n=11, tissue engineered construct 

n=11, positive controls n=3 and negative controls n=4) were compared to each 

other using Kruskal-Wallis test. ANOVA could not be used because the sample 

sizes in the groups were too far apart. The results of the Kruskal-Wallis were as 

follows: 

There was no significant difference in distribution of root length across the four 

groups (p=.078). 

There was no significant difference in distribution of mid-root canal diameter 

across the four groups (p=.063). 

There was a significant difference in the distribution of apical canal diameter 

across the four groups (p=.041). 

 

Tukey’s multiple comparison tests were also done to compare the four groups, 

and the results are shown in tables 28-30. Means for groups in homogenous 

subsets are displayed in each table.  

 

There were no significant differences between the groups for any of the three 

parameters. 
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Table 29. Tukey’s multiple comparison test for root length 

	   	  
N	  
	  

Subset	  for	  alpha	  =	  .05	  

1	   2	  

	  
Tissue	  Engineered	  Construct	  
	  

	  
11	  

	  
9.6991	  

	  

	  
Traditional	  Revascularization	  
	  

	  
11	  

	  
9.8400	  

	  
9.8400	  

	  
Positive	  Controls	  
	  

	  
3	  

	  
10.0433	  

	  
10.0433	  

	  
Negative	  Controls	  
	  

	  
4	  

	   	  
10.9750	  

	  
Sig.	  (p	  value)	  
	  

	   	  
.875	  

	  
.087	  

 
 
 
 
Table 30. Tukey’s multiple comparison test for mid-root canal diameter 

	   	  
N	  
	  

Subset	  for	  alpha	  =	  .05	  

1	   2	  

	  
Negative	  Controls	  
	  

	  
4	  

	  
1.0075	  

	  

	  
Traditional	  Revascularization	  
	  

	  
11	  

	  
2.1291	  

	  
2.1291	  

	  
Tissue	  Engineered	  Construct	  
	  

	  
11	  

	  
	  

	  
2.3864	  

	  
Positive	  Controls	  
	  

	  
3	  

	   	  
2.7900	  

	  
Sig.	  (p	  value)	  
	  

	   	  
.087	  

	  
.472	  
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Table 31. Tukey’s multiple comparison test for apical canal diameter 

	   	  
N	  
	  

Subset	  for	  alpha	  =	  .05	  

1	   2	  

	  
Negative	  Controls	  
	  

	  
4	  

	  
.2650	  

	  

	  
Traditional	  Revascularization	  
	  

	  
11	  

	  
.9873	  

	  
.9873	  

	  
Tissue	  Engineered	  Construct	  
	  

	  
11	  

	  
1.1291	  

	  
1.1291	  

	  
Positive	  Controls	  
	  

	  
3	  

	   	  
1.9667	  

	  
Sig.	  (p	  value)	  
	  

	   	  
.196	  

	  
.119	  
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DISCUSSION 
 

 The results of Phase 1 of this study characterized the ferret dental pulp 

stem cells for experiments in regenerative endodontics. Immunohistochemistry 

results showed that the cells were positive for the stem cell markers STRO1, 

CD90 and CD105, and negative for CD146. We cannot be certain whether the 

cells are negative for CD146 or the antibody does not cross-react with ferret 

tissue. A previous in vivo study (Huang et al. 2010) showed that even a 

heterogeneous population of cells (DPSC, SCAP and fibroblasts) can be used 

successfully for dentin-pulp regeneration. Therefore, these cells were suitable for 

our experiments. Differentiation testing showed that the DPSCs have strong 

osteo/ odontogenic differentiation potential but weak adipogenic differentiation 

potential. There was no significant difference in dentin sialophosphoprotein 

(DSPP) levels between the control group and the osteo/ odontogenic group. 

Reasons could be that the level of DSPP was very low or the mouse antibody 

used did not cross-react with ferret protein. There are no commercially available 

ferret antibodies. 

The results of Phase 2 of this study show that there was no statistically 

significant difference in radiographic outcomes between the two types of 

treatment. Overall, the treatment outcome in terms of increase in root length or 

root wall thickness was quite unpredictable. Most of the teeth did not show any 

change, while a few teeth in both groups showed significant growth. In the 
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traditional revascularization group, only 36.4% teeth showed some growth after 

the 3-month observation period, and in the tissue engineered construct group, 

only 18.2% teeth showed some growth. Further, in the traditional 

revascularization group, 45% of the teeth still had a periapical lesion present after 

the 3-month observation period, and in the tissue engineered construct group, 

64% of the teeth still had a periapical lesion present. Therefore, we can 

hypothesize that there was a component of pre-operative infection that influenced 

the treatment outcomes. The mean root length in the traditional revascularization 

group was 9.84 ± 0.80mm while in the tissue engineered construct group it was 

9.70 ± 0.74mm. The mid-root canal diameter in the traditional revascularization 

group was 2.13 ± 0.85mm while in the tissue engineered construct group it was 

2.39 ± 0.72mm. The apical canal diameter in the traditional revascularization 

group was 0.99 ± 0.78mm while in the tissue engineered construct group it was 

1.13 ± 0.74mm. There was no statistically significant or clinically relevant 

difference when comparing the increase in root length or canal wall thickness, or 

when comparing the presence or absence of a periapical lesion between groups. 

Interestingly, the experimental teeth in both groups that showed some growth 

had similar root wall thickness and root length as the negative control teeth 

(=normal physiologic development), while the experimental teeth in both groups 

that showed no growth had similar root wall thickness and root length as the 

positive control teeth (=infected and left without treatment). 

Yamauchi et al attempted to use tissue engineering strategies to treat 
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immature teeth with apical periodontitis in a dog model (Yamauchi et al. 2011) 

and found significant differences in periradicular healing and root wall thickening 

between the groups in which a scaffold was used. They showed that after 

disinfection and treatments, Blood+EDTA+Scaffold and Blood+Scaffold groups 

had a significantly higher average healing rate than the Blood+EDTA and Blood 

groups (87.5%, 79.2%, 58.3%, and 56.52%, respectively). Also, the 

Blood+EDTA+Scaffold and Blood+Scaffold groups had a significantly higher 

average rate of root thickening than the Blood+EDTA and Blood groups (83.3%, 

87.5%, 54.2%, and 65.2%, respectively). Their results are different from the 

results of this study, which might be explained by the following reasons- 1) They 

used a cross-linked collagen scaffold and did not inject stem cells in the canal, 2) 

They used 2.5% NaOCl unlike this study which used 1% NaOCl, so may have 

achieved better disinfection even though they did no do any mechanical 

instrumentation of the canals, and 3) They used a dog model with 6-month old 

dogs, which may be biologically different from the ferret model and 

revascularization treatments may be more likely to be successful in dogs. Dogs 

are also genetically closer to humans than ferrets. 

The only other group currently working on the ferret model for regenerative 

endodontics is out of Loma Linda, and this group recently published the results of 

their pilot investigation (Torabinejad et al. 2014). They did pulpectomy on 21 

canine teeth of 7 ferrets and tested blood clot vs. platelet rich plasma (PRP) for 

regeneration procedures. Almost all of their experimental teeth showed the 
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presence of intracanal bone-like tissue. No evidence of dentinal wall thickening 

was noted in any of the experimental teeth. In the present study, there were a 

few teeth that did show some evidence of growth (=increase in root wall 

thickness and root length). This difference might be explained by the following 

reasons- 1) They used PRP while this study used stem cell transplantation, 2) 

They did not induce periapical lesions so their model was not testing regenerative 

procedures in the presence of infection, and 3) They irrigated the canals with 

sterile saline, while in this study the canals were irrigated with 1% NaOCl, which 

might have had a detrimental effect of the stem cells of the apical papilla. Unlike 

the Loma Linda study which used PRP, the results in this study were that at least 

a few of the teeth showed resolution of the infectious process (= periapical lesion 

absent) and continued physiologic growth (= increase in root length and 

thickness), and are therefore encouraging that tissue engineering strategies are 

at least biologically plausible, although certainly not yet predictable in 

regenerating the dentin-pulp complex. 

There was a significant association between the presence or absence of a 

periapical lesion at the 3-month evaluation and whether the tooth showed 

continued root maturation. Therefore, it can be hypothesized from the results of 

this study that the degree of pulp infection and the degree to which it can be 

eliminated could play a central role in promoting continued physiologic growth. It 

is generally recognized that for teeth with immature apices that are replanted 

following traumatic avulsion with short extraoral dry time, the teeth are monitored 
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for spontaneous revascularization. The understanding in these cases is that if 

there is no infection or minimal contamination without an established bacterial 

biofilm, host responses will permit sufficient connective tissue to revascularize 

the pulp space through the relatively large apical foramen, and continue 

mineralization leading to increase in length and width of the root. However, the 

situation is different in cases with necrotic pulps and established bacterial 

biofilms inside the root canal. The apparent success in case reports and case 

series of such treatments are predicated on the control of the established 

infection, and the radiographic healing of the periapical lesion (Fouad and Verma 

2014).  

We know that, in general, the presence of infection reduces the chances 

for complete clinical and radiographic healing by about 15-20% compared to 

cases with vital pulp. (de Chevigny et al. 2008, Ng et al. 2011). Numerous 

outcome studies have identified the presence of absence of pre-operative 

infection as the single most important factor in the success of endodontic 

treatment of teeth with mature apices. The effect of pre-operative infection is also 

very important in cases where regenerative endodontics is attempted (Fouad and 

Verma 2014). Moreover, the traditional level of root canal disinfection may not be 

sufficient in cases in which we want vital tissues to ultimately occupy the pulp 

space.  Bacteria form biofilms on the canal walls, in isthmuses and lateral canals, 

inside the dentinal tubules, and on the apical extraradicular root surfaces. 

Traditional chemo-mechanical debridement of the root canal leaves behind 
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residual bacteria, which are then entombed by obturation of the canal space. 

After placement of a well-sealing coronal restoration, the environment is 

conducive to healing in most cases. However, in regenerative endodontics, the 

lack of a filling in the canal space while the regenerated tissue is developing may 

allow the residual bacteria to proliferate and reestablish a biofilm. The necessary 

level of disinfection is therefore likely higher than that accepted for traditional root 

canal therapy, because in traditional techniques the mere lowering of bacterial 

loads and prevention of bacterial access to the apex is conducive to healing. 

Further, the developing tissue also needs sufficient time to establish itself in the 

root canal, and thus the aseptic environment needs to be maintained for a longer 

period of time than in traditional endodontic therapy (Fouad 2011) by using an 

appropriate intracanal medicament. 

Therefore, it can be hypothesized that the degree of pre-operative 

infection played a critical role in determining whether the teeth in this study 

showed some evidence of growth at the end of the 3-month observation period. 

The unpredictable nature of the treatment outcome in both groups may be related 

to not being able to standardize the degree of established infection and the 

degree of elimination of that pre-operative infection.  

Although the intention was to remove all pulp tissue from the canal during 

the lesion induction step, it is possible that some teeth may have had pulp 

remnants and some did not. We have no way of knowing if this happened, or if it 

did, which teeth in which group were affected. These remnants could have 
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confounded the results in both groups. Pulp remnants at the time of lesion 

induction could have prevented the establishment of a pre-operative infection, 

acting as a source of regenerated tissue and allowing some teeth to continue 

along the normal physiologic growth process. It is possible that this happened in 

the one positive control tooth that failed to develop a lesion. Alternately, necrotic 

tissue remnants at the time of disinfection could have prevented the canal from 

offering an aseptic environment for regeneration of new vital tissue.  

Secondly, the degree of pre-operative infection was different, as 

evidenced by the fact that some teeth in some animals developed acute apical 

abscesses during the lesion induction phase, while others did not. So teeth that 

were infected with more virulent bacteria could have been more resistant to our 

disinfection protocol, and therefore not conducive to the establishment of vital 

tissue in the canal. A standardized protocol was used for inducing lesions by 

leaving the canals exposed to the oral environment for one week. However, 

every animal’s oral microbiome is slightly different, therefore the profile of 

bacterial biofilms in the canals of the experimental teeth must have been different. 

This simulates the clinical situation. However, in order to control this variable, 

future studies could consider alternative lesion induction protocols that involve 

inoculating the canal with a few standardized endodontic pathogens. 

Thirdly, during the course of the experiment, a few teeth lost their 

temporary filling. This was replaced as soon as it was detected. During this 

interim period, bacterial ingress into the canals could have influenced the 
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revascularization process and confounded the results.  

Finally, we know that the intrinsic immune response to infection differs 

among animals. Although the randomization and matching method controlled for 

these differences, still the host factors may have contributed to the treatment 

outcome.  

Research Limitations 
 

The sample size in the study was set at 12 in each group based on a 

power analysis for the most important outcome variable, i.e. root wall thickness. 

However, two experimental teeth were excluded so we had a sample size of 11 

in each group. Also, running separate analyses for maxillary and mandibular 

teeth halved the sample size in each of those groups. Among the teeth that 

showed growth, there were very small differences in root length or canal wall 

thickness. The low sample size and small differences in measurements may 

have contributed to the lack of statistical significance. However, we believe that 

the differences found between the two groups were not clinically meaningful and 

therefore a larger sample size would probably not change our conclusions. 

 This study also looked at radiographic outcomes at one single time point, 

i.e. after the animals were euthanized and tissues harvested, because of 

logistical problems with taking intraoral radiographs in the animal facility. It would 

have been better to take radiographs to verify that periapical lesions had been 

induced, and then at periodic intervals after completion of treatment. 



 84 

 A recently published study introduced and validated a standardized novel 

method to measure radiographic root changes after endodontic therapy in 

immature teeth (Flake et al. 2014). The radiographic root area measurement in 

this method accounts for the entire surface area of the root as measured on a 

periapical radiograph. This method would have been better than our method of 

measuring canal diameters at two levels along the root length, however, the 

study was published after our data had been collected and statistically analyzed. 

We do not expect that re-evaluating our radiographs and repeating the statistical 

analyses will lead to different results. However, future studies should use this 

standardized method to evaluate radiographic outcomes.  

 The ferret model also has an inherent limitation in that there are no 

commercially available ferret antibodies, so in order to look for stem cell markers 

or markers for odontogenic differentiation, this study had to use antibodies from 

other species and test them for cross-reactivity. When there were negative 

results, such as with immunofluorescence testing for CD146 or with ELISA 

testing for DSPP in Phase 1 of the study, it was not possible to determine 

whether the marker was truly not present, or whether the antibodies did not 

cross-react with ferret tissues. 

Future Studies 

This study is being continued for another resident’s master’s thesis. The 

specimens will be processed for histology, and the slides will be examined to 
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determine the presence or absence of an odontoblast layer, blood vessels within 

the root canal, bone within the root canal, and cementum within the root canal. 

Beyond this, future studies should focus on examining the role of pre-

operative infection on the outcome of regenerative endodontic treatment. They 

should use standardized radiographic root area measurement methods to 

evaluate their outcomes. Limitations of future studies can be overcome by using 

larger sample sizes, by taking radiographs at baseline and at periodic intervals 

throughout the evaluation period. 
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CONCLUSIONS 

 

For immature teeth with apical periodontits, the treatment outcomes of both 

traditional revascularization and tissue engineering strategies were principally the 

same.  Some teeth in both groups showed control of the infectious process with 

increase in root length and canal wall thickness while others did not. There was 

no statistically significant difference between groups. There was a significant 

association between the presence or absence of a periapical lesion at the 3-

month evaluation and whether the tooth showed continued root maturation. Pre-

operative infection may have played a critical role in the treatment outcome. 

 

 

 

  



 87 

REFERENCES 
 

Aggarwal, S. and M. F. Pittenger (2005). "Human mesenchymal stem cells 

modulate allogeneic immune cell responses." Blood 105(4): 1815-1822. 

Alley, B. S., G. G. Kitchens, L. W. Alley and P. D. Eleazer (2004). "A comparison 

of survival of teeth following endodontic treatment performed by general dentists 

or by specialists." Oral Surgery Oral Medicine Oral Pathology Oral Radiology & 

Endodontology 98(1): 115-118. 

Andreasen, J. O., B. Farik and E. C. Munksgaard (2002). "Long-term calcium 

hydroxide as a root canal dressing may increase risk of root fracture." Dent 

Traumatol 18(3): 134-137. 

Ball, R. S. (2006). "Issues to consider for preparing ferrets as research subjects 

in the laboratory." ILAR J 47(4): 348-357. 

Banchs, F. and M. Trope (2004). "Revascularization of immature permanent 

teeth with apical periodontitis: new treatment protocol?" J Endod 30(4): 196-200. 

Becerra, P., D. Ricucci, S. Loghin, J. L. Gibbs and L. M. Lin (2014). "Histologic 

study of a human immature permanent premolar with chronic apical abscess 

after revascularization/revitalization." J Endod 40(1): 133-139. 

Bose, R., P. Nummikoski and K. Hargreaves (2009). "A retrospective evaluation 

of radiographic outcomes in immature teeth with necrotic root canal systems 

treated with regenerative endodontic procedures." J Endod 35(10): 1343-1349. 

Bose, R., P. Nummikoski and K. Hargreaves (2009). "A retrospective evaluation 

of radiographic outcomes in immature teeth with necrotic root canal systems 



 88 

treated with regenerative endodontic procedures." J Endod 35: 1343-1349. 

Brown, L. J., K. D. Nash, B. A. Johns and M. Warren (2003). "The economics of 

Endodontics." AAE Annual Report: 1-142. 

Casagrande, L., F. F. Demarco, Z. Zhang, F. B. Araujo, S. Shi and J. E. Nor 

(2010). "Dentin-derived BMP-2 and odontoblast differentiation." Journal of Dental 

Research 89(6): 603-608. 

Casagrande, L., F. F. Demarco, Z. Zhang, F. B. Araujo, S. Shi and J. E. Nor 

(2010). "Dentin-derived BMP-2 and odontoblast differentiation." J Dent Res 89(6): 

603-608. 

Chueh, L. H., Y. C. Ho, T. C. Kuo, W. H. Lai, Y. H. Chen and C. P. Chiang 

(2009). "Regenerative endodontic treatment for necrotic immature permanent 

teeth." J Endod 35(2): 160-164. 

Cotti, E., M. Mereu and D. Lusso (2008). "Regenerative treatment of an 

immature, traumatized tooth with apical periodontitis: report of a case." J Endod 

34(5): 611-616. 

Cvek, M. (1992). "Prognosis of luxated non-vital maxillary incisors treated with 

calcium hydroxide and filled with gutta-percha. A retrospective clinical study." 

Endod Dent Traumatol 8(2): 45-55. 

da Silva, L., P. Nelson-Filho, R. da Silva, D. Flores, C. Heilborn, J. Johnson and 

N. Cohenca (2010). "Revascularization and periapical repair after endodontic 

treatment using apical negative pressure irrigation versus conventional irrigation 

plus triantibiotic intracanal dressing in dogs’ teeth with apical periodontitis." Oral 



 89 

Surg Oral Med Oral Pathol Oral Radiol Endod 109: 779-787. 

de Chevigny, C., T. T. Dao, B. R. Basrani, V. Marquis, M. Farzaneh, S. Abitbol 

and S. Friedman (2008). "Treatment outcome in endodontics: the Toronto study--

phase 4: initial treatment." J Endod 34(3): 258-263. 

de Chevigny, C., T. T. Dao, B. R. Basrani, V. Marquis, M. Farzaneh, S. Abitbol 

and S. Friedman (2008). "Treatment outcome in endodontics: the Toronto study--

phases 3 and 4: orthograde retreatment." J Endod 34(2): 131-137. 

Dickens, S. H., G. M. Flaim, G. E. Schumacher, F. C. Eichmiller, D. R. Schafer 

and R. B. Rutherford (2010). "Preclinical effectiveness of a novel pulp capping 

material." J Endod 36(7): 1222-1225. 

Ding, R., G. Cheung, J. Chen, X. Yin, Q. Wang and C. Zhang (2009). "Pulp 

Revascularization of Immature Teeth With Apical Periodontitis: A Clinical Study." 

J Endod 35: 745-749. 

Doyon, G. E., T. Dumsha and J. A. von Fraunhofer (2005). "Fracture resistance 

of human root dentin exposed to intracanal calcium hydroxide." J Endod 31(12): 

895-897. 

Fabricius, L., G. Dahlen, G. Sundqvist, R. P. Happonen and A. J. Moller (2006). 

"Influence of residual bacteria on periapical tissue healing after 

chemomechanical treatment and root filling of experimentally infected monkey 

teeth." European Journal of Oral Sciences 114(4): 278-285. 

Farzaneh, M., S. Abitbol and S. Friedman (2004). "Treatment outcome in 

endodontics: the Toronto study. Phases I and II: Orthograde retreatment." J 



 90 

Endod 30(9): 627-633. 

Farzaneh, M., S. Abitbol, H. P. Lawrence and S. Friedman (2004). "Treatment 

outcome in endodontics-the Toronto Study. Phase II: initial treatment." J Endod 

30(5): 302-309. 

Flake, N. M., J. L. Gibbs, A. Diogenes, K. M. Hargreaves and A. A. Khan (2014). 

"A standardized novel method to measure radiographic root changes after 

endodontic therapy in immature teeth." J Endod 40(1): 46-50. 

Fouad, A. F. (2011). "The Microbial Challenge to Pulp Regeneration." Advances 

in Dental Research 23(3): 285-289. 

Fouad, A. F. (2011). "The microbial challenge to pulp regeneration." Advances in 

Dental Research 23(3): 285-289. 

Fouad, A. F. and P. Verma (2014). "Healing after Regenerative Procedures with 

and without Pulpal Infection." J Endod 40(4 Suppl): S58-64. 

Fouad, A. F., R. E. Walton and B. R. Rittman (1992). "Induced periapical lesions 

in ferret canines: histologic and radiographic evaluation." Endod Dent Traumatol 

8(2): 56-62. 

Fouad, A. F., R. E. Walton and B. R. Rittman (1993). "Healing of induced 

periapical lesions in ferret canines." J Endod 19(3): 123-129. 

Galler, K. M., R. N. D'Souza, M. Federlin, A. C. Cavender, J. D. Hartgerink, S. 

Hecker and G. Schmalz (2011). "Dentin conditioning codetermines cell fate in 

regenerative endodontics." J Endod 37(11): 1536-1541. 

Galler, K. M., J. D. Hartgerink, A. C. Cavender, G. Schmalz and R. N. D'Souza 



 91 

(2012). "A customized self-assembling peptide hydrogel for dental pulp tissue 

engineering." Tissue Eng Part A 18(1-2): 176-184. 

Gomes-Filho, J. E., P. C. Tobias Duarte, E. Ervolino, S. R. Mogami Bomfim, C. J. 

Xavier Abimussi, L. Mota da Silva Santos, C. S. Lodi, S. H. Penha De Oliveira, E. 

Dezan, Jr. and L. T. Cintra (2013). "Histologic Characterization of Engineered 

Tissues in the Canal Space of Closed-apex Teeth with Apical Periodontitis." 

Journal of Endodontics 39(12): 1549-1556. 

Graham, L., P. R. Cooper, N. Cassidy, J. E. Nor, A. J. Sloan and A. J. Smith 

(2006). "The effect of calcium hydroxide on solubilisation of bio-active dentine 

matrix components." Biomaterials 27(14): 2865-2873. 

Hargreaves, K., T. Geisler, M. Henry and Y. Wang (2008). "Regeneration 

potential of the young permanent tooth: What does the future hold?" J Endod 34: 

S51-56. 

He, T., H. Friede and S. Kiliaridis (2002). "Dental eruption and exfoliation 

chronology in the ferret (Mustela putorius furo)." Arch Oral Biol 47(8): 619-623. 

Holden, D. T., S. A. Schwartz, T. C. Kirkpatrick and W. G. Schindler (2008). 

"Clinical outcomes of artificial root-end barriers with mineral trioxide aggregate in 

teeth with immature apices." J Endod 34(7): 812-817. 

Huang, G. T., S. Gronthos and S. Shi (2009). "Mesenchymal stem cells derived 

from dental tissues vs. those from other sources: their biology and role in 

regenerative medicine." J Dent Res 88(9): 792-806. 

Huang, G. T., T. Yamaza, L. D. Shea, F. Djouad, N. Z. Kuhn, R. S. Tuan and S. 



 92 

Shi (2010). "Stem/progenitor cell-mediated de novo regeneration of dental pulp 

with newly deposited continuous layer of dentin in an in vivo model." Tissue Eng 

Part A 16(2): 605-615. 

Jeeruphan, T., J. Jantarat, K. Yanpiset, L. Suwannapan, P. Khewsawai and K. M. 

Hargreaves (2012). "Mahidol study 1: comparison of radiographic and survival 

outcomes of immature teeth treated with either regenerative endodontic or 

apexification methods: a retrospective study." Journal of Endodontics 38(10): 

1330-1336. 

Jeeruphan, T., J. Jantarat, K. Yanpiset, L. Suwannapan, P. Khewsawai and K. M. 

Hargreaves (2012). "Mahidol study 1: comparison of radiographic and survival 

outcomes of immature teeth treated with either regenerative endodontic or 

apexification methods: a retrospective study." J Endod 38(10): 1330-1336. 

Jung, I. Y., S. J. Lee and K. M. Hargreaves (2008). "Biologically based treatment 

of immature permanent teeth with pulpal necrosis: a case series." J Endod 34(7): 

876-887. 

Kahler, B., S. Mistry, A. Moule, A. K. Ringsmuth, P. Case, A. Thomson and T. 

Holcombe (2014). "Revascularization outcomes: a prospective analysis of 16 

consecutive cases." J Endod 40(3): 333-338. 

Kakoli, P., R. Nandakumar, E. Romberg, D. Arola and A. F. Fouad (2009). "The 

effect of age on bacterial penetration of radicular dentin." Journal of Endodontics 

35(1): 78-81. 

Langer, R. and J. P. Vacanti (1993). "Tissue engineering." Science 260(5110): 



 93 

920-926. 

Lenzi, R. and M. Trope (2012). "Revitalization procedures in two traumatized 

incisors with different biological outcomes." Journal of Endodontics 38(3): 411-

414. 

Marquis, V. L., T. Dao, M. Farzaneh, S. Abitbol and S. Friedman (2006). 

"Treatment outcome in endodontics: the Toronto Study. Phase III: initial 

treatment." J Endod 32(4): 299-306. 

Martin, G., D. Ricucci, J. L. Gibbs and L. M. Lin (2013). "Histological Findings of 

Revascularized/Revitalized Immature Permanent Molar with Apical Periodontitis 

Using Platelet-rich Plasma." Journal of Endodontics 39(1): 138-144. 

Moorrees, C. F., E. A. Fanning and E. E. Hunt, Jr. (1963). "AGE VARIATION OF 

FORMATION STAGES FOR TEN PERMANENT TEETH." J Dent Res 42: 1490-

1502. 

Moreno-Hidalgo, M. C., C. Caleza-Jimenez, A. Mendoza-Mendoza and A. 

Iglesias-Linares (2013). "Revascularization of immature permanent teeth with 

apical periodontitis." International Endodontic Journal. 

Murray, P. E., F. Garcia-Godoy and K. M. Hargreaves (2007). "Regenerative 

endodontics: a review of current status and a call for action." J Endod 33(4): 377-

390. 

Nagy, M. M., H. E. Tawfik, A. A. Hashem and A. M. Abu-Seida (2014). 

"Regenerative potential of immature permanent teeth with necrotic pulps after 

different regenerative protocols." J Endod 40(2): 192-198. 



 94 

Nair, P. N., S. Henry, V. Cano and J. Vera (2005). "Microbial status of apical root 

canal system of human mandibular first molars with primary apical periodontitis 

after "one-visit" endodontic treatment." Oral Surgery Oral Medicine Oral 

Pathology Oral Radiology & Endodontology 99(2): 231-252. 

Nakashima, M. and K. Iohara (2011). "Regeneration of dental pulp by stem cells." 

Adv Dent Res 23(3): 313-319. 

Nasef, A., N. Ashammakhi and L. Fouillard (2008). "Immunomodulatory effect of 

mesenchymal stromal cells: possible mechanisms." Regen Med 3(4): 531-546. 

Ng, Y. L., V. Mann and K. Gulabivala (2011). "A prospective study of the factors 

affecting outcomes of non-surgical root canal treatment: part 2: tooth survival." Int 

Endod J 44(7): 610-625. 

Ng, Y. L., V. Mann and K. Gulabivala (2011). "A prospective study of the factors 

affecting outcomes of nonsurgical root canal treatment: part 1: periapical health." 

Int Endod J 44(7): 583-609. 

Ng, Y. L., V. Mann, S. Rahbaran, J. Lewsey and K. Gulabivala (2008). "Outcome 

of primary root canal treatment: systematic review of the literature -- Part 2. 

Influence of clinical factors." International Endodontic Journal 41(1): 6-31. 

Nosrat, A., N. Homayounfar and K. Oloomi (2012). "Drawbacks and unfavorable 

outcomes of regenerative endodontic treatments of necrotic immature teeth: a 

literature review and report of a case." Journal of Endodontics 38(10): 1428-

1434. 

Nosrat, A., K. L. Li, K. Vir, M. L. Hicks and A. F. Fouad (2013). "Is pulp 



 95 

regeneration necessary for root maturation?" Journal of Endodontics 39(10): 

1291-1295. 

Nosrat, A., A. Seifi and S. Asgary (2011). "Regenerative endodontic treatment 

(revascularization) for necrotic immature permanent molars: a review and report 

of two cases with a new biomaterial." Journal of Endodontics 37(4): 562-567. 

Paryani, K. and S. G. Kim (2013). "Regenerative endodontic treatment of 

permanent teeth after completion of root development: a report of 2 cases." 

Journal of Endodontics 39(7): 929-934. 

Petrino, J. A., K. K. Boda, S. Shambarger, W. R. Bowles and S. B. McClanahan 

(2010). "Challenges in regenerative endodontics: a case series." J Endod 36(3): 

536-541. 

Pollack, A. (2012). A Stem-Cell Based Drug Gets Approval in Canada. The New 

York Times, May 17 2012 edition. New York, The New York Times Company 

(NYSE: NYT). 

Ricucci, D., J. Russo, M. Rutberg, J. A. Burleson and L. S. Spangberg (2011). "A 

prospective cohort study of endodontic treatments of 1,369 root canals: results 

after 5 years." Oral Surgery Oral Medicine Oral Pathology Oral Radiology & 

Endodontology 112(6): 825-842. 

Ring, K., P. Murray, K. Namerow, S. Kuttler and F. Garcia-Godoy (2008). "The 

comparison of the effect of endodontic irrigation on cell adherence to root canal 

dentin." J Endod 34: 1474-1479. 

Ring, K. C., P. E. Murray, K. N. Namerow, S. Kuttler and F. Garcia-Godoy (2008). 



 96 

"The comparison of the effect of endodontic irrigation on cell adherence to root 

canal dentin." J Endod 34(12): 1474-1479. 

Ruparel, N. B., F. B. Teixeira, C. C. Ferraz and A. Diogenes (2012). "Direct effect 

of intracanal medicaments on survival of stem cells of the apical papilla." Journal 

of Endodontics 38(10): 1372-1375. 

Rutherford, R. B. (2001). "BMP-7 gene transfer to inflamed ferret dental pulps." 

Eur J Oral Sci 109(6): 422-424. 

Rutherford, R. B. and K. Gu (2000). "Treatment of inflamed ferret dental pulps 

with recombinant bone morphogenetic protein-7." Eur J Oral Sci 108(3): 202-206. 

Sakai, V. T., Z. Zhang, Z. Dong, K. G. Neiva, M. A. Machado, S. Shi, C. F. 

Santos and J. E. Nor (2010). "SHED differentiate into functional odontoblasts and 

endothelium." J Dent Res 89(8): 791-796. 

Salem, H. K. and C. Thiemermann (2010). "Mesenchymal stromal cells: current 

understanding and clinical status." Stem Cells 28(3): 585-596. 

Shah, N., A. Logani, U. Bhaskar and V. Aggarwal (2008). "Efficacy of 

revascularization to induce apexification/apexogensis in infected, nonvital, 

immature teeth: a pilot clinical study." J Endod 34(8): 919-925; Discussion 1157. 

Shimizu, E., G. Jong, N. Partridge, P. A. Rosenberg and L. M. Lin (2012). 

"Histologic observation of a human immature permanent tooth with irreversible 

pulpitis after revascularization/regeneration procedure." Journal of Endodontics 

38(9): 1293-1297. 

Shuping, G. B., D. Orstavik, A. Sigurdsson and M. Trope (2000). "Reduction of 



 97 

intracanal bacteria using nickel-titanium rotary instrumentation and various 

medications." J Endod 26(12): 751-755. 

Simon, S., F. Rilliard, A. Berdal and P. Machtou (2007). "The use of mineral 

trioxide aggregate in one-visit apexification treatment: a prospective study." Int 

Endod J 40(3): 186-197. 

Thibodeau, B., F. Teixeira, M. Yamauchi, D. Caplan and M. Trope (2007). "Pulp 

Revascularization of Immature Dog Teeth With Apical Periodontitis." J Endod 33: 

680-689. 

Thibodeau, B., F. Teixeira, M. Yamauchi, D. J. Caplan and M. Trope (2007). 

"Pulp revascularization of immature dog teeth with apical periodontitis." J Endod 

33(6): 680-689. 

Torabinejad, M., R. Corr, M. Buhrley, K. Wright and S. Shabahang (2011). "An 

animal model to study regenerative endodontics." J Endod 37(2): 197-202. 

Torabinejad, M. and H. Faras (2012). "A clinical and histological report of a tooth 

with an open apex treated with regenerative endodontics using platelet-rich 

plasma." Journal of Endodontics 38(6): 864-868. 

Torabinejad, M., H. Faras, R. Corr, K. Wright and S. Shabahang (2014). 

"Histologic Examinations of Teeth Treated with 2 Scaffolds: A Pilot Animal 

Investigation." Journal of Endodontics 40(4): 6. 

Torabinejad, M. and M. Turman (2011). "Revitalization of tooth with necrotic pulp 

and open apex by using platelet-rich plasma: a case report." Journal of 

Endodontics 37(2): 265-268. 



 98 

Torabinejad, M. and M. Turman (2011). "Revitalization of tooth with necrotic pulp 

and open apex by using platelet-rich plasma: a case report." J Endod 37(2): 265-

268. 

Trevino, E. G., A. N. Patwardhan, M. A. Henry, G. Perry, N. Dybdal-Hargreaves, 

K. M. Hargreaves and A. Diogenes (2011). "Effect of irrigants on the survival of 

human stem cells of the apical papilla in a platelet-rich plasma scaffold in human 

root tips." J Endod 37(8): 1109-1115. 

Trevino, E. G., A. N. Patwardhan, M. A. Henry, G. Perry, N. Dybdal-Hargreaves, 

K. M. Hargreaves and A. Diogenes (2011). "Effect of irrigants on the survival of 

human stem cells of the apical papilla in a platelet-rich plasma scaffold in human 

root tips." Journal of Endodontics 37(8): 1109-1115. 

Verma, P. and A. F. Fouad (2012). "What is the Public Health Need for 

Regenerative Endodontics?" J Endod 38(3): e47. 

Wang, X., B. Thibodeau, M. Trope, L. Lin and G. Huang (2010). "Histologic 

characterization of regenerated tissues in canal space after the 

revitalization/revascularization procedure of immature dog teeth with apical 

periodontitis." J Endod 36: 56-63. 

Wang, X., B. Thibodeau, M. Trope, L. M. Lin and G. T. Huang (2010). "Histologic 

characterization of regenerated tissues in canal space after the 

revitalization/revascularization procedure of immature dog teeth with apical 

periodontitis." J Endod 36(1): 56-63. 

Yamauchi, N., H. Nagaoka, S. Yamauchi, F. B. Teixeira, P. Miguez and M. 



 99 

Yamauchi (2011). "Immunohistological characterization of newly formed tissues 

after regenerative procedure in immature dog teeth." J Endod 37(12): 1636-1641. 

Yamauchi, N., S. Yamauchi, H. Nagaoka, D. Duggan, S. Zhong, S. M. Lee, F. B. 

Teixeira and M. Yamauchi (2011). "Tissue engineering strategies for immature 

teeth with apical periodontitis." J Endod 37(3): 390-397. 

Yamauchi, N., S. Yamauchi, H. Nagaoka, D. Duggan, S. Zhong, S. M. Lee, F. B. 

Teixeira and M. Yamauchi (2011). "Tissue engineering strategies for immature 

teeth with apical periodontitis." Journal of Endodontics 37(3): 390-397. 

Zhou, H. and H. H. Xu (2011). "The fast release of stem cells from alginate-fibrin 

microbeads in injectable scaffolds for bone tissue engineering." Biomaterials 

32(30): 7503-7513. 

 

 


