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In 1965, Kakehashi et al. proved that microbes are the primary etiological factor 

in pulpal and periapical disease.1 Currently, it is globally accepted that disinfection of the 

root canal system is of utmost importance in the success or failure of root canal treatment, 

though complete sterility is not possible.2  Sodium hypochlorite is the time-tested gold 

standard of endodontic irrigation due to its nonspecific microbial killing as well as its 

ability to dissolve organic tissue.3,4 The concentration of sodium hypochlorite which 

achieves the ideal balance of microbial killing and tissue dissolution while providing the 

lowest risk for cellular toxicity remains controversial. For standard nonsurgical root canal 

therapy, 6.0-percent sodium hypochlorite is commonly used as it is inexpensive and 

readily available.5 In the case of an immature tooth undergoing regenerative treatment 

(REP), gentle irrigation with 1.5-percent sodium hypochlorite followed by gentle 

irrigation with 17-percent EDTA improves survival of stem cells of the apical papilla.6 

Indeed, 1.5-percent sodium hypochlorite is the irrigant of choice for REP as 

recommended by the American Association of Endodontists but must be followed by an 

intracanal medicament such as double antibiotic paste to achieve an acceptable level of 

disinfection, which requires multiple treatment appointments.7 In either regenerative or 

traditional endodontic therapy, achieving an acceptable antimicrobial effect requires fresh 

sodium hypochlorite remain in the canal space for an extended time which is dependent 

upon the concentration.8-10 Unfortunately, sodium hypochlorite is toxic to virtually all 

human cell types and leaving it in the canal space during instrumentation increases the 

risk of apical extrusion. Apical extrusion of sodium hypochlorite can incite an intense 
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inflammatory reaction resulting in long lasting swelling, bruising and severe pain for the 

patient.  Presumably a higher concentration would produce a more intense inflammatory 

response than a lower concentration if the same amount were extruded.11-15 To reduce the 

risk of adverse reaction and also reduce treatment time, other methods of disinfecting the 

root canal system have been evaluated, such as chlorhexidine, diode laser, gaseous ozone, 

and photodynamic therapy.16-20 The present study will evaluate the anti-biofilm effect of 

electromagnetic stimulation (EMS) in conjunction with 1.5-percent sodium hypochlorite 

or 0.9-percent saline for disinfection during nonsurgical root canal therapy. 

As of today, no other solution or material has supplanted the widespread use of 

sodium hypochlorite as a direct method of disinfection.  However, much effort has been 

devoted to supplementing the action of sodium hypochlorite, such as passive ultrasonic 

irrigation and sonically activated irrigation; although both are widely used and highly 

successful in achieving acceptably disinfected canals in shorter periods of time, they both 

present an inherent risk for apical extrusion of irrigants and debris by their very nature.21-

27.  Heating sodium hypochlorite prior to its use can also increase its antibacterial efficacy 

and tissue solvent action.  At temperatures ranging from 37°C to 45°C, antimicrobial 

activity increases by as much as 100-fold when compared to use at room temperature.28, 29   

The International Society for Electromagnetic Dentistry (Tominaga Dental Clinic, 

Naruto, Japan) has developed a novel method for achieving root canal disinfection by 

energizing lower concentrations of sodium hypochlorite with electromagnetic waves, 

creating a synergistic reaction via electric and thermal energy.30  An electromagnetic 

wave irradiation device attached to an active electrode (a specially coated ISO size 10 

hand file) will create a circuit much in the same manner as an electronic apex locating 
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device.  Due to an insulating coating along the file (the active electrode), the 

electromagnetic waves are concentrated at the tip.  The waves energize solutions through 

electric and thermal energy and has been coined electromagnetic stimulation (EMS) by 

its initial researchers. Unfortunately, the research on EMS’s potential as an enhancing 

agent for root canal disinfection is very limited. So far, it has only been shown to be 

effective against planktonic bacteria.30-32 Since endodontic pathogens exist as biofilms, 

which are up to 1000-fold more resistant to antimicrobials,33-35 the existing literature on 

EMS is of little value in a clinical setting.  In addition to the antimicrobial effect of EMS, 

there is potential for increased organic tissue dissolution, as well. Perhaps due to a 

thermal effect, electrically activated sodium hypochlorite has been shown to dissolve 

bovine muscle tissue faster than non-activated sodium hypochlorite36, 37; although those 

studies did not address EMS specifically, the principle is similar and can be tested in 

future studies. 

EMS treatment results in a localized generation of heat. In a pilot study using 

mounted mandibular incisors that were instrumented to a size 40.06, EMS was activated 

in single second bursts a total of ten times; the intracanal temperature was recorded after 

each activation.  Activation occurred at 1 mm, 3 mm, 5 mm and 7 mm away from the 

root apex.  The highest measurement was nearly 80℃ (or approximately 43℃ above 

body temperature), at 1 and 3 mm away from the apex, both at the first application of 

EMS.  Each successive activation caused a minimal increase in temperature of no more 

than 1-2℃. Heat transfer was greatest near the apex and lessened with greater distance 

from the apex, presumably due to the taper of the root canal preparation and presence of 

fluid.  Since the diameter is wider more coronally, there should be more fluid present to 
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dissipate the thermal reaction. In the same study, external root surface temperatures were 

also measured in a similar fashion.  Measurements were taken at 1 mm past the apex, at 

the apex, and again at 1 mm, 3 mm, 5 mm and 7 mm coronal to the root apex.  

Interestingly, the highest temperature change occurred at 5 mm away from the root apex 

with a measurement of 47℃ (10 degrees above body temperature) after the first 

activation and a measurement of approximately 62℃ (25 degrees above body 

temperature) after the tenth activation.  As in the intracanal measurements, each 

successive activation raised the temperature no more than 1-2℃.  These measurements 

were taken on mounted teeth ex vivo and variations in canal diameter, amount of irrigant 

present, and apical diameter size may affect these values in a clinical situation.  

Currently, root canal fillings are being completed using heated instruments at 

temperatures as high as 200℃ and applied to the intracanal space for as long as 4-5 

seconds to thermoplasticize gutta percha for three dimensional obturation with no ill side 

effects.38 Current root filling techniques have been found to raise external root surface 

temperatures anywhere from 8.5℃ to 50℃ with at least 6 minutes of time elapsing 

before it returns to body temperature.39-41 Therefore, the change in external root surface 

temperature with use of EMS should be of little concern with regard to the periodontal 

ligament since this change is for a much shorter duration.  From a regenerative 

standpoint, further research will be needed to determine the effect of such a transient 

temperature change on the viability of dental pulp stem cells and stem cells of the apical 

papilla as well as to determine proper depth of penetration of the active electrode to 

optimize bacterial killing while minimizing ill side effects to stem cells.   

A fastidious pathogen found in many secondary and persistent endodontic 
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infections,42-44 Enterococcus faecalis, will serve as an excellent model on which to test 

the antimicrobial efficacy of EMS. It is relatively easy to obtain, grow and maintain, and 

will form an established biofilm in a relatively short amount of time, on the scale of a 

couple weeks.45 

Although beyond the scope of the present study, the use of electromagnetic waves 

in routine endodontic treatment may prove to be of benefit in cases of apical periodontitis 

that present with a periapical radiolucency upon radiographic examination.  Indeed, 

stimulation of osteoblasts as well as necessary growth factors for bone formation has 

been shown when EMS was applied to rat calvaria, resulting in increased bone 

healing.46,47  With the potential for antimicrobial synergism, enhanced tissue dissolution, 

and more expedient bone healing, EMS has the potential to change the way current 

nonsurgical root canal treatment is performed.  This initial study on the antimicrobial 

effectiveness of EMS will open a wide variety of research avenues and may eventually 

serve to maintain or enhance the current success rates of nonsurgical root canal therapy 

while being less toxic to cells. 

 
OBJECTIVE 

• The aim of the current study will be to evaluate the anti-biofilm activity of 

electromagnetic stimulation (EMS) on a known endodontic biofilm of E. faecalis. 

 
HYPOTHESES 

• Null 1: EMS in combination with 1.5-percent sodium hypochlorite will 

not demonstrate an anti-biofilm effect in comparison to 6.0-percent sodium hypochlorite. 

• Null 2: EMS in combination with 0.9-percent saline will not have a greater 
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antibacterial effect than 0.9-percent saline alone. 

• Alternative 1: EMS in combination with 1.5-percent sodium hypochlorite will 

have an anti-biofilm effect comparable to 6.0-percent sodium hypochlorite in a 

synergistic reaction. 

• Alternative 2: EMS with 0.9-percent saline will demonstrate a significant 

anti-biofilm effect over 0.9-percent saline alone.
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HISTORY OF ENDODONTICS 

The earliest theory on tooth pain was that a “tooth worm” bored a hole into the 

tooth and then wiggled around inside, causing pain.48  Many of the earliest treatments for 

tooth pain were aimed at destroying the worm or stopping its movement, which would 

relieve the afflicted of their suffering.  Such treatments included acupuncture, the 

application of mixed substances (olive oil, dates, onions, beans and green lead for 

instance) against the affected tooth, magic, and the application of a dead mouse to the 

tooth.49  Though these practices continued throughout much of ancient history, modern 

dentistry (and endodontics) can trace its roots to 1687 when Charles Allen released the 

first English-language book devoted to the subject of dentistry.50 In 1700, the father of 

modern microscopy, Anton von Leeuwenhoek, reported (incorrectly) to the Royal 

Society of London (RSL) that fly worms (fly larva) birthed in hollow teeth gnawed at the 

tooth pulp, causing pain.  The destruction of the worms by the application of sulfuric acid 

was considered the remedy to the noxious stimulus.51 This was, however, the first 

explanation of an external source depositing material into the tooth to cause pain. 

Perhaps the most influential person in the development of endodontics was Pierre 

Fauchard, who released his book, The Surgeon Dentist, 28 years after Leeuwenhoek’s 

letter to the RSL.  In it, he described accurately the contents of the dental pulp which led 

to the fall of the tooth worm theory and gave rise to the so-called “Empirical Era.”52  

Fauchard illustrated his technique of opening teeth to drain abscesses/pus, leave them 

open for 2-3 months and then fill the pulp chamber with lead foil; he also described the 
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use of a pin to extirpate the pulp.53   

No more than three decades after Fauchard’s explanation of pulpal treatment, 

Pfaff, a German dentist, first described a pulp-capping technique in which he placed the 

concave surface of a piece of gold or lead directly over the pulpal exposure.54  

Woofendale was the first to perform an endodontic procedure in North America, in which 

he cauterized the painful pulp with a hot instrument and stuffed cotton in the open canals.  

For nerve exposures, he used oil of cinnamon, cloves, turpentine, or any chemical oil for 

pain relief; he also cauterized pulpal nerves by repeated applications of crude opium and 

camphor.55-57 Frederick Hirsch, a German dentist, diagnosed periapical pathosis by using 

percussion as a testing method – treatment was perforation of the tooth at the cervical and 

repeated insertion of a red-hot probe followed by a lead filling.53 

The next era of endodontics, which lasted about 70 years, saw two opposing 

theories at war: the vitalistic theory and the non-vitalistic theory.52  Koecker, whose 

beliefs would prevail for over 50 years, believed that a necrotic pulp caused the whole 

dentinal core to die.  The tooth would then become a foreign body, forcing extraction to 

prevent inflammation, suppuration and death of the surrounding vital tissues.58  In 1829 

Fitch indoctrinated the vitalistic theory in his book, System of Dental Surgery. According 

to his theory, the crown was nourished solely by the dental pulp, whereas the root could 

be nourished by the pulp or the alveolar membrane.  As such, death of the pulp meant 

only the crown lost its vitality, teeth could be retained by extirpating the pulp, 

decoronation and placement of a pivot crown. Non-vitalists, led by Hunter, Cuvier and 

Robertson, thought dentin had no sensibility or circulation and therefore no ability to 

repair itself.59 In 1836 Spooner advocated the use of arsenic to devitalize the vital pulp 



 
11 

prior to extirpation, rendering the process painless; this, however also killed the 

surrounding periodontium.57 

Endodontic files like those used today were pioneered by Edwin Maynard who 

developed the first broach in 1838 using a watch spring.60 Baker extrapolated on this by 

recording the first published account of pulp extirpation, cleaning the canal, and filling it 

with gold foil.53 The 19th century saw many other great advances in the field of 

endodontics, including the invention of the rubber dam by Barnum,53, 57 the use of gutta 

percha as a root filling material by Bowman,61 the extension of Lister’s surgical 

antisepsis to pulpal treatment,54 and the introduction of the electric pulp tester.62 

In 1878 Rogers suggested that pathogenic organisms caused pulpal disease, which 

led to the demise of vitalism and the birth of the septic theory.59 Underwood expanded on 

Rogers’ theory by adding that pulpal suppuration and subsequent alveolar abscesses were 

a direct consequence of pathogen toxicity. He theorized that sterilization of the pulp 

space with caustic antiseptics could prevent or cure disease, regardless of pulp vitality; 

such caustic agents were widely used for more than 30 years.63 Some examples include 

arsenic, formalin, chlorophenol, sodium dioxide, sulphuric acid, paraformaldehyde, 

formocresol (introduced by Buckley and still used today), and glycerol with hydrochloric 

acid.56, 57, 59, 64-66 

Breuer of Vienna was the first to use electric current to sterilize root canals, a 

technique introduced to the United States by Rhein in 1895; this was an important step in 

veering the profession away from such caustic agents for root canal sterilization.  Dr. 

Herman Prinz perfected electro-sterilization in 1917 and recommended the use of 1.0-

percent sodium chloride during treatment.66, 67 Considered one of the greatest pioneers in 
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endodontics, Louis Grossman described a device capable of creating a galvanic current 

inside the root canal, which he later used for disinfection.68 It was a crude device, which 

actually shocked the patient and had to run from 5 min to 30 min per canal to be 

effective; Grossman claimed its use took the average number of treatment visits from five 

to three.69 Another pioneer, Harry Johnston, who coined the term “endodontia” and was 

the first to limit his practice to endodontics, preferred to treat root canals by passing a 

galvanic current through an iodine solution.70 

Several materials were advocated for obturation during the 19th century.  In 1895 

Bowman began using a solution of chloroform and gutta percha, termed chloropercha, to 

obturate root canals.71 Rhein perfected the technique a decade later in New York.56,57  

Baker advocated the use of gold foil to fill the root canal,53 Richmond used carbolized 

orangewood,64 and Gramm used copper points.57  In 1911 Callahan advocated the use of 

rosin filling material for filling root canals as a method of better penetrating dentinal 

tubules and gaining a hermetic seal.72 

Several important strides were made in pulpal anesthesia in the 1800s.  Briggs 

routinely used cocaine as a topical anesthetic in 1890.53, 64 The same year, Funk improved 

on the use of cocaine as an anesthetic by inventing a plunger-like device that deposited a 

cocaine solution directly into the pulp.56, 59 In 1905 Einhorn developed procaine 

(Novocaine), but it was a burden to use due to the tedious preparation process.60,66,73 The 

first person to use infiltration for pulpal anesthesia prior to extirpation was H.S. Vaughn 

in New York.61 

Perhaps the most important discovery in medicine occurred in 1895 by Konrad 

Wilhem von Roentgen.  He discovered high energy particles that could penetrate hard 
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structures, aptly termed x-rays.74-76 Shortly after his discovery, a dentist in Germany 

named Otto Walkhoff took the first dental x-ray.50 Dr. Kells in Charlotte, NC was the 

first to use x-rays routinely in his dental practice and he gave the first clinic on their use 

in 1896.63 The use of x-rays extended to endodontics in 1908, when Rhein developed a 

method of determining the length of the root canal and quality of obturation using wire 

and x-rays.  G.V. Black further promoted this method to avoid overfilling, which was a 

common error at the time.57,62,66,77 

During this time of advancement, root canal therapy should have enjoyed a time 

of progress and discovery. However, a cataclysmic series of events led to the near demise 

of endodontics before it was recognized as a specialty. In 1909 E.C. Rosenow introduced 

the theory of focal infection by showing streptococci in diseased organs capable of 

spreading through the bloodstream to a distant site.66 At the same time, Mayrhofer 

showed that streptococci were involved in approximately 96 percent of pulpal 

infections.67  This deadly combination almost led to the destruction of dentistry, and 

particularly endodontics, when William Hunter, an English physician, lectured the faculty 

at McGill University (Montreal, Quebec, Canada) on focal infection.78 The same lecture 

was published a year later in Lancet.  Hunter called the gold crown a “mausoleum of gold 

over a mass of sepsis.”  This type of thinking resonated within the medical community 

and subsequently the dental community, leading to widespread full edentulism for many 

unfortunate patients in the name of disease prevention. This practice persisted for at least 

25 years.79-81 

Fortunately, the preservation of the pulpless tooth survived thanks to the efforts of 

pioneers such as Coolidge, Johnson, Rhein, Callahan, Grove, Prinz and others, who 
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improved their procedures through the use of aseptic techniques, bacteriological and 

histological methods, and diagnostic x-rays.57,82 In 1937 three publications led to the 

downfall of the focal infection theory. First, Logan observed that the presence of 

microorganisms in tissue does not necessarily imply infection; in other words, bacteria 

are often found in tissues without having pathological consequences.  Second, Tunnicliff 

and Hammond found microorganisms in the pulps of extracted teeth without evidence of 

inflammation or disease.55,66,83 Finally, Burket found no benefit of surgical removal of 

suspected foci in over 200 cases of arthritis, leading him to conclude clinical 

improvement after foci removal was simply an associated relation rather than a causal 

one.84 By the late 1940s or early 1950s, there was enough clinical evidence and 

laboratory research to prove that the devitalized tooth did not play a role in systemic 

disease and endodontic treatment once again began to flourish.85 

As root canal therapy became more widespread, a group of 20 dentists, led by 

Harry Johnston, met in Chicago for the first organized meeting of endodontics. Their 

efforts set the standard for endodontic treatment and resulted in the formation of the 

American Association of Endodontists (AAE).82 By 1963 more than 200 American 

dentists limited their practice to endodontics. The same year, the American Dental 

Association recognized endodontics as its own specialty and the first specialists became 

board certified two years later.86 Today the AAE has over 8,000 members globally.    

Since the foundation of the AAE, the field and science of endodontics has 

exploded with advancements made in visualization using the surgical operating 

microscope, working length determination via the introduction of the electronic apex 

locator, instrumentation via nickel titanium rotary instruments, adjunct irrigation 
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therapies like sonic/ultrasonic irrigation or the upcoming Gentle Wave system,87 the use 

of CBCT in diagnosis and treatment planning of endodontic retreatment88 and 

microsurgery,89 and progressive research in regenerative endodontics.90 The future is 

definitely looking bright for endodontic patients and clinicians alike. 

 
 THEORY OF ENDODONTICS 

For decades it was widely accepted that the root canal system (RCS) should not 

be sealed until a sterile culture was obtained.  Clinicians understood the connections 

among the presence of microorganisms in the RCS and the persistence or progression of 

pulpal and periapical disease.  However, it wasn’t until 1965 that Kakehashi, Stanley and 

Fitzgerald showed that microorganisms not only propagate endodontic and periapical 

pathosis, but they are the cause of it.1 In what is now considered a monumental study, 

they exposed the pulps of germ-free (gnotobiotic) rats as well as conventional rats whose 

oral environments contained complex microflora. They observed the pulp exposure of the 

conventional rats resulting in complete pulpal necrosis with granuloma and abscess 

formation, whereas the gnotobiotic rats were disease free. Thanks to this study we now 

know that endodontic and periapical pathosis begins when normal microflora enter the 

RCS by way of caries, a previous restoration, or trauma. 

The findings of Kakehashi, Stanley and Fitzgerald led others to investigate the 

association of microorganisms in pulpal and periapical disease. Inflammatory 

cytokines91,92 and neuropeptides93,94 have been found in vital pulp tissue when bacteria 

and their virulence factors, such as lipopolysaccharides (LPS) are present; in addition, the 

presence of LPS has been associated with pulpal symptoms.95-97 If inflammation persists, 

micro-abscesses develop, which lead to pulpal necrosis.98 More bacteria can enter these 
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areas of necrosis and subsequently into the dentinal tubules99 and/or lateral and accessory 

canals.100 The spread of bacteria into these areas allows the pathogens and. their LPS to 

reach the periapical tissue, resulting in apical periodontitis.101-104 This body of knowledge 

allows us to identify the main goal of endodontic treatment: the eradication or reduction 

of pathogens and their byproducts to a level the host immune response can properly 

defend itself; this is achieved by mechanical debridement and chemical cleaning of the 

RCS.87, 105 Given such, the success of endodontic treatment directly relies upon the 

reduction of pathogenic bacteria from the RCS.106 

G.G. Stewart identified the three phases of endodontic therapy, known today as 

the endodontic triad: chemomechanical preparation, elimination of microbes, and 

obturation/sealing of the RCS.107 Chemomechanical preparation is the key phase as it 

both reduces microbes and creates the shape and space needed for obturation of the apical 

region.  Further expounding upon Stewart’s triad, Louis Grossman identified 13 aspects 

of endodontic treatment essential to its success108: 

1. Aseptic technique. 
 
2. Instruments should remain within the root canal. 

3. Instruments should never be forced apically. 

4. Canal space must be enlarged from its original size. 

5. Root canal system should be continuously irrigated with an antiseptic. 

6. Solutions should remain within the canal space. 

7. Fistulas do not require special treatment. 

8. A negative culture should be obtained before obturation of the root canal. 

9. A hermetic seal of the root canal system should be obtained. 
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10. Obturation material should not be irritating to the periapical tissues. 

11. If an acute alveolar abscess is present, proper drainage must be 

established. 

12. Injections into infectious areas should be avoided. 

13. Apical surgery may be required to promote healing of the pulpless tooth. 

In 1967 Schilder discussed the importance of a three-dimensional fill when 

obturating the root canal system.  Not only was chemomechanical debridement important 

to lower microbial load, he argued, but an adequate three-dimensional fill was required to 

fully seal the apical area.  His technique involved adding small increments of gutta 

percha, heating it with a spreader, then compacting it with a plugger to achieve a dense, 

homogenous obturation.109 Schilder’s technique has been credited with revolutionizing 

the way the RCS is filled and increasing reported success rates from 80 percent to above 

95 percent.110 

The sentiments of Schilder were echoed by Pitt Ford, who rationalized three-

dimensional obturation via three concepts. First, a dense, homogenous fill would leave 

little to no space for bacterial colonization. Second, apical contamination could not occur 

if bacteria cannot colonize. Finally, movement of bacteria along the canal periphery 

would be prevented. According to Pitt, an aseptic endodontic technique was tantamount 

to prevent further RCS contamination. Rubber dam isolation, a satisfactory coronal 

restoration, and appropriate follow-up of endodontically treated teeth were advised.111  

All of these concepts have shaped the success of endodontic practice today. We are able 

to retain infected teeth utilizing the following: a reduction of bacteria through 

chemomechanical preparation,107,108 three-dimensional obturation and sealing of the 
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RCS,109 a coronal restoration that minimizes coronal leakage,112-114 and appropriate long-

term maintenance.111 

 
MECHANICAL PREPARATION/INSTRUMENTATION 

Mechanical instrumentation of the RCS is the first phase of endodontic therapy 

and is the foundation for proper chemical disinfection and obturation.115  There are 

biological and mechanical objectives during this phase of therapy. The biological 

objectives include disruption of bacterial biofilms, reducing the bacterial load, 

neutralizing or eliminating any virulent potential of microbial components left in the 

canal, and the removal of all organic debris.116 The mechanical objectives include enough 

taper and size to facilitate the delivery of antibacterial irrigants and/or intracanal 

medicaments while providing space for a dense, homogenous three-dimensional 

obturation.87 It is important to maintain the original shape of the canal to prevent 

unnecessary weakening of tooth structure and damage to the surrounding periapical 

tissues.117 Although mechanical preparation alone can reduce the microbial load by 100- 

to 1000-fold,118 it does not eliminate all microbes or their byproducts from the RCS due 

to its anatomical complexity. The presence of anatomic intricacies such as accessory 

canals, lateral canals, fins, anastomoses, and apical deltas prevent our current file systems 

from physically reaching all areas accessible to microbes.119 Indeed, bacteria have been 

shown to penetrate dentinal tubules up to 300 microns.120 Furthermore, up to 53 percent 

of root canal walls will remain untouched even with adequate instrumentation.121-123 

Therefore, chemical disinfection via irrigation must also occur in order to achieve an 

adequately disinfected canal space. 
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CHEMICAL IRRIGATION 

In medicine, to irrigate means to “wash out a body cavity or wound with water or 

a medicated fluid.”  In endodontics, we irrigate to disinfect the RCT.87 The benefits of 

using an irrigant during root canal therapy are many and include the removal of necrotic 

debris, destruction of microorganisms, dissolution of organic material, removal of the 

smear layer, disinfection and cleaning of areas which endodontic files cannot reach, and 

lubrication. The ideal irrigant has a multitude of characteristics and should do the 

following87: 

• Be an effective germicide and fungicide. 

• Be nonirritating to the periapical tissues. 

• Remain stable in solution. 

• Have a prolonged antimicrobial effect. 

• Be active in the presence of blood, serum, and protein derivatives of 

tissue. 

• Have low surface tension. 

• Not interfere with repair of periapical tissues. 

• Not stain tooth structure. 

• Be capable of inactivation in a culture medium. 

• Not induce a cell-mediated immune response. 

• Be able to completely remove the smear layer, and be able to disinfect the 

underlying dentin and its tubules. 

• Be nonantigenic, nontoxic, and noncarcinogenic to tissue cells 

surrounding the tooth. 
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• Have no adverse effects on the physical properties of exposed dentin. 

• Have no adverse effects on the sealing ability of filling materials. 

• Have a convenient application. 

• Be relatively inexpensive. 

In reality, there is no such irrigant, so multiple irrigants are used to achieve all of 

this.  The most widely used irrigant is sodium hypochlorite (NaOCl), commonly 

considered the gold standard in endodontics.3 NaOCl’s advantages are many: it is highly 

antibacterial against planktonic and biofilm arranged organisms, it dissolves organic 

tissue, it is inexpensive and it lubricates the canal space for instrumentation.3 These 

effects, particularly organic tissue dissolution, are increased at higher concentrations or 

when used at higher temperatures; at lower concentrations, it loses its antibacterial and 

tissue solvent properties more rapidly and must be replenished much more 

frequently.124,125 The antimicrobial effects of NaOCl are due to several mechanisms. At a 

pH of 11, it exists primarily as hypochlorous acid (HClO-), which disrupts cellular 

activities like oxidative phosphorylation, DNA synthesis, and multiple cell membrane 

associated activities.126-128 Despite its perks, there are several disadvantages to using 

NaOCl as an endodontic irrigant. It displays dose (concentration)-dependent cytotoxicity 

to periapical cells when extruded, it does not kill all microorganisms, it does not remove 

the smear layer, it has a foul odor/taste, it cannot inactivate endotoxins, and it lacks 

substantivity.124,129-131 

To mitigate these shortcomings, chlorhexidine gluconate (CHX) has been 

advocated for use as an alternative or in conjunction with NaOCl. Usage modalities of 

CHX include caries prevention, periodontal therapy and antiseptic mouthwash.132  CHX 
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has a pleasant taste and odor, less cytotoxicity, and can provide extended periods of 

antimicrobial activity with up to 12 weeks of substantivity.133 It is bacteriostatic at low 

concentrations, bactericidal at high concentrations and disrupts cell membranes by 

electrostatic binding due to its cationic nature.134,135 Recent awareness of a potentially 

harmful precipitate known as parachloraniline (PCA), parachlophenylrurea (PCU), or 

parachlorophenylguanidyl-1,6-diguanidyl-hexane (PCGH) that is formed when NaOCl 

and CHX interact requires the clinician to utilize great caution when alternating between 

the two.136, 137 Formation of the precipitate can be prevented if the canal is flushed with 

saline between use of NaOCl or CHX.137   

As neither NaOCl nor CHX can remove the inorganic smear layer, a chelating 

agent such as EDTA or citric acid must be used.  Removal of the smear layer provides 

several benefits including better penetration of NaOCl into dentinal tubules138 and 

improved sealing ability of obturation materials.139 Irrigation of a canal for 1 minute with 

17-percent EDTA adequately removes the smear layer140 and subsequently removes canal 

debris more effectively when used with NaOCl.141 

 
OBTURATION 

The third objective of endodontic therapy is to provide a “hermetic” seal that 

adequately and densely fills the RCS.142 Filling materials should be biocompatible and 

nontoxic to tissues if extruded beyond the apex.108 However, the highest rates of success 

are seen when the material ends 0-1 mm from the radiographic apex.143 The major cause 

of pulpal and periapical disease are microorganisms; however, their complete elimination 

is often not possible (or required) for successful treatment.  Thankfully, a wide variety of 

instruments, irrigants, and obturation materials exist that the prudent clinician can utilize 



 
22 

to provide long-lasting endodontic treatment. 

 
IMMATURE TEETH WITH PULPAL NECROSIS 

In the case of mature teeth with closed apices, follow up studies have found 

conventional root canal therapy to have success rates as high as 97 percent.114 In the case 

of immature teeth with pulpal necrosis, conventional root canal therapy is not as 

predictable.  Challenges specific to immature teeth with pulpal necrosis include a wide-

open apex through which endodontic materials may be extruded into the apical tissue,144 

difficulty in chemomechanical disinfection due to wide/divergent walls, and thin root 

walls which lead to future fractures and restorative failures.145 Such challenges have 

forced the development of different management strategies of these teeth. 

 
APEXOGENESIS 

Maintenance of the vital pulp is the preferred method of treatment for immature 

teeth with irreversible pulpitis.  The rationale for this method, known as apexogenesis, is 

to allow continued root development and apical closure.146  Clinically, apexogenesis 

entails partial or full pulpotomy followed by a biocompatible pulpal dressing and a 

definitive restoration.  Factors that dictate the amount of tissue removal necessary include 

the size of the exposure, amount of time passed before treatment and adequate 

hemorrhage control.7, 147 Historically, calcium hydroxide has been used as the pulp 

dressing of choice for apexogenesis due to its ability to disinfect and stimulate hard tissue 

formation.  Despite these advantages, dentin formation induced by calcium hydroxide is 

usually incomplete and its high pH results in pulpal and tissue inflammation. 

The advent of MTA as a pulp capping material has led to superior dentin bridge 
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formation without inducing pulpal inflammation.148 Its use has resulted in more 

predictable outcomes with greater long-term success. Nevertheless, MTA has several 

disadvantages including high cost, difficulty in handling, long setting time and tooth 

discoloration.149 Other bioceramic materials such as Biodentine have been developed to 

overcome some of MTA’s drawbacks. They are used in a manner similar to calcium 

hydroxide; the inflamed pulp is partially or fully removed from the chamber under 

aseptic conditions. After controlling hemorrhage, the bioceramic derivative is placed 

directly over the remaining pulp tissue followed by a direct restoration, either resin or 

amalgam. Symptoms and further root development are monitored through occasional 

follow-up visits with radiographs and pulpal/periapical testing. This allows the clinician 

to assess continued root development with maintenance of a symptom free vital pulp.  

Apexogenesis is the preferred treatment in immature teeth with vital pulps, but for 

immature teeth with necrotic pulps, treatment modalities include apexification and 

regenerative endodontic procedures (REPs). 

 
APEXIFICATION 

Apexification was the original method of inducing root end closure of an 

immature tooth with pulpal necrosis. The objective is to induce a hard tissue barrier in 

against which endodontic filling materials can be compacted. Traditionally this has been 

done by gentle chemomechanical disinfection of the root canal system just shy of the 

blunderbuss apex followed by long-term placement of a disinfecting intracanal 

medicament such as calcium hydroxide.150,151 Due to its high pH, calcium hydroxide 

denatures microbial proteins and induces apical barrier formation by causing a low-grade 

inflammation in the canal space. This treatment modality requires excellent patient 
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compliance due to the need for multiple visits over 9-24 months.152 The amount of time 

and number of visits necessary to complete apical barrier formation are reliant upon the 

stage of root development. Once a barrier is visible radiographically, the root canal is 

filled with MTA and/or gutta percha with sealer followed by a direct restoration for the 

coronal seal.146 

The main drawbacks of traditional apexification include the type of hard tissue 

barrier formed, patient compliance, and the side effects of long-term calcium hydroxide 

application such as increasing dentin susceptibility to fracture. The hard tissue formation 

is typically made of cementoid and osteoid material that is porous with small remnant 

communication with the apical tissues.152, 153  Its formation does not induce increased root 

width or length development. Due to the longevity of treatment, the patient is required to 

return for multiple visits over a long period of time, require excellent patient compliance 

with a disciplined follow-up regimen. In addition, long-term calcium hydroxide has been 

shown to decrease the fracture resistance of dentin, heightening the chance of future root 

fracture.154-157 

An alternative treatment to traditional apexification is the bioceramic apical 

barrier technique. This can be done in 1158 or 2 visits with short term application of 

calcium hydroxide. Once the canal has been adequately disinfected and the patient’s 

symptoms have resolved, an artificial apical barrier is made using a 4-mm to 5-mm layer 

of bioceramic material, which allows immediate obturation of the RCS with traditional 

techniques.159  The advantages of bioceramic apexification are the biocompatibility of 

bioceramic materials, reduced need for patient compliance, and the capability of 

bioceramics to form an adequate seal in the presence of moisture.160,161 Success rates of 
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bioceramic apexification range from 81 percent to 95.3 percent.158,162,163 In spite of such 

high success, bioceramic apexification does not induce further root maturation, placing 

the root at risk for future fracture. These drawbacks have necessitated the development of 

other treatments, including REPs. 

 
REGENERATIVE ENDODONTIC PROCEDURES (REP) 

The origin of REPs can be traced back to the 1960s through the work of Nygaard-

Østby in which he described tissue healing and repair in the presence of a blood clot in 

the root canal space.164 In the last 15-20 years, research on REPs has exploded, including 

the discovery of the four elements required for successful REPs: stem cells, scaffolds, 

growth factors, and adequate disinfection.165 Current AAE guidelines recommend REP 

procedures over two visits.166 The first visit begins the disinfection process by irrigation 

with 1.5-percent NaOCl and 17-percent EDTA followed by application of an intracanal 

medicament such as triple antibiotic paste,167 double antibiotic paste,168 or calcium 

hydroxide. After 1 to 2 weeks, anesthesia is administered without vasoconstrictor and the 

RCS is again rinsed with 17-percent EDTA.  The EDTA rinse removes the smear layer 

by chelating inorganic material and demineralizing the superficial dentin layer.  This 

results in the exposure of dentinal collagen fibers and the release of growth factors.169 

Bleeding is induced by lacerating the apical papilla with a large hand file, thereby 

providing stem cells and the scaffold necessary for tissue formation. The blood is allowed 

to fill the tooth to the CEJ and a collagen barrier is then placed. A coronal seal is obtained 

by placement of a bioceramic base followed by a direct restoration. Varying types of soft 

and hard connective tissue will form in the canal space including cementum, bone, and 

reparative dentin.170 The main goals for REPs are to 1) alleviate patient symptoms, 2) 
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continued root length and width development with apical closure, and 3) obtain pulp 

vitality/sensibility.90,166,171-173  

 
MICROORGANISMS 

Classification of endodontic infections depend upon whether the RCS has been 

previously treated; infections can be primary (never treated) or secondary (a recurrent or 

refractory infection). Either type of infection is associated with particular groups or types 

of bacteria, which are typically arranged in a biofilm. The four types of endodontic 

biofilms are intracanal, extraradicular, periapical and biomaterial-centered.174 Biofilm 

organized bacteria have certain mechanisms which increase resistance to environmental 

stress and thereby enhance their odds of survival.175  

Biofilms can be up to 1,000-fold more resistant than their planktonic counterparts 

– they are arranged in an extracellular matrix (ECM) of exopolysaccharides, which 

impedes antibiotic diffusion and uptake.34 Furthermore, extracelluar enzymes that 

inactivate antibiotics, such as beta-lactamase, are abundant and highly concentrated in the 

ECM.  Quorum sensing encourages growth of species beneficial to biofilm structure and 

growth.  Gene expression can be altered to protect certain subpopulations. The deeper 

microorganisms are protected from medicaments that only act on peripheral cells. In a 

biofilm state, individual microorganisms grow more slowly with less metabolism than 

planktonic cells, allowing them to evade antimicrobials. When nutrients are depleted or 

waste products over accumulate, growth halts, preventing uptake of antibiotics. The 

altered pH and low oxygen levels in biofilms may also alter antibiotic efficacy.174 

The majority of microorganisms in primary endodontic infections are gram-

positive anaerobic rods and cocci.176  Some examples include Actinomyces naeslundii, 
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Fusobacterium nucleatum, and Porphyromonas gingivalis.175,177 A. naeslundii activates 

the host innate immune system, kickstarting cytokine production and the inflammatory 

process.178-181 A critical component of microbial biofilms, F. nucleatum is a relatively 

large gram-negative rod capable of allowing numerous gram-positive and -negative 

organisms to attach. It invades host tissue cells to elicit an immune response.177 The main 

virulence factors for P. gingivalis, found in nearly 50 percent of primary endodontic 

infections, include LPS, lipoproteins, capsule, and fimbriae.175, 177, 182 It is a gram-

negative obligate anaerobe that is unable to withstand exposure to NaOCl.183 

Gram-positive facultative cocci, rods and filaments comprise the majority of 

microorganisms in secondary endodontic infections.184,185 Though the flora of secondary 

infections is less well understood, predominant species include Actinomyces israelii, 

Enterococcus faecalis, and Propionibacterium spp.186-188 E. faecalis is a gram-positive 

facultative cocci that is found in primary and secondary infections and its importance in 

endodontics is well documented.177,184,189-193 It possesses multiple virulence factors aimed 

at inciting the host inflammatory response including the ability to adhere to dentin, 

invasion of dentinal tubules, the ability to suppress lymphocytic action, the ability to use 

serum for nutrition, and the possession of a proton pump which lowers internal pH and 

increases resistance to calcium hydroxide. It also possesses lytic enzymes, cytolysin, 

lipoteichoic acid, aggregation substance and pheromones.191 E. faecalis has a high 

propensity to form and thrives in biofilms, augmenting its virulence and resistance 

factors.192 In fact, the contact time to eradicate a mature monospecies biofilms comprised 

of E. faecalis with 5.25-percent NaOCl is at least 40 minutes, a representation of its 

ability to survive in the harshest conditions.193 
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USE OF ELECTRIC CURRENT FOR DISINFECTION 

In endodontics, electromagnetic fields have the capability provide disinfection or 

drug delivery.  In the late 19th/early 20th centuries, “electro-sterilization” had gained 

massive popularity and was used to disinfect root canals throughout Europe and the 

United States.67-69  Sturridge wrote a comprehensive guide on the use of electric current 

in dentistry in 1918. He described its applications in root canal sterilization, periodontal 

disease, neuralgia, bleaching, and anesthesia.  His proposed mechanism of action for the 

antibacterial effect of electric current was the movement of ions in solution, particularly 

zinc and silver.194   

Despite its early popularity and versatility, electrical field usage root canal 

therapy died off and did not rekindle until the late 1990s, when the Endox Endodontic 

System was developed in Germany and later studied in Italy, where it is still used by 

many today.195 Endox emits high-frequency electric impulses through proprietary 

electrodes of varying diameters that last for approximately 0.14 seconds at a frequency of 

312.5 kHz and potential of 1100 V.  The electrodes also have an electronic apex locating 

feature, but their use requires preliminary shaping to a certain size and taper. Pulsing a 

root canal with Endox has three main effects: a local rise in temperature, increased ozone 

due to medium ionization and production of UV rays.195 Presumably these local changes 

imbue Endox with its proposed antimicrobial activity, though findings are mixed.  One 

in-vitro study demonstrated an enhanced antibacterial effect compared to saline,196 while 

two others exhibited a diminished antibacterial effect compared to 2.5-percent 

NaOCl/MTAD, 2.5-percent NaOCl/EDTA,197 HealZone, and MTAD.198  Pulsation with 

Endox also dissolves organic tissue to a degree, but the effect is minimal without 
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mechanical preparation – in in fact, to rely on Endox solely for tissue dissolution would 

be tedious and time consuming as it would likely take several hundred pulses to fully 

dissolve organic debris.199 

Another in-vitro study described a prototype device in Turkey that is used 

differently than Endox.  Rather than single high-frequency pulses, it emits a continuous 

low-frequency current in combination with sonic agitation for a time period chosen by 

the operator.  In the study, the prototype did not eradicate a mature E. faecalis biofilm.200 

Perhaps the most intriguing electrical device for root canal disinfection today is 

the J. MORITA prototype, the result of a partnership between researchers at the 

International Society for Electromagnetic Dentistry (ISEM) and J. MORITA.  

Spearheaded by Dr. Toshihiko Tominaga, early studies on the device show bactericidal 

activity against planktonic microorganisms (S. mutans, E. faecalis, P. gingivalis, and S. 

intermedius), downregulation of inflammatory cytokine production by THP-1 

lymphocytes, destruction of P. gingivalis gingipains,30 increased osteoblast proliferation 

and differentiation, and upregulation of bone growth factors by activating the ERK1/2 

and p38 MAPK pathways.46,47  J. MORITA theorizes that the antimicrobial capability of 

its prototype device is due to synergism between the electromagnetic pulses and any 

antimicrobial solution in the canal, which they have coined electromagnetic stimulation 

(EMS).   

Unlike the Endox system and the Turkish prototype, the J. MORITA prototype 

has years of clinical use at the ISEM, and the results are promising. With over 300 cases 

treated, and a success rate between 95 percent to 99 percent,31,32,201 the future is bright for 

the J. MORITA prototype. In the most innovating clinical study by the ISEM, individual 
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patients were used as their own controls. Bi-rooted teeth with periapical rarefactions 

associated with each root were treated with the prototype device and conventional root 

canal therapy.  A preoperative periapical radiograph and CBCT were taken of each tooth. 

The diameter of each lesion was measured on the PA, and the volumes were measured on 

the CBCT. One root was treated conventionally in two visits with an interappointment 

medicament and obturation at the 2nd visit. The other root was shaped to size, the canal 

filled with saline at 4℃, and immediately treated with the prototype device by 1 pulse 

directly into the lesion and 1 pulse at the root apex. The irradiated root was obturated at 

the first visit. The teeth were then followed and reimaged at 1, 3 and 6 months. Irradiated 

teeth were divided into rapid healing and slow healing groups, the data quantified and 

compared to the control group. In the control group, monthly diameter reduction 

averaged 0.38 mm/month and volume reduction 8.12 percent per month. In the slow 

healing experimental group, diameter reduction averaged 1.12 mm per month and volume 

reduction 17.26 percent per month. In the rapid healing experimental group, diameter 

reduction averaged 2.97 mm per month and volume reduction 33.33 percent per month. 

The average time to complete healing of the periapical lesions in the rapid healing group 

was three (3) months.31 Proven clinical success is paramount to operator acceptance of 

any new technique or device and this is the main advantage the J. MORITA prototype has 

over Endox and the Turkish prototype. 

Treatment with the J. MORITA device is through high-frequency electromagnetic 

impulses emitted through an insulated K-file, with current concentrated at the tip of the 

file. The number of pulses required to reach the desired antimicrobial effect has yet to be 

determined, and its efficacy on a biofilm has not been tested.  The settings vary from 500 
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kHz to 1000 kHz, 70 percent to 80 percent duty cycle, and 50-150 mA. The frequency 

and duty cycle are preset on the individual device, with only the mA varying depending 

on the clinical situation. Thickness of dentin, canal diameter, and amount of solution all 

affect the current output the device is able to produce.30 

The current incarnation of the J. MORITA prototype looks exactly like a Root ZX 

electronic apex locator (FIGURE 1), has an apex locating function in addition to EMS 

capability, and is clinically in a manner similar to an EAL.  That is, a circuit is completed 

by attaching a clip to the patient’s lip (counter electrode) and an endodontic K-file is 

inserted into the tooth (active electrode) to utilize both functions.  Electromagnetic 

impulses are activated by pressing a rheostat. 

 
ELECTROMAGNETIC FIELD MECHANISM OF ACTION 

The exact mechanism by which electromagnetic fields kill bacteria is not well 

understood, but it is believed to work by disrupting the biofilm extracellular matrix or 

individual cell wall organization.202  Biofilm disruption by electric current is known as 

the bioelectric effect. Several theories abound that explain how biofilms may be disrupted 

by the application of electromagnetic waves. First, electric impulses may disrupt charges 

in the ECM, resulting in better penetration of antimicrobial agents. Second, individual 

cell walls may be affected through a process called electroporation, which destroys 

barriers that prevent antimicrobials from diffusing across the membrane. Third, the 

electrolytic generation of oxygen or oxygen radicals may increase metabolic activity and 

growth rate of biofilm bacteria, which would make them more susceptible to antibiotic 

uptake and lysis. Finally, the electrochemical generation of potentiating oxidants or ions 

may also be responsible for the bioelectric effect, though studies on this theory deliver 
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mixed results.203 Several authors show no antibiofilm effects when applying an electric 

current without antimicrobials,204-206 whereas others have found direct application of an 

electric current to a biofilm has some antibacterial effect.207,208  
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HUMAN TOOTH SELECTION 

An overview of the entire experimental methodology is provided in Figure 2.  

Thirty-seven single rooted maxillary and mandibular human permanent teeth were 

collected and stored in a mixture of glycerine with 6.0-percent NaOCl. Only teeth with 

completely formed roots, free of decay, and at least 4 mm midroot diameter 

buccolingually or mesiodistally were included. Teeth exhibiting hypocalcification, 

restorations, decay, hypoplasia, fractures or cracks, incomplete radicular formation, 

fluorosis, and dentinogenesis or amelogenesis imperfecta were excluded. To determine 

whether teeth fit into these criteria, they were visually inspected.  

 
ROOT SPECIMEN PREPARATION 

 A diamond saw with water irrigation (Li’l Trimmer, Lapcraft; Powell, OH) was 

used to cut off the crowns of the teeth (Figure 3). Root samples were prepared to a 

standard length of 12 mm.  The canal spaces of the prepared root specimens were first 

negotiated with a #10 endodontic hand file, then a #15 endodontic hand file the full 

length of the root or 12 mm from the orifice to the root apex (Dentsply Sirona; York, 

PA). This was followed by preparation with a size 25.07 Wave One Gold file (Dentsply 

Sirona; York, PA) using a reciprocating motion in a Promark endodontic motor (Dentsply 

Sirona; York, PA) to a length of 13 mm from the orifice, to standardize the apical 

foramen size at the D1 level of the reciprocating file.  A second Wave One Gold 

reciprocating file, size 45.05, was used in the same manner for final preparation.  During 

treatment, specimens were irrigated with 6.0-percent NaOCl.  Following preparation, the 

specimens were irrigated with 6.0-percent NaOCl and 17-percent EDTA for 3 minutes to 

eliminate the smear layer as described in the literature.209 Teeth were stored in 6.0-
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percent NaOCl and glycerine at a ratio of 2:1 until ready for use, at which time they were 

autoclaved for 20 minutes at 121℃. 

 
INOCULATION AND BIOFILM FORMATION 

A standard strain of E. faecalis (ATCC 29212) was used to inoculate the prepared 

specimens in the following manner: a solution of brain-heart infusion broth (BHI) was 

inoculated with a single colony and incubated for 24 hours at 37℃ at 5.0-percent CO2 to 

form the stock culture (Figure 4).  The root specimens were coated with clarified and 

filter-sterilized pooled human whole saliva and prepared via 1 hour 37℃ incubation.210 

Saliva was collected anonymously at the Oral Health Research Institute and was frozen 

until day of use.  To thaw, the saliva was placed in an incubator at 37℃ for one-hour and 

centrifuged for 10 minutes at 5000 rpm (Eppendorf 5804 R, Eppendorf; Hauppauge, 

NY).  The supernatant was discarded and the remaining liquid was sterilized by filtration 

through a 0.22 µm PES membrane filter (Genesee Scientifics; San Diego, CA) (Figure 5).  

The saliva-coated roots were placed in 24-well culture plates (1 sample per well) filled 

with 1.8 mL of sterile BHI and 0.2 mL of fresh 24-hour stock inoculum and incubated at 

37℃ and 5.0-percent CO2 for 14 days.211 BHI solution was replaced every 24 hours 

without the addition of new inoculum in order to prevent nutrient depletion (Figure 6). 

 
EXPERIMENTAL GROUPS 

 After removal from the 24 well-plates, specimens were divided randomly into 

three experimental groups and two control groups with 6 specimens each (8 specimens in 

0.9-percent saline with EMS), depending on the disinfection protocol used (n = 6; n = p = 

8 in 0.9-percent saline with EMS).  Samples were prepared for treatment by mounting in 
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a sterilized sample cap 5A-1 (SKY-I, Japan) in fast-set alginate.  The alginate was 

supplied in individual use packets that were packaged in an aseptic environment. The 

experimental and control groups were as follows:  

Group 1: Treatment using 5 mL of 6.0-percent NaOCl under gentle irrigation 

(positive control) 

Group 2: Treatment using 5 mL of 1.5-percent NaOCl under gentle irrigation 

Group 3: Treatment with 5 mL of 1.5-percent NaOCl under gentle irrigation 

followed by EMS 

Group 4: Treatment with 5 mL of sterile saline under gentle irrigation followed by 

EMS 

Group 5: Treatment with 5 mL of sterile saline under gentle irrigation (negative 

control) 

 
ELECTROMAGNETIC STIMULATION EXPERIMENTS 

The EMS device (J. Morita; Japan) requires a complete circuit in order to 

function.  In a clinical scenario, a counter electrode is placed over the patient’s lip in the 

form of a shepherd hook.  The active electrode is attached to an endodontic hand file via 

a clip. In the experimental scenario, the counter electrode is a periodontal probe mounted 

within the sample 5A cap containing the tooth specimen, while the active electrode is 

clipped to an endodontic hand file in the same manner as the clinical situation. Teeth 

were mounted as previously described; for circuit completion, a hole was bored in the 

inferior portion of the cap to allow the counter electrode, a periodontal probe (YDM 

Corporation; Japan), to be inserted. This area was sealed using Revolution flowable 

composite (Kerr; Orange, CA) and light cured for 20 seconds. The specimen was 
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mounted in alginate, leaving approximately 2 mm of tooth structure above the alginate.  

The active electrode was created by connecting an insulated #10 endodontic hand file 

(Dentsply Sirona, York, PA) to the device. The parylene coating serves as an insulator, so 

the electromagnetic burst only activates at the last 2 mm to 3 mm of the hand file.  The 

active electrode was inserted to a working length of 12 mm and activated for a 1-second 

burst at the manufacturer’s recommended setting of 500 kHz, 80 mA, 70-percent duty.  A 

total of 7 one-second bursts were administered in the following manner: 3 bursts at the 

working length of 12 mm, 3 bursts at a working length of 9 mm, and 1 burst at a working 

length of 6 mm, as recommended by the manufacturer.  The lengths were demarcated on 

the endodontic hand file with a marker to allow for expedient movement of the file 

during treatment.  The one-second bursts were controlled by a rheostat, which is pressed 

each time a burst is desired.  In the combination group, the canals were gently irrigated 

with either 1.5-percent NaOCl or saline with a 27-gauge needle up to 1 mm short of 

working length followed by immediate use of the EMS device.   

 
CONTROL GROUPS 

In the 1.5-percent NaOCl group, as well as the positive and negative control 

groups, the canals were gently irrigated with 5 mL volumes as described above. 

 
ASSESSMENT OF ANTIMICROBIAL ACTIVITY 

After treatment, coronal samples were immediately taken using a spiral utility 

brush (Versa Brush, Vista Dental; USA) in a slow speed hand piece at 250 rpm for 1 

minute at a depth of 6 mm.  Apical samples were taken by inserting a sterile size 30.04 

paper point to a working length of 12 mm for 1 minute.  The same procedure was used 
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for all groups. 

The spiral brush and paper point were transferred to 15 mL Falcon tubes (Fisher 

Scientific; USA) containing 5 mL of sterile saline.  Biofilms were detached by sonication 

for 30 seconds then vortexing for 30 seconds.  A ten-fold serial dilution was completed, 

followed by plating onto blood agar plates.  After anaerobic incubation for 48 hours in 

5.0-percent CO2 at 37℃, colonies were counted and CFUs/mL determined for statistical 

analysis (Figure 7). 

 
CONFOCAL IMAGING 

In addition to the specimens in each of the 5 groups, one specimen was prepared 

and completed as described above in the 2 EMS experimental groups, as well as the two 

NaOCl and 0.9-percent saline groups, for a total of 5 teeth.  Prior to sterilization, the teeth 

were scored longitudinally as described in a previous study212 using a straight handpiece 

with a diamond saw (Figure 8).  This allowed separation of the specimen with a scalpel 

after treatment, exposing the root canal space for imaging (Figure 9). The canal space 

was stained with Live/Dead® Bacterial Viability Kit (Baclight Bacterial Viability kit 

L7012; Molecular Probes, Inc.). Three 0.5 mm stacks were taken starting from the apex 

and moving coronally for visualization of the treated biofilms at this portion of the tooth.  

A fourth 0.5 mm stack was taken individually at 6 mm from the apex to visualize a 

snapshot of the middle third of the tooth root. 
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STATISTICAL ANALYSIS 

Due to a nonparametric distribution of data, CFUs were converted to log10. The 

effect of treatment group on log10 bacteria counts was made using Wilcoxon Rank Sum 

tests.  A 5.0-percent significance level was used. 

 
SAMPLE SIZE 

The coefficient of variation was estimated to be 1.0.  With a sample size of 6 in 

the 6.0-percent NaOCl, 1.5-percent NaOCl, 1.5-percent NaOCl with EMS and 0.9-

percent saline and 8 in the 0.9-percent saline with EMS, the power to detect a 3x 

difference was 99 percent between the NaOCl groups and 0.9-percent saline, 99 percent 

between the two 0.9-percent saline groups and 89 percent between the NaOCl groups and 

0.9 percent saline with EMS. 
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CFUs were converted to log10 and compared for differences using Wilcoxon Rank 

Sum Tests due to a nonparametric distribution of the data.  In all cases of disinfection 

with NaOCl, no colonies formed after treatment.  CFUs were counted in both the 0.9-

percent saline and 0.9-percent saline with EMS groups (Table I).  There was a significant 

effect with the use of NaOCl with or without EMS versus 0.9-percent saline with or 

without EMS (p = 0.012 and 0.003, respectively).  EMS appeared to have an anti-biofilm 

effect, however, as there were fewer CFUs formed when using 0.9-percent saline and 

EMS versus 0.9-percent saline alone (p =.002, Table II, Figure 10).   

For confocal imaging, groups are laid out by section.  Confocal imaging provides 

a three-dimensional image of a biofilm.  Live cells fluoresce a bright green color whereas 

damaged cells fluoresce a bright red color, which is a product of the molecules used for 

staining and imaging.  The cells are stained with SYOT9 and propidium iodide (PI), both 

of which have high affinity for nucleic acid.213,214 SYOT9 is the molecule responsible for 

cells that fluoresce green is small with minimal charge; this allows it to enter the 

membrane of any cell, whether live or dead.  PI, which fluoresces red, is a large molecule 

with an intense positive charge, which prevents it from entering intact cells; it therefore 

can only enter if the outer membrane has been damaged. However, PI has a higher 

affinity for nucleic acid than SYOT9, so it is capable of displacement when used as the 

secondary stain.213,214 During preparation, the samples are placed in several alternating 

washes of saline and stain solutions. This procedure can cause some dead cells to wash 

away, leaving black space. The apical 0.5 mm is presented in Figure 11, the apical 0.5 to 
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1.0 mm is presented in Figure 12, and the apical 1.0 to 1.5 mm is presented in Figure 13.  

Figure 14 represents a 0.5 mm stack taken 6 mm coronal to the apex, for a snapshot into 

the middle third of the root canal space. In all instances in which NaOCl was used as an 

irrigant, confocal imaging shows complete eradication of the biofilm at the apical 1.5 

mm, regardless of whether EMS was also used. When saline was used without EMS, the 

apical 1.5 mm contained a full thickness biofilm and nearly all cells were green, 

indicating no anti-biofilm effect. When saline was used with EMS, there was a mixture of 

red cells, black space, and green cells, indicating some anti-biofilm effect in the apical 

1.5 mm. 
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FIGURE 1.  J. MORITA prototype. 
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FIGURE 2. Experimental methodology. 
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FIGURE 3. Diamond saw (A) used to standardize roots to 12 mm (B). 
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FIGURE 4. Stock inoculum (left) is cloudy compared with the sterile control (right). 
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FIGURE 5.  Centrifuge to spin saliva (A), vacuum filtration system 
(B), saliva coated roots (C). 
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FIGURE 5. Changing BHI media (A), inoculated 

specimens (B). 

  

B 



 
50 

        

                  
 
 
 
 
 
 
 

 

 

 

FIGURE 6. Representative growth plates. Clockwise: 0 G4A -1; -2 G5B -3; 0 G1A -1. 
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FIGURE 7. Scoring a tooth for confocal imaging. 
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FIGURE 8. A scored and split tooth. 
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FIGURE 9.  Average log10 CFU/mL count per group (^ indicates n = 6; * indicates n = 
8; a different letter indicates that group was statistically significant from 
the other groups). 
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FIGURE 10. Apical 0-mm to 0.5-mm confocal images. 
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FIGURE 11. Apical 0.5-1.0 mm confocal 
images. 
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FIGURE 12.  Apical 1.0-mm to 1.5-mm confocal images. 
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FIGURE 13.  0.5-mm stack 6-mm coronal to 
            the apex. 
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FIGURE 15. Intracanal temperature rises of mandibular incisors after 1 second 
EMS activation at various depths from the apex NOTE: y-axis unit 
is degrees Celsius; x-axis unit is the number of times EMS 
activated for 1 second (Courtesy of Dr. Tominaga, International 
Society for Electromagnetic Dentistry). 
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TABLE I 

Log10 CFU/mL counts as a function of treatment rendered 

 

SD= Standard Deviation 
SE= Standard Error 
IQR=Interquartile Rating 
 

  

Group N Mean SD SE Median IQR Min Max 

6% NaOCl 6 0 0 0 0 0 0 0 0 

1.5% NaOCl 6 0 0 0 0 0 0 0 0 

1.5% NaOCl + EMS 6 0 0 0 0 0 0 0 0 

0.9% Saline + EMS 8 2.14 1.63 0.58 2.45 0.75 2.99 0.00 4.79 

0.9% Saline 6 5.60 0.17 0.07 5.63 5.52 5.67 5.31 5.83 
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TABLE II 

 
Statistical significance of differences seen in log10 CFUs/mL 

 

 
 

NOTE: Statistical significance was set at p < 0.05 
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DISCUSSION  
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Based on our results, the J. MORITA prototype device is capable of elucidating 

an anti-biofilm effect against a 2-week-old biofilm of E. faecalis.  This is evident as the 

CFU/mL counts in the saline with EMS group were less than half of what they were in 

the saline only group. This finding was corroborated with confocal imaging, where there 

were many more dead or missing cells in the saline with EMS group, whilst the saline 

only group showed a healthy, intact biofilm.  Previous studies measuring the antibacterial 

effect of the J. MORITA device used planktonic microorganisms30; to our knowledge this 

is the first study that used a biofilm model. 

A synergistic reaction between the prototype device and NaOCl could not be 

determined.  This was due to the fact that no colonies grew when root canals were 

irrigated with 1.5-percent or 6.0-percent NaOCl.  Previous studies have shown 

eradication of an E. faecalis biofilm with as low as 0.000625-percent NaOCl in one 

minute.215,216 Other studies have found 2.5-percent NaOCl incapable of eradicating E. 

faecalis biofilms with as much as 40 minutes of contact time.216 These differences are 

likely explained by study methodologies; it stands to reason, that with the high potential 

for shear forces in such straight and wide canals, as well as much higher concentrations 

of NaOCl being used, even a 2-week-old biofilm would be eradicated.  Future studies 

should consider utilizing lower concentrations of NaOCl, or perhaps using contact time 

rather than passive irrigation as the method for measuring solution delivery. For instance, 

rather than gentle irrigation with a set volume of irrigant, which will create shear forces, 

the canal could be filled with selected irrigant and allowed to sit for a predetermined 
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amount of time before EMS activation takes place. This type of comparison would make 

a synergistic or additive effect more readily determinable. 

The purpose of the confocal images was to provide a visual confirmation of what 

the CFU counts would tell about the antibiofilm effects of the various treatment 

modalities. In all images in which NaOCl was used as the irrigant, there was either a 

mass of red cells, indicating cell death, or a large area or areas of black space, indicating 

removal of dead cells during the staining phase or during treatment with NaOCl. In 

addition to the effects seen with saline alone, we can see that the remaining cells in the 

1.5-percent NaOCl + EMS samples fluoresced a very intense red, indicating a high PI to 

nucleic acid ratio. The cells in the 1.5-percent NaOCl group, however, do not appear and 

the ones that are fluoresced display a lower intensity of red. If we assume the 1.5-percent 

NaOCl samples washed out during treatment and not staining, this could indicate an 

enhancement of NaOCl (or one of its byproducts) uptake by outer membrane damage 

from the EMS treatment. However, this is difficult to confirm since both groups were 

irrigated with the same amount of NaOCl for the same amount of time prior to EMS 

treatment. One explanation could be that the author used a more forceful irrigation 

pattern in the 1.5-percent NaOCl only group as compared to the 1.5-percent NaOCl + 

EMS group, which is plausible, but unlikely. An alternative explanation is that NaOCl 

was highly effective in all scenarios and some damaged/dead cells were washed away 

during staining of certain samples. This could be explained by a simple bump on the table 

by a researcher/bystander or a jerky movement of the imaging table under the 

microscope.  Confirmation of EMS’s enhancement of NaOCL could have been more 

easily attained had more cells remained viable in the 1.5-percent NaOCl group. 
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This study used a monospecies biofilm of E. faecalis which grew for 2 weeks. 

Endodontic infections are polymicrobial in nature.215 Owing to greater genetic diversity, 

polymicrobial biofilms are more resistant to environmental stresses. As oral biofilms 

mature, they can better establish themselves; in the case of a polymicrobial biofilm 

community, anaerobic bacteria can reside deeper, making them more difficult to 

eradicate.217 Follow up studies should assess the efficacy of EMS on a mature, 

polymicrobial biofilm. 

As previously stated, the mechanism by which electric current exerts its effects on 

biofilms is currently unknown, but most theories involve increased uptake of 

antimicrobials by biofilm cells.203 Since EMS exhibits an antibiofilm effect in 0.9-percent 

saline, perhaps its effect is due to a local generation of ions or oxygen, which disrupts or 

kills biofilm cells. Such an explanation is purely speculation, however. Alternatively, a 

localized generation of heat could have been responsible for the effects seen. In the in- 

vitro study on planktonic bacteria, the solution’s temperature increased by 4-5℃ with 

each activation.30 However, in unpublished data by the International Society for 

Electromagnetic Dentistry, intracanal temperature rose as much as 45℃ when EMS was 

used at 1mm from the apex (Figure 15); the rise was less dramatic farther back from 

working length likely due to an increase in canal diameter and the amount of solution 

present. The presence of more fluid would allow heat to dissipate, resulting in a smaller 

increase in heat. Standardized strains of E. faecalis have been shown to be susceptible to 

temperatures from 65-80℃ for 1 min to 10 min, but clinical strains have also been shown 

to be resistant to 80℃ for as long as 3 minutes.218  Although another potential 

explanation for the effects seen in the present study, susceptibility of the E. faecalis 
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biofilm to rises in temperature appears to be related to the particular strain being studied, 

with lab strains being more susceptible than wild types; therefore, if heat is the 

responsible factor, clinical applications of EMS for bactericidal purposes without the 

addition of an antimicrobial may be limited. 

Not much is known about the effects that local electromagnetic current and its 

associated heat increase will have on host cells, such as osteoblasts, dental pulp stem 

cells, cells of the apical papilla, fibroblasts, periodontal ligament, etc.  In rat calvaria, 

upregulation of osteoblast proliferation as well as an increase in growth factors necessary 

for bone mineralization were noted.47 Clinically, periapical lesions in bone were found to 

heal up to 4 times faster when treated with the prototype device as compared to control.32  

Follow-up studies should therefore examine these effects on other cell lines such as stem 

cells and cells of the periodontal ligament. 

In a study examining the effects of tobramycin on a Pseudomonas aeruginosa 

biofilm, the authors applied a 2-mA current to the biofilm in the presence of tobramycin 

and found a significant increase in bacterial killing over biofilms injected with oxygen 

and tobramycin or a control in which tobramycin was used alone. The bioelectric effect 

could not be explained away by a change in pH, temperature increase, or disruption of the 

biofilm extracellular matrix by the addition of gas.207 In regenerative endodontic 

procedures (REPs), the most commonly used antibiotics are TAP or DAP, which contain 

ciprofloxacin, metronidazole, and/or clindamycin or minocycline, depending on the 

clinical use or clinician’s preference.219 Given the increase in bactericidal activity seen in 

the previously mentioned study on P. aeruginosa, follow up studies with EMS should test 

the effects when used with TAP or DAP to determine if there are potential uses in REPs 
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or if these antibacterials are sufficient for use in non-surgical root canal therapy. 

Based on the confocal images obtained, the present insulation design may result 

in a limited zone of effect with EMS.  At the apex and at 6 mm back from the apex, two 

locations directly affected by activation, more bacterial killing is visualized in the form of 

red cells or black space than at 1 mm or 1.5 mm coronal to the apex. Follow-up studies 

should modify file insulation design to see if the EMS effect can be spread more evenly 

throughout the canal. For instance, horizontal slits could be placed in the insulation 

material every 1 mm to 2 mm to increase the area affected. This may also result in less 

need for multiple activations. 

The main limitations of the study include the inability to determine what, if any 

synergistic effect is seen with EMS and NaOCl, the small sample size, the small stack 

sizes for confocal imaging, a lack of statistical analysis of the confocal images, and the 

inability to directly measure its effects in vivo. The reasons for inability to detect any 

synergism have already been explored. As for sample size, although small, the power to 

detect the observed differences were very high – ranging from 89 percent to 99 percent 

depending on which groups were being compared. The confocal stack sizes were small 

out of necessity.  When a pilot study was initiated without a biofilm to determine how 

large the stack sizes should be and how long it would take to image, we calculated it 

would take 23 hours to image all 12 mm of one root half. This time would certainly 

increase if a biofilm had been present. When enough data points are taken, statistical 

analyses of biofilms can be taken from confocal images; this includes biofilm thickness, 

width, and volume as well as number of cells and the ratio of live to dead/damaged cells. 

This requires several points in a given sample, and they must be repeated.  In addition, 
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there are relatively few programs available for this type of analysis. Again, time was 

certainly a factor in deciding whether to take enough images for statistical analysis, but 

future studies would benefit from numerically analyzable confocal data.  Finally, certain 

in vivo characteristics may affect the current flow of EMS, such as dentin thickness, canal 

diameter, and amount of solution present. All of these variables must remain standardized 

to determine the actual effects of EMS, so clinical results may differ from what is found 

during a laboratory experiment. 
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SUMMARY AND CONCLUSIONS 
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The findings of this study suggest that the use of EMS with saline has an 

antibiofilm effect against E. faecalis when compared with irrigation with saline alone.  

This effect was not as great as irrigation with 6.0-percent NaOCl. Furthermore, since 

there was no bacterial growth in all groups in which NaOCl was used, a synergistic effect 

cannot be determined.  Therefore, the null hypothesis that EMS used with 1.5-percent 

NaOCl would have an antibiofilm effect similar to irrigation with 6.0-percent NaOCl 

alone cannot be rejected.  However, we accept the alternative hypothesis that 0.9-percent 

saline used with EMS would have a greater antibiofilm effect than 0.9-percent saline 

alone.  Follow-up studies should focus on utilizing lower concentrations of NaOCl, 

consider other disinfectants such as CHX, TAP or DAP, modify file insulation designs, or 

examine the effects on stem cells, osteoblasts or cells of the periodontal ligament. At 

present, the most applicable clinical use for EMS may be its ability to expedite bone 

healing as already proven via clinical studies.
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Introduction: Nonsurgical root canal therapy procedures aim to reduce the total 

microbial load within an infected root canal system through chemomechanical 

debridement of the root canal system via instrumentation in conjunction with an 

antibacterial irrigating solution. The most commonly used irrigant is sodium 

hypochlorite, often at concentrations toxic to human cells.  Electromagnetic wave 

irradiation is a novel method of disinfection that has been shown to be bactericidal 

against planktonic microorganisms in solution, but its efficacy against an established 
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biofilm is unknown.  Pilot studies have demonstrated a synergistic killing effect with 

sodium hypochlorite through a process termed electromagnetic stimulation (EMS).  If 

confirmed, lower concentrations of the current gold standard of 6.0-percent sodium 

hypochlorite could be used to irrigate infected root canals during endodontic treatment, 

resulting in less toxicity to human cells.  There are also regenerative implications as EMS 

could be used to disinfect the root canals of immature teeth using 1.5-percent sodium 

hypochlorite, as recommended by the American Association of Endodontists. 

Objectives: The purpose of this in-vitro study was to evaluate the anti-biofilm 

effect of EMS against an established biofilm of Enterococcus faecalis. 

Materials and Methods: Single rooted teeth were cut to a standardized length (12 

mm) and instrumented with a 45.05 Wave One Gold reciprocating file. Specimens were 

sterilized and inoculated with E. faecalis, which grew for two weeks to form an 

established biofilm. There were five treatment groups: 1) 6.0-percent sodium 

hypochlorite; 2) 1.5-percent sodium hypochlorite; 3) 1.5-percent sodium hypochlorite 

with EMS; 4) 0.9-percent saline with EMS and 5) 0.9-percent saline.  Samples were 

collected, plated, and incubated for two days.  The number of CFUs/mL was determined 

and converted to log10.  The effect of treatment group on bacterial counts was made using 

Wilcoxon Rank Sums Test.  One sample per group was scored and split for confocal 

imaging. 

Null Hypothesis: Teeth treated with EMS in combination with 1.5-percent sodium 

hypochlorite or 0.9-percent saline will not demonstrate a significant anti-biofilm effect in 

comparison to those treated with 6.0-percent sodium hypochlorite alone. 

Results: 0.9-percent saline and 0.9-percent saline with EMS were significantly 
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higher than 6.0-percent NaOCl, 1.5-percent NaOCl, and 1.5-percent NaOCl with EMS. 

0.9-percent saline was significantly higher than 0.9-percent saline with EMS. The three 

groups that included treatment with NaOCl were not significantly different from each 

other.  Confocal imaging confirmed the CFU findings. 

Conclusion:  Because there was no growth in any of the NaOCl groups, the null 

hypothesis cannot be rejected.  However, there was an antibiofilm effect when comparing 

the two saline groups, demonstrating that EMS has an antibiofilm effect.  Future studies 

should focus on determining what concentration of NaOCl is most effective in 

combination with EMS.
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