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Abstract

Objectives: 1- To detect the presence of apical vapor lock after positive pressure irrigation at
two needle insertion depths. 2- To evaluate the elimination of apical vapor lock by manual
dynamic agitation. 3- To investigate the replacement of the contrast solution with sodium
hypochlorite at two needle insertion depths and flow rates.

Methodology: Twenty-eight single rooted teeth were shaped with either Vortex Blue 25/04 or
ProTaper Gold F2 (25/08) rotary files. Presence of apical vapor lock was detected radiograph-
ically using a contrast mixture (sodium hypochlorite & cesium chloride) as the irrigant. Manual
dynamic agitation with 50 strokes of a well fitting gutta percha cone was performed in teeth with
apical vapor lock. Its elimination was then evaluated radiographically. In teeth in which apical
vapor lock was eliminated, replacement of the contrast solution with sodium hypochlorite was
assessed radiographically. Each tooth was then shaped with Vortex Blue 30/04 or ProTaper Gold
F3 (30/09) rotary files and the aforementioned experiments were repeated.

Results: Apical vapor lock was detected in 92.0% of the samples. Manual dynamic agitation
eliminated the apical vapor lock in 81.6% of the teeth. Apical vapor lock was more likely to be
present and eliminated in teeth that were shaped with ProTaper Gold rotary files. Increase in the
flow rate, increase in the needle insertion depth, shaping with Vortex Blue rotary files and small-
er apical preparation size improved the replacement of the contrast solution.

Conclusion: Within the limitations of this study, shaping with ProTaper Gold rotary files has a
joint effect in the formation and elimination of apical vapor lock. Replacement of the contrast
solution with sodium hypochlorite was affected by the independent effects of needle insertion
depth and flow rate and the joint effect of needle insertion depth, flow rate, rotary file system and

apical size preparation.
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Lay Summary

A canal system may have a complex anatomy with areas where no instruments can reach.
Therefore, irrigation with solutions such as sodium hypochlorite may reach those areas and better
clean and disinfect the canal system. Clinically, a tooth is enclosed in the bone forming a closed
end system. Air can get entrapped when irrigant is introduced into a dry canal with a closed end.
This air entrapment is called apical vapor lock and can adversely impact the cleaning and
disinfection of the canal system. Presence of apical vapor lock may be visualized radiographical-
ly by adding a contrast agent to an irrigant before it is introduced into a canal with closed end.
The apical vapor lock may be eliminated by manual dynamic agitation, repeated strokes of a well
fitting gutta. When apical vapor lock is eliminated, irrigant may reach the full length of the canal

system successfully.
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Chapter 1: Literature Review

1.1 The main goal in endodontics

The main goal in endodontics is to treat apical periodontitis and to prevent its occurrence in future
(Orstavik & Pitt Ford, 2008; Siqueira et al., 2014). Apical periodontitis is the destruction of the
peri-radicular tissue by the host inflammatory responses to the microbial challenge of endodontic
origin (Nair et al., 2005). In 1965, Kakehashi et al. established the knowledge that microorganisms
are required for the emergence of periapical disease as no apical periodontitis developed in germ
free rats whose molar pulps were exposed to oral cavity compared to the rats with normal oral
microflora (Kakehashi et al., 1965). Soon after, obligate anaerobic bacteria were found to play a
great role in endodontic infections (Moller, 1966). Later on, it was shown that an endodontic
infection comprises a mixture of several species of which strict anaerobes are the dominant species
(Sundqvist, 1976). Due to complex mixture of disease causing bacterial species and complex
anatomy of the root canal system, sterilization may be highly improbable (Siqueira & Rogas, 2008).
Hence, in order to treat apical periodontitis, endodontics aim to reduce the bacterial population
density (load) in the root canal system to below what is required to induce and sustain periapical
disease (Siqueira & Rogas, 2008). To attain a lower bacterial load, a successful root canal treatment
relies on the effectiveness of chemomechanical preparation that combines the benefits of chemical

and mechanical processes to debride the root canal system.



1.2 The chemomechanical preparation

Chemomechanical preparation relies on the mechanical debridement by instrumentation, mechani-
cal flushing by irrigation and chemical removal of vital, necrotic tissue, microorganisms and their
toxins by the irrigants’ antibacterial and tissue dissolving properties (Gulabivala et al., 2005). Such
debridement and disinfection mainly targets the main root canal, the most voluminous part of the
canal system. However, studies on root canal morphology have shown the complex anatomy of the
root canal system that varies from one tooth to another. This complexity includes irregularities,
lateral canals, apical deltas, fins, webs and transverse anastomoses (Vertucci, 1984). This complex
design has even rendered the modern techniques incapable of sterilizing the root canal system and
has limited the effect of thorough chemomechanical preparation (Gulabivala et al., 2005). Mechani-
cal instruments are either hand or engine driven. The advancements in the instrument design
expedited with the introduction of nickel titanium in 1988 (Walia & Brantley, 1988). Nickel titani-
um’s super-elastic nature has allowed researchers to continuously modify the design of the instru-
ments, with the purpose of improving canal debridement, and also to increase fracture resistance
and safety in the hands of clinicians. Many studies have been conducted to compare the efficacy of
different rotary file systems in canal debridement and as new systems develop, more studies will be
conducted. Mechanical instrumentation substantially reduces the bacterial load but does not render
the canal free of tissue and bacteria (Dalton et al., 1998). This is because mechanical instrumenta-
tion can potentially leave portions of the root canal system untouched. For instance, an ex-vivo ex-
periment has shown that mechanical instrumentation with ProTaper Gold leaves 65.2%-74.4% of
the apical 4mm of the oval shaped canals in the distal roots of mandibular molars untreated (Paqué
et al., 2010). Research is continuously advancing to design instruments, such as self-adjusting files,

that can adapt to the canal walls better and deliver irrigant simultaneously for a better cleaning



(Metzger et al., 2010). However, no rotary file system has been proven, with confidence, to address
all the hides and irregularities of the canal system. Such shortcomings of mechanical instrumenta-
tion have emphasized on the importance of irrigation to reach areas where the metal instruments

cannot plane.

1.3 Importance of irrigation

Irrigation is a very important component of chemomechanical preparation. It complements
instrumentation by reaching further into areas where no hand or engine driven files can reach.

The history of using irrigation in endodontics is dated back to the 19th century when pulp was
removed using heat cautery and use of explosive mixtures of sodium and potassium (Sedgley,
2004). Syringing of root canals with hydrogen peroxide became the common irrigation method in
the early 20th century (Sedgley, 2004). Sodium hypochlorite (NaOCl, 0.5%) was first used by
Henry Drysdale Dakin to treat the wounds of the soldiers during World War I (Sedgley, 2004). In
the field of endodontics, NaOCI has been the common irrigant with superior tissue dissolving
capacity as compared to other endodontic irrigants such as chlorhexidine, 30.0 % hydrogen
peroxide and 10.0% citric acid (Naenni et al., 2004). NaOCI has also superior antibacterial efficacy
on bacteria in planktonic (Marshall & Rosen, 1970) and biofilm states (Stojicic et al., 2011). In a
clinical experiment, it was shown that mechanical instrumentation with saline reduced the bacterial
cells from 10* 10° to 10” - 10° and that bacteria were not detected in 7 out of 15 experimental teeth.
When 0.5% NaOCI was used as the irrigant instead of the saline during instrumentation, no bacteria
could be detected in 12 out of 15 of teeth after 5 appointments (Bystrom & Sundqvist, 1983). In
many of the historical studies on bacterial reduction, samples were collected on paper points that

were inserted in the canals. Thus, the bacteria hiding in accessory canals, fins, webs and isthmi



could go undetected by this technique. Some other studies have used light microscopy to examine
the efficacy of irrigation. For instance, a clinical study on surgically removed apical portions of
teeth after root canal treatment showed existence of residual bacteria biofilm in the recesses in 14
out of 16 specimens which questioned the efficacy of NaOCl in chemomechanical preparation (Nair
et al., 2005). Another study showed presence of remaining pulp tissue in the apical 1.0 mm and the
isthmi of the mesial root of mandibular molar after mechanical instrumentation and introduction of
sodium hypochlorite for 15 and 30 minutes (Senia et al., 1971). According to the researchers,
factors such as surface contact, volume of irrigation, limited exchange of solution in the deeper part
of the root canal system and use of larger needles that limited the insertion depth into the root canal
could have contributed to the poor efficacy of NaOCI (Senia et al., 1971). Also in one ex-vivo ex-
periment, it was shown that better canal debridement is due to the mechanical flushing by larger
volume of irrigant and that saline, sodium hypochlorite and hydrogen peroxide show similar
effectiveness in canal debridement. Hence the authors concluded that it was the mechanical flush-
ing by larger volume of irrigant that was more important than the type of the solution used as the
irrigant (Baker et al., 1975). It has been shown, in another ex-vivo study, that lack of irrigation
during the mechanical instrumentation can cause more than 75.0% debris collection in a canal
compared to when irrigation is used (Baker et al., 1975). The formed debris can contain bacteria
that can be potentially pushed into the isthmi and other irregularities of the canal system. This
complicates and even makes it impossible for the bacteria and remaining tissue to be completely
eliminated, especially in the apical portion of the root canal, by the modern techniques of irrigation
and instrumentation (Paqué et al., 2010). These occluded places also do not allow entry of the
sealer and root canal filling materials for the potential elimination of the bacteria (Endal et al.,

2011).



1.4 A review of irrigation studies

The shortcomings of irrigation in reaching the apical third as well as the hides and irregularities of
the root canal system are attributed to multitude of factors: apical size instrumentation, canal length,
irrigant volume, and needle insertion depth (Usman et al., 2004). In a clinical study, Salzgeber and
Brilliant (1977) visualized the penetration of a radiography contrast agent after complete
chemomechanical preparation. The authors concluded that an apical preparation of an at least ISO
size 30 is needed for the irrigant to reach the apical part of the root canal system (Salzgeber & Bril-
liant, 1977). One historical study also showed that when needle is placed in the coronal third of the
canal system, an apical preparation of at least ISO size 40 and ideally ISO size 60 is required for the
effective irrigation and replacement of radiopaque solution in the apical third of the canal (Ram,
1977). In another study, Abou-Rass and Piccinino (1982) demonstrated the need for placement of
needle in the apical third of the canal for the effective irrigation delivery. In that ex-vivo
experiment, the authors used an open-ended 30-gauge needle to irrigate the canal with an anesthetic
solution which was mixed with a contrast agent and dentin shaving for radiographic visualization of
the irrigant penetration into the canal system (Abou-Rass & Piccinino, 1982). The importance of
needle insertion depth was also shown in an in-vitro model, a glass root canal with small stained
particle beads 10 — 40 um in size (Chow, 1983). That study along with other studies showed that
there is limited flushing effectiveness beyond the needle tip (Kahn et al., 1995; Druttman & Stock,
1989). The contemporary irrigation studies have used thermal imaging analysis, computational
fluid dynamics and stained collagen film to better assess the flow pattern of irrigants in a confined
canal system. In an ex-vivo study in extracted teeth, thermal imaging analysis showed that when a

27-gauge needle is placed at WL-3 in a canal shaped to ISO size 30, successful



irrigation was achieved. However, an ISO size 50 was required for the effective irrigation if the
needle was to be placed at WL-6 (Hsieh et al., 2007). Use of stained collagen bio-molecular film to
represent the biofilm has been another model to study the effectiveness of irrigation. One study
used such model and quantified the canal surfaces that were covered with stained collagen before
and after irrigation and also examined the efficacy of manual dynamic agitation (MDA) with a well
matching gutta percha cone. The authors concluded that depth of needle placement, apical size,
taper of the canal preparation and use of dynamic irrigation were the factors (in order of decreasing
priority) contributing to an effective irrigation and hence the removal of collagen film (Huang et al.,
2008). Computational fluid dynamics (CFD) is the application of both engineering and physical
sciences in endodontics to study irrigation and its flow pattern (Gulabivala et al., 2010). Use of
such mathematical model has led to standardization between experiments and enhanced the current
knowledge of the probable fluid dynamics and behavior in a root canal system. Using the CFD, the
stagnation plane, the extent of irrigation from the needle tip, has been shown to be 2.3 mm beyond
which is the “ dead zone” (Gao et al., 2009). Therefore, the larger/further the stagnation plane, the
better the penetration of irrigation. Furthermore, the design of irrigation needle influences the stag-
nation plane. Notched or slotted needle results in 3.0 mm of cleared zone/stagnation plane whereas
a close-ended side vented needle causes less irrigation penetration and hence smaller stagnation
plane (Shen et al., 2010). In another study using the CFD modeling, full length penetration of the
irrigant was possible when close-ended side vented needle was placed at WL-1 whereas open-ended
flat needle could be placed farther at WL-2 (Boutsioukis et al., 2010). At clinically relevant flow
rates 0.01 ml/s-0.260 ml/s (0.60 ml/min- 15.60 ml/min), the irrigant penetration extends to only 1.0
mm beyond the needle tip whereas at much higher clinically irrelevant flow rates 0.53 ml/s-0.79

ml/s (31.80 ml/min-47.40 ml/min), the stagnation plane extends to 1.5 mm beyond the needle tip



(Boutsioukis et al., 2009). The aforementioned studies confirm the limited irrigation penetration
beyond the needle tip during conventional syringe delivery. Moreover, it is known that laminar
flow during conventional syringe delivery cannot exert the shear forces needed to mechanically
remove debris and bacterial biofilm from the canal walls (Gulabivala et al., 2010). Fluid flow can
be either laminar or turbulent. Reynolds number, ratio of inertial forces to viscous forces, deter-
mines the type of the fluid flow. Low Reynolds number indicates the dominance of viscous forces
and therefore the resultant laminar flow whereas high Reynolds number indicates dominance of
inertial forces and therefore the resultant turbulent flow. A root canal presents a system with a low
Reynolds number where fluid flow is laminar. This type of flow is characterized by the slow
movement of fluid against the canal walls (Gulabivala et al., 2010) that cannot cause mechanical
flushing of debris and bacterial from the canal walls. Prior to evaluating possible means to improve
penetration of an irrigant and its flow pattern, it is imperative to discuss the concept of “apical

vapor lock” in the following subsection.

1.5 Apical vapor lock

Under clinical situations, a tooth is enclosed and supported by the periodontium. The apical
foramen and other portals of exit in a root canal system are not open to an easy exchange of air and
fluid with the external environment although periapical lesions, perforations, oro-antral
communications can create pathways of reduced resistance (Boutsioukis et al., 2013). The root ca-
nal system can be considered as a closed-end channel that can entrap air and produce a vapor lock
during irrigation (Pesse et al., 2010). The entrapped air or the *“ apical vapor lock” (AVL) has been
hypothesized to form from different resources: by advancing front of the irrigant during its delivery

into a dry root canal system (Gu et al., 2009) and by coalescence of gas bubbles (ammonia & car-



bon dioxide) that are formed as the result of reaction between NaOCI and organic tissue in the canal
(Gu et al., 2009). Recently, numerous studies have attempted to address the influential effect of
AVL on irrigation penetration (Tay et al., 2010; Susin, et al., 2010; Parente et al., 2010). The first
ex-vivo experiment to compare the debris and smear removal in closed and open system models was
conducted by Tay et al. (2010). The closed system was designed by the application of hot glue over
the root apex. The chemomechanical preparation of the experimental teeth were performed by
shaping to size 50/04 and syringe delivery of 1.3% NaOCI using a 30-gauge close-ended side
vented needle placed at WL-1 followed by syringe delivery of Biopure MTAD that stayed in the
canal for 5 minutes. After the final cleaning and shaping, SEM and light microscopy analyses were
performed to assess debris and smear removal in each system. Also AVL in a few experimental
teeth was visualized radiographically by introducing cesium chloride, CsCl (a contrast agent), into
the root canal system using a 30-gauge close-ended side vented needle at WL-1. The results
indicated significantly more debris in the apical, middle and coronal parts of the canal systems
with closed ends when compared to those in teeth with open ends. Moreover using the contrast
agent, the authors were able to visualize the AVL as a radiolucent space in the apical 0-2.0 mm of
teeth with closed system design whereas there was no AVL in the teeth with open system design
and CsCl fully penetrated the full length of the canals (Tay et al., 2010). That study highlights the
importance of a closed system design as another ex-vivo experiment has shown complete canal
debridement when the apical foramen was open to the external environment (Baumgartner &
Mader, 1987). Therefore, it is important for the irrigation experiments to be conducted in closed
systems because an open system can overestimate the efficacy and effectiveness of irrigation. The
knowledge of such difference has questioned the results and clinical implications of studies that

were performed in open system models. A closed system simulates the clinical situations more



realistically and allows for accurate evaluation of irrigation efficacy and effectiveness when no
fluid and gas exchange is allowed between root canal and external environment. A computational
study investigated the effect of needle type and depth of insertion, root canal size and flow rate on
the formation and elimination of AVL during conventional syringe irrigation in a combined in-vitro
and computational fluid dynamics model. The artificial canals were shaped to size 35/04 and 50/04,
open ended needle and closed ended needles were placed at WL-1 and WL-3 and irrigation with
NaOCl at flow rates: 0.033 ml/s (~2.00 ml/min), 0.083 ml/s (~5.00 ml/ min), 0.166 ml/s (~10.00
ml/min) and 0.260 ml/s (15.60 ml/min) were performed. The authors of that study concluded that
increasing the apical preparation size, irrigating at higher flow rate, increasing the needle insertion
depth and using open-ended needles decrease the size of the resultant AVL. Moreover, the authors
showed that an established AVL can be eliminated if the needle is briefly inserted to the WL while
delivering the irrigant at a flow rate of 0.083 ml/s (~5.0 ml/min) and/or irrigating at 0.260 ml/s

(15.60 ml/min) when the needle is held steady at WL-1 or WL-3 (Boutsioukis et al., 2014).

1.6 Agitation during irrigation

As previously explained, one of the shortcomings with the conventional syringe irrigation is the
stagnation plane being short of the apical foramen. This may be explained by either the fluid
dynamics in a closed system and/or the existence of AVL (Gulabivala et al., 2010). The second
shortcoming of conventional irrigation is the laminar flow that lacks shear stresses required to
remove debris and bacterial biofilms from the canal walls (Gulabivala et al., 2010). Therefore in
order to improve the efficacy of irrigation in canal debridement, conventional syringe irrigation has

been supplemented with methods of agitation such as sonic, ultrasonic and manual dynamic



agitation (MDA) (Jiang et al., 2010). MDA is becoming more popular amongst clinicians as this
technique is simple and cost effective (McGill et al., 2008). MDA involves short, gentle strokes of a
well-fitting gutta percha cone to working length. The strokes are believed to remove and displace
the air bubble in the apical 0-2.0 mm via hydrodynamic means (McGill et al., 2008). Moreover,
repeated pull-push action can disrupt the fluid laminas through physical stretching and folding. This
will allow for a better mixing of unreacted and reacted NaOCI molecules (McGill et al., 2008).
MDA with three short strokes of a well-fitting gutta percha cone with amplitude of 5.0 mm has
shown to result in full length penetration of a contrast agent in curved mesial canals of mandibular
molars (Bronnec et al., 2010). In an ex-vivo experiment, root canal debridement by MDA and
EndoVac system were compared, through SEM analysis, in open and closed system models. In that
study, canals were shaped to 40/06, irrigant was delivered by placing the 30-gauge close-ended side
vented needle at WL-4 and MDA was performed with a well-fitting gutta percha cone at 100
strokes/min. The authors reported a difference in smear layer and debris removal between open and
closed system models when MDA was used whereas EndoVac performed equally effective in both
systems (Parente et al., 2010). In another study, passive ultrasonic irrigation performed inferior to
MDA and CWALIS (continuous warm activated irrigation and evacuation system) at WL-1 and
WL-3 in removing pulp remnants from the isthmi in mandibular molar canals (Neelakantan et al.,
2016). Also MDA (100 strokes) proved to be more effective than RinseEndo (pressure suction
technology) in the removal of stained collagen bio-molecular film from the root canal walls
(McGill et al., 2008). Therefore, MDA with a well-fitting gutta percha cone may be a simple tech-

nique to improve apical flow of the irrigant by displacing the so-called “Apical vapor lock”.
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Chapter 2: Rationale and Hypotheses

2.1 Rationale

To the best of our knowledge, the effects of apical preparation size, choice of rotary file system and
needle insertion depth on the presence of apical vapor lock after positive pressure irrigation have
not been investigated. Also, the effects of the aforementioned factors on the elimination of apical
vapor lock by manual dynamic agitation with a well-fitting gutta percha cone to working length
have not been examined. Also, this study, for the first time, aims to investigate the replacement of a
radiographic contrast solution by positive pressure irrigation after the elimination of apical vapor
lock in a closed system model.

2.2 Hypotheses

1) Presence of apical vapor lock changes based on apical preparation size, tapering of the canal
system and needle insertion depth.

2) Manual dynamic agitation is effective in removing the apical vapor lock and its efficacy depends
on apical preparation size, tapering of the canal system and needle insertion depth.

3) Complete replacement of the contrast solution after elimination of apical vapor lock depends on
apical preparation size, tapering of the canal system, needle insertion depth and flow rate.

2.3 Aims

1) To detect radiographically the presence of apical vapor lock after positive pressure irrigation into
a dry canal when irrigation needle is placed at 1.0 mm and 3.0 mm short of working length in
closed end root canal systems that are shaped with either Vortex Blue (25/04 & 30/04) or ProTaper

Gold (F2 -25/08 & F3-30/09).
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2) To evaluate the elimination of apical vapor lock by manual dynamic agitation with 50 strokes of
a well-fitting gutta percha cone to working length for 35 seconds.

3) To investigate the replacement of the contrast solution with 6.0% NaOCI by positive pressure
irrigation at two different flow rates, 2.0 ml/min (~0.033 ml/s) and 4.0 ml/min (~0.067 ml/s), and at
two different needle insertion depths, 1.0 mm and 3.0 mm short of working length, after the elimi-

nation of apical vapor lock.

Chapter 3: Materials and Methods

3.1 Pilot Experiments

A series of pilot experiments were performed, prior to the main investigation, to seek answers to
following three questions:

Question 1: What is the required amount of contrast agent (cesium chloride) in 6.0% NaOCl
mixture that can provide adequate radiographic contrast with no significant observable effect

on the solvent effect, dentin wettability and surface tension properties of pure 6.0%NaOCl?

In this study, cesium Chloride (CsCl; BioUltra, Sigma-Aldrich, St. Louis, MO) was used as the
contrast radiography agent. 10.0% solution was initially prepared by mixing 1.0 gram of CsCl in
10.0 ml of 6.0% NaOCI. The prepared mix was then delivered into the canal system of a sample
tooth (shaped to size 25/04) using a 30-gauge open-ended NaviTip needle (Ultradent, South Jordan,
UT). Bucco-lingual (BL) periapical radiograph using photostimulable phosphorous (PSP) plate was
taken to visualize the radiographic contrast of the solution. The concentration of CsCl in the mix-
ture was increased by 10.0% each time until at 40.0% an adequate contrast could be visualized on

periapical radiographs. The 40.0% contrast solution was prepared by mixing 4.0 gram of CsCl into
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10.0 ml of 6.0% NaOCI. This contrast allowed for easy differentiation between the mixture and
dentin and the presence of any existing air bubble/AVL. Next step in the pilot experiment was to
exclude any significant difference in the dissolving effect and the dentin wettability between the
contrast solution and pure 6.0% NaOC]I. The solvent effect of pure 6.0% NaOCI and 40.0% contrast
solution was compared by adding 2.0 ml of each in a petri dish and observing its efficiency and
efficacy in dissolving 0.002 gram of minced white meat (chicken meat) under the operating dental
microscope (Global Surgical, St. Louis, MO). In order to measure any difference in the dentin
wettability between the contrast solution and pure 6.0% NaOClI, the contact angle between the
contrast solution and dentin was compared with that of pure 6.0% NaOCI and dentin. Two samples
of radicular dentin (2.0 mm by 2.0 mm by 1.0 mm) were sectioned from the coronal third of a man-
dibular distal root. A drop of contrast solution and pure 6.0% NaOCI was placed on each dentin
sample using an irrigation needle. Photos were then taken under the operating dental microscope to
analyze the difference in the contact angle that the mixture and pure 6.0% NaOCI made with the
surface (Figure 5.2). Higher concentrations of CsCl at 45.0% and 50.0% in the mixture although
enhanced the contrast but significantly decreased the contact angle between the contrast solution

and dentin compared to that between pure 6.0% NaOCI and dentin.

Question 2: Is there a difference in the penetration of contrast solution between 30-gauge
close-ended side-vented and 31-gauge close-ended double side-port needle?
A total of ten teeth were randomly selected from the main pool of experimental samples with a

closed system design (shaped to either to 25/04 or 25/08). 1.0 ml of the contrast mixture was
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delivered at a flow rate of 3.0 ml/min (0.05 ml/s) using 31-gauge closed-ended double side-port
(NaviTip, Ultradent, South Jordan, UT) at WL-1. Bucco-lingual (BL) periapical radiograph was
taken by using PSP plates. Each canal was rinsed with saline, dried with paper points and the
mixture solution was again delivered at the flow rate of 3.0 ml/min by 31-gauge close-ended
double side-port needle at WL-3. BL periapical radiograph was then taken. To investigate the
irrigation penetration using a 30-gauge close-ended side vented needle (ProRinse, Dentsply Sirona,
York, PA), the same aforementioned steps were repeated. Therefore there were four irrigation ex-
periments performed in the same tooth, two experiments with 30-gauge close-ended side vented
needle placed at WL-1 and WL-3 and two experiments with 31-gauge close-ended double side-port
needle placed at WL-1 and WL-3. Examination of the periapical radiographs determined no
significant difference between the two types of needles with respect to the penetration of the con-

trast solution.

Question 3: How does manual dynamic agitation with 10 strokes, 40 strokes and 50 strokes of
a well-fitting gutta percha cone to working length affect apical vapor lock elimination?

To determine whether there is a difference in the effectiveness of MDA with different numbers of
strokes (10 strokes for 7 seconds, 40 strokes for 28 seconds, or 50 strokes for 35 seconds), twelve
teeth with closed foramina were randomly chosen from a pool of teeth that were shaped with the
following rotary file systems: Vortex Blue 25/04 & 30/04 (Dentsply Sirona, York, PA), PTG F2-
25/08 & F3-30/09 (Dentsply Sirona, York, PA). More details on the closed system design will be
provided in the “main investigation” subsection. For each tooth, a well-fitting gutta perch cone to
WL with an adequate tug back was selected.

The following experimental steps were conducted in each tooth:

* One operator performed all the experiments.
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* 31-gauge close-ended double side-port needle was used for the delivery of the irrigant.

* Flow rate was not automated; A digital stopwatch for measuring the flow rate and a 3.0 ml
syringe for maintaining a constant flow rate were used for each experiment.

* Position of the radiographic apparatus remained unchanged for each experimental tooth.

* Periapical radiographs were taken using PSP plates.

« Strokes were made with a well-fitting gutta percha cone to WL.

1- 1.0 ml of contrast solution was delivered at the non-automated flow rate of 3.0 ml/min (0.05

ml/s) at WL-1->BL radiograph was taken to visualize the presence/absence of AVL.

2- In teeth with apical vapor lock, 10 vertical strokes were made with amplitude of 2-3 mm for 7

seconds—>BL periapical radiograph was taken.

3- The canal was then rinsed with sterile water and dried with paper points.

4- 1.0 ml of contrast solution was delivered at the non-automated flow rate of 3.0 ml/min (0.05

ml/s) at WL-1->BL radiograph was taken to visualize presence/absence of AVL.

5- In teeth with apical vapor lock, 40 vertical strokes were made with amplitude of 2-3 mm for 28

seconds—> BL periapical radiograph was taken.

6- The canal was rinsed with sterile water and dried with paper points.

7- 1.0 ml of contrast solution was delivered at the non-automated flow rate of 3.0 ml/min (0.05

ml/s) at WL-1->BL radiograph was taken to visualize presence/absence of AVL.

8- In teeth with apical vapor lock, 50 vertical strokes were made with amplitude of 2-3 mm for 35

seconds—>BL periapical radiograph was taken.

9- To analyze the efficacy of MDA with varied number of strokes when contrast solution was de-

livered at WL-3, steps 1-8 were repeated in each tooth while placing the irrigation needle at WL-3

instead of WL-1. The details of the findings will be presented in the “results” section. However,
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since 50 strokes statistically increased incidence of elimination of AVL when compared to 10 and

40 strokes, 50 strokes was selected as the fixed number of strokes to be used in the main study.
3.2 Main Investigation
Sample preparation:

Twenty-eight single-rooted teeth (single canals with mature roots, no caries, no resorption, free of
any visible calculus or attached soft tissue) were collected and preserved in saline at +4°C. In order
to ensure presence of single canal system (Vertucci class I), mesio-distal (MD) and BL periapical
radiographs were taken of each tooth. All teeth were decoronated to give a standard length of 15
mm. The working lengths were set at 14.5 mm, 0.5 mm short of the apical foramen. This was
confirmed by placing an ISO size 10 K file (Mani, Japan) and extending it until it was visible at the
apical foramen under the dental operating microscope. The pool of 28 decoronated teeth were then
randomly allocated to two groups: Vortex Blue and ProTaper Gold. The random assignment was
done by choosing the teeth without looking at the preoperative radiographs one day after the radio-
graphs were taken. In order to increase the experimental efficiency, a simple model was created.
This model consisted of a synthetic sponge in which one incomplete cut was made to divide the
sponge into two equal sections. One side was then divided by another incomplete cut into two
sections in each one tooth could be placed; therefore, there were two teeth in one sponge (Figure
3.1). The incomplete cuts also served as slits to hold the PSP plates for taking the radiographs (Fig-
ure 3.1). Prior to placement of teeth in the sponge, each tooth was first converted into a closed
system. In this study, the closed system design closely followed that of Tay et al. (2010) with some
modifications to prevent the ingress of hot glue into the canal system from the apical foramen. Prior

to closing the apical foramen with hot glue, each experimental tooth was fully instrumented to
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either VB 25/04 or PTG F2 (25/08) following the manufacturer recommended protocol. No irrigant
was used during instrumentation. After full instrumentation, the matching gutta percha cone from
each system (VB and PTG) was inserted in the canal system and the tug back was checked. The
adequacy of length of each gutta percha cone was also confirmed under the dental operating
microscope. Before application of the hot glue to create a closed system, debris was pushed out
from inside the canal by using a 10 K file to mask the apical foramen. A thin layer of vaseline was
placed on the apical end of each gutta percha cone before its insertion to WL to minimize its
adhesion to the hot glue. Both the dentinal debris and gutta percha cone prevented the movement of
hot glue into the canal system. Moreover, each tooth was coated by nail varnish, except in the
apical 2.0 mm, to ensure closing of any possible accessory canals that could not be detected radio-
graphically. After drying of the nail varnish, hot glue was applied on the apical 4-5 mm, (Figure
3.2), while holding each tooth vertically to minimize the force of gravity pushing the glue into the
canal system. After sufficient cooling of the hot glue, each tooth was placed in the sponge model.
Then the surface between each tooth and the sponge was covered with OpalDam (Ultradent, South
Jordan, UT) in order to close up any existing gaps (Fig. 3.1). This prevented the flow of contrast
solution into the sponge during the experiments and minimized any untoward radiographic effect.
For each tooth, a well-fitting gutta perch cone (from the matching system) to WL with adequate tug

back was selected.
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OpalDam

Figure 3.1. A photo of an experimental model with two teeth placed inside the
sponge and a PSP plate (blue arrow) positioned for taking periapical radiographs-
Yellow arrow points to the OpalDam that has filled the coronal gap between the
tooth and the sponge

Hot glue r

Figure 3.2. A photo of an experimental tooth after application of the hot glue (vellow arrow)
around the apex

18



Irrigation, Agitation and Irrigant replacement experiments

* One operator performed all the experiments.

* 31-gauge close-ended double side-port needle was used for the delivery of the irrigant.

» Flow rate was not automated; A digital stopwatch for measuring the flow rate and a 3.0 ml sy-
ringe for maintaining a constant flow rate were used for each experiment.

* Position of the radiographic apparatus was kept unchanged for each experimental tooth.

* Periapical radiographs were taken using PSP plates.

Detection of apical vapor lock after PPI at WL-1

1: In each tooth, 1.0 ml of contrast solution was delivered at the flow rate of 3.0 ml/min

(0.05 ml/s) at WL-1->BL radiograph was taken to visualize the presence/absence of AVL.

2: Teeth in which no AVL was present and contrast solution had penetrated the full length of canal
system—> continued to step 5.

Manual dynamic agitation with 50 strokes

3: Teeth in which AVL was present—> 50 strokes of a well-fitting gutta percha cone to WL with am-
plitude of 2-3 mm were performed for 35 seconds—=> BL periapical radiograph was taken.

4: Teeth in which AVL was not eliminated = continued to step 8

Replacement of contrast solution by PPI at 2.0 ml/min at WL-1 after elimination of AVL

5: Teeth in which AVL was eliminated either by PPI or MDA -> 1.0 ml of pure 6.0% NaOCI was
delivered at the flow rate of 2.0 ml/min (~0.033 ml/s) at WL-1-> BL periapical radiograph was tak-

cn.
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Replacement of contrast solution by PPI at 4.0 ml/min at WL-1 after elimination of AVL

6: Teeth in which contrast solution was not replaced by PPI at 2.0 ml/min—> 1.0 ml of pure 6.0%
NaOCl was delivered at the flow rate of 4.0 ml/min (~0.067 ml/s) at WL-1-> BL periapical radio-
graph was taken.

7. Teeth in which contrast solution was completely replaced by PPI at 2.0 ml/min—> Canal was
dried using paper points, a 30-gauge open-ended NaviTip needle (Ultradent- South Jordan, UT)
was placed at WL and 0.2 ml of contrast solution was delivered—> BL periapical radiograph was
taken to ensure presence of no AVL—> 1.0 ml of pure 6.0% NaOCI was delivered at the flow rate of
4.0 ml/min (~0.067 ml/s) at WL-1-> BL periapical radiograph was taken.

8: Each canal was rinsed with sterile water and dried by paper points.

Detection of AVL after PPI at WL-3

9: In each tooth, 1.0 ml of contrast solution was delivered at the flow rate of 3.0 ml/min (0.05 ml/s)
at WL-3->BL radiograph was taken to visualize the presence/absence of AVL.

10: Teeth in which no AVL was present and contrast solution had penetrated the full length of
canal system—> continued to step 13.

Manual dynamic agitation with 50 strokes

11: Teeth in which AVL was present—>50 strokes of a well-fitting gutta percha cone to WL with
amplitude of 2-3 mm were performed for 35 seconds—=> BL periapical radiograph was taken.

12: Teeth in which AVL was not eliminated—>continued to step 16.

Replacement of contrast solution by PPI at 2.0 ml/min at WL-3 after elimination of AVL
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13: Teeth in which AVL was eliminated either by PP or MDA ->1.0 ml of pure 6.0% NaOCIl was
delivered at the flow rate of 2.0 ml/min (~0.033 ml/s) at WL-3-> BL periapical radiograph was
taken.

Replacement of contrast solution by PPI at 4.0 ml/min at WL-3 after elimination of AVL

14: Teeth in which contrast solution was not replaced by PPI at 2.0 ml/min at WL-3->1.0 ml of
pure 6.0% NaOC]l was delivered at the flow rate of 4.0 ml/min (~0.067 ml/s) at WL-3->BL peria-
pical radiograph was taken.

15: Teeth in which contrast solution was completely replaced by PPI at 2.0 ml/min—> each tooth
was dried using paper points, a 30-gauge open-ended NaviTip needle (Ultradent- South Jordan,
UT) was placed at WL and 0.2 ml of contrast solution was delivered->BL periapical radiograph
was taken to ensure presence of AVL—> 1.0 ml of pure 6.0% NaOCI was delivered at the flow rate
of 4.0 ml/min (~0.067 ml/s) at WL-3-> BL periapical radiograph was taken

Shaping to either VB 30/04 or PTG 30/09

16: Each tooth served as its control and was shaped from VB 25/04 to VB 30/04 and from PTG F2
(25/08) to PTG F3 (30/09)—> All the aforementioned steps 1-15 were repeated in each tooth.
Statistical analyses

All analyses were performed using the SPSS Version 25.0 Software. Chi-square test was used to
compare proportion and logistic regression analysis was used to test multiple predictors in
association with dependent variables of the present study. The threshold for statistical significance

for all tests was set at p< 0.050.
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Chapter 4: Results

4.1 Number of strokes and their effect on the elimination of apical vapor lock by
manual dynamic agitation (Pilot experiment question #3):

In total, 24 experiments were performed for each category of strokes as shown in Table 4.1. The
results indicated that 10, 40 and 50 strokes eliminated AVL in 5/24 (20.8%), 10/24 (41.7%) and
23/24 (95.8%) of the experiments respectively (Table 4.2). The difference among the three sets of
strokes and their effect on the elimination of AVL was statistically significant (p=0.001).

The multivariate analysis was highly significant (»p<0.001) and showed that 43.8% (Nagelkerke R
Square: 0.438x100) of the variance in the elimination of AVL can be explained by apical prepara-
tion size, type of rotary file system, depth of needle insertion and number of strokes (Table 4.4).
Shaping the root canal system with VB and placing the needle closer to the working length also had
the joint effect on the elimination of AVL when controlled for other predictors in the logistic

regression model (Table 4.4).
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Table 4.1. Elimination of apical vapor lock by manual dynamic agitation with 10, 40
and 50 strokes of a well-fitting gutta percha cone to working length

Tooth# | Apical | Rotary Needle Elimination of | Elimination of Elimination of
Size system placement | apical vapor apical vapor apical vapor

lock with lock with lock with
10 strokes 40 strokes 50 strokes

P.1 25 VB WL-1

P.1 25 VB WL-3 No No

P.2 25 VB WL-1 No No

P.2 25 VB WL-3 No No

P.3 30 VB WL-1

P.3 30 VB WL-3 No No

P4 30 VB WL-1 No No

P4 30 VB WL-3 No No

P.5 30 VB WL-1 No No

P.5 30 VB WL-3

P.6 30 VB WL-1 No

P.6 30 VB WL-3 No

P.7 25 PTG WL-1 No No

P.7 25 PTG WL-3 No

P.8 25 PTG WL-1

P.8 25 PTG WL-3 No No No

P.9 30 PTG WL-1 No No

P.9 30 PTG WL-3 No No

P.10 30 PTG WL-1 No

P.10 30 PTG WL-3 No

P.11 30 PTG WL-1 No No
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Tooth# | Apical | Rotary Needle Elimination of | Elimination of Elimination of
Size system placement | apical vapor apical vapor apical vapor
lock with lock with lock with
10 strokes 40 strokes 50 strokes
P.11 30 PTG WL-3 No No
P.12 30 PTG WL-1
P.12 30 PTG WL-3 No No

Table 4.2. Elimination of apical vapor lock by manual dynamic agitation with 10,

40 and 50 strokes of a well-fitting gutta percha cone to working length

10 Strokes

40 Strokes

50 Strokes

Total

Elimination of apical vapor lock

No

19/24 (79.2%)

14/24 (58.3%)

124 (4.2%)

34/72 (47.2%)

Yes

5/24 (20.8%)

10/24 (41.7%)

23/24 (95.8%)

38/72 (52.8%)
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Table 4.3. Predictors of elimination of apical vapor lock after manual dynamic agitation with a
well-fitting gutta percha cone to working length (Bivariate analyses)

Predictors Eelimination of apical vapor lock p-value #
No Yes
25 12/24 (50.0%) 12/24(50.0%)
Apical size @~ --——-- 0.738
30 22/48 (45.8%) 26/48 (54.2%)
VB 16/36 (44.4%) 20/36 (55.6%)
Rotary system -—--—--- 0.637
PTG 18/36 (50.0%) 18/36 (50.0%)
WL-1 14/36 ( 38.9%) 22/36 (61.1%)
Needle placement  ---—-- 0.157
WL-3 20/36 (55.6%) 16/36 (44.4%)
10 19/24 (79.2%) 5/24 (20.8%)
Strokes — | e || s
40 14/24 (58.3%) 10/24 (41.7%) 0.001
50 1/24 (4.2%) 23/24 (95.8%)

# Chi-square test
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Table 4.4. Predictors of elimination of apical vapor lock by manual dynamic agitation with a well-
fitting gutta percha cone to working length (Multivariate analysis)

Model Summary

Nagelkerke R Square: 0.438, p<0.001

Predictors Odds ratio p-value # 95% CI
Lower Upper
Apical size 0.8 0.652 0.3 2.4
(0=25, 1=30)
Rotary system 0.3 0.004 0.1 0.7
(0=VB, 1=PTG)
Needle placement 0.3 0.026 0.1 0.9

(0=1mm, 1= 3mm)

Strokes 5.0 0.001 23 10.7
(0=10, 1=40, 2=50)

# logistic regression

4.2 Detection of apical vapor lock (Hypothesis #1)

To examine the presence of AVL after PPI, 112 experiments were performed in 28 teeth. Each
tooth was subjected to four different experiments as shown in tables 4.5 and 4.6. AVL was present
in 103/112 (92.0%) of the samples (Table 4.7) (Figure 4.1B). In majority of the experimental teeth
with AVL, a general radiographic observation indicated that the contrast solution failed to travel
beyond the needle tip (Figure 4.2). In 9/112 (8.0%) of the samples, the contrast solution penetrated
the full length of the canal system and therefore no AVL was present (Table 4.7) (Figure 4.1A).
Bivariate analyses showed that there were no statistically significant differences between the two

apical preparation sizes (25 vs. 30, p= 0.728), the two rotary file systems (VB vs. PTG, p= 0.728)
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and the two needle insertion depths (WL-1 vs. WL-3, p=0.297) with regards to the presence of
AVL after PPI (Table 4.8). The overall logistic regression multivariate model was highly
significant (p< 0.001) and showed that 73.0% (Nagelkerke R Square: 0.73x100) of the variance
predicting the presence of AVL can be attributed to the joint effect of three tested predictors: apical
preparation size, rotary file system and needle insertion depth (Table 4.9). As compared to the other
two predictors, PTG rotary file system had the strongest effect size (OR= 5.2, p= 0.001) with
regards to the presence of AVL after PPI (Table 4.9). AVL was more likely to be present in teeth
that were shaped with PTG compared to teeth that were shaped with VB when apical preparation

size and needle insertion depths were controlled for (Table 4.9).
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Table 4.5. Presence of apical vapor lock after positive pressure irrigation with
the contrast solution in experimental teeth shaped with Vortex Blue 25/04 & 30/04
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Table 4.6. Presence of apical vapor lock after positive pressure irrigation with
the contrast solution in experimental teeth shaped with ProTaper Gold F2-25/08

& F3-30/09
Tooths (Rotary X Tooths (Rotary
system/ Apical apdl: ;Ir::::r system/ Apical
size | Needle size / Needle
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YL-1) ‘ )
(PTG 28 Yes Yes 26 (PTG 2§/
YL-1) YL-3)

Zfr (P;I'G il Yes Yes lfy (l;'l' G /30
’T ‘' B / A..' l’ {
17 (PTG 128 Yes Yes ’. (PTG 128
VL-1) )

7 (PTG /MY No Yes .’.‘7 (PG /M
YL-1) ' )

X ns/ ps s
.T"i (P;l' G128 Yes Yes ‘t (I;TG 28
= ‘P)m B ves ves |2 (l;m By
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Table 4.7. Presence of apical vapor lock after positive pressure irrigation

Presence of apical vapor lock
No Yes

9/112 (8.0%) 103/112 (92.0%)

Table 4.8. Predictors of apical vapor lock after positive pressure irrigation (Bivariate analyses)

25 4/56 (7.1%) 52/56 (92.9%)

Apical size | .| e 0.728
30 5/56 (8.9%) 51/56 (91.1%)
VB 5/56 (8.90%) 52/56(91.1%)

Rotary system et T e (S — 0.728
PTG 4/56 (7.10%) 52/56 (92.9%)
WL-1 3/56 (5.4%) 53/56 (94.6%)

Needle placement --— | | 0.297
WL-3 6/56 (10.7%) 50/56 (89.3%)

# Chi-square test
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Table 4.9. Predictors of apical vapor lock after positive pressure irrigation
(Multivariate analysis)

Apical size 0.733

(0=25, 1=30)

Rotary system 5.2 0.001 2.4 11.6
(0= VB, 1=PTG)

Needle placement 0.8 0.737 0.2 2.7
(0=3mm, 1=1mm)

# Logistic regression



Al A2 A3

Figure 4.1 A. Absence of apical vapor lock and replacement of the contrast solution by positive
pressure irrigation in a tooth shaped with Vortex Blue 25/04
Al: Tooth shaped with VB 25/04
A2: Absence of AVL after PPI at WL-1
A3: Complete replacement of the contrast solution with pure 6.0% NaOCIl by
PPI at the flow rate: 2.0 ml/min and at WL-1

B1 B2

Figure 4.1 B. Presence and elimination of apical vapor lock by manual dynamic agitation
in a tooth shaped with Vortex Blue 30/04
B1: AVL (yellow arrow) after PPI at WL-1
B2: Elimination of AVL by MDA with 50 strokes of a well-fitting
gutta percha cone to WL
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Al A2

Figure 4.2. Penetration of the contrast solution short of needle tip (vellow arrows) and presence
of apical vapor lock (blue arrows) after positive pressure irrigation at (A1) 1.0 mm
and (A2) 3.0 mm from working length in a tooth shaped with ProTaper Gold F3
(30/09)

4.3 Elimination of apical vapor lock by manual dynamic agitation with 50
strokes of a well-fitting gutta percha cone to working length (Hypothesis #2)

To test the efficacy of MDA with 50 strokes of a well-fitting gutta percha cone in eliminating
AVL, a total of 103 experiments were performed as shown in tables 4.10 and 4.11. AVL was
eliminated successfully in 81.6% of the experiments (Table 4.12). Examples of complete and in-
complete elimination of AVL are shown in figures 4.3A-B and 4.3C-D respectively.

Bivariate analyses showed that there were no statistically significant differences with regards to the
elimination of AVL by MDA between the two apical preparation sizes (25 vs. 30, p= 0.419), the
two rotary file systems (VB vs. PTG, p= 0.083) and the two needle insertion depths (WL-1 vs. WL-

3, p=0.910).
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The overall multivariate logistic regression model with three potential predictors (apical preparation
size, type of rotary file system and needle insertion depth) was highly significant (p< 0.001) and
showed that 39.3% (Nagelkerke R Square: 0.393x100) of variance in elimination of AVL can be
explained by the joint effect of three aforementioned predictors (Table 4.14). When controlled for
the other two tested predictors, teeth that were shaped with PTG as compared to with VB were
associated with an increased likelihood (OR= 1.9, p=0.007) of elimination of AVL when subjected
to 50 strokes (Table 4.14). Also in order to include the nine teeth in which no AVL was present af-
ter positive pressure irrigation, another statistical analysis was performed. In this multivariate anal-
ysis, natural elimination of AVL by PPI was included as one of the predictors for the overall out-
come of “apical vapor lock elimination”. This inclusion showed that 46.8%, (Nagelkerke R Square
0.468x100) of the variance in elimination of AVL can be explained by the joint effect of four tested
predictors: apical preparation size, rotary file system, needle placement and natural elimination by
PPI (Table 4.15). The difference of explained variance between the two logistic models indicates
that natural elimination of apical vapor lock is around 7.5% when controlled for three factors,

namely apical preparation size, rotary file system and depth of needle insertion.
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Table 4.10. Elimination of apical vapor lock by manual dynamic agitation with
50 strokes of a well-fitting gutta percha cone to working length in teeth shaped with

Vortex Blue 25/04 & 30/04

Tooth¥ IA,,;‘,,",., Tooth#

(Rotary lock elimimation |(Rotary

placement) placement)
;Lmi)rzs L — %n('vsl)ms:
;n(:r?)nw L — ;&?M
;_1(1’18)/25/ L — ;l(g)msa
;_g?)nw L — ;L(\gm
mnsa L. — %‘L(gl)msa
;_I(gs)no/ L — ;L(\.:M
;1(58)051 L — :‘L(V;RSI
;gnu L — ;l(g)am
;_l(ir?)fzsz L - “L(gi)msz
sy e Mo [y
:n(f?)ns: L — ;-S;?M
mow L — ;gl)sm
;_ggas: L — “L(?;nsa
;_l(:r;nw L — “&?m

S e
system/ Apical system/ Apical
size/ Needle size/Needle
placement) placemen )
8 1('\;1)!/251 - N2 'L(\;!)i 1n5J
; 1(:'3/30:’ - — ; L(v;m
;.S’l")ms’ Yes Ye: ;.19’3')”25’
;,ng Ye: Ye: ;L(g)am
Y- T M-
o o o
tmE o pme
ab(‘l'?w - . g _&? 130/
Tl T
ngsew [ o[z omes
Tl o
Y T ST
&L‘?w |- — ;tm(\i)'Bf&
:L(Y)BM [-- — :u(w;nm

X: Samples in which apical vapor lock was not present- elimination could not be measured
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Table 4.11. Elimination of apical vapor lock by manual dynamic agitation with
50 strokes of a well-fitting gutta percha cone to working length in teeth shaped with
ProTaper Gold F2-25/08 & F3-30/09

Tooth# Tooch# .
e T | T T A
e e cmea ) ca1)

15 (P)I'GQSI Yes ws | (!;leZSI ‘I;Lg;m/ﬁ( Yes Yes |22 (P')!GIZSI
15 (P‘)IGM Yes e | (P)‘IG!M:’ ‘I;L%IGM Wes es |2 (P')IGBN
16 a’)l'GQSI Yes ves | ¢ (P)'I'GQSI }'.}L%IGIZSI es e | (P‘)!G/ZS'
16 (!’)IGM Ine Yes 16 (.'I;IGM ‘Z‘Jig’)lcm Wes Yes 23 (P')IGBN
17 (P)I'szsv' Wes wes |7 (P)'I'GIZSI ‘ll-rtL.cll)'l'G/!S‘ Yes Yes |4 (F)IGIEI
17 a’)IGM e ves |*7 (I;IGM 24 CP)IGM Wes e | (P’)IGBN
18 a’)l'GQSI Ves x |*¢ (I;I'GQSI 25 CF)IG/ZS( Wes e | (p')mrzsv
18 (?)IGM Wex x |*® (!;IGM 5 CI’)IGM 'Yes Yes |2 (P)TGBU
19(!’!)0{25! e Neo | ¥ (I;IGRSJ 26 (P)IGIISI 'Yes Yes |8 (P')IG!&
19 (!’)IGM bno No 19 (.'I;IGM 26 CP)IGM Wes No 26 (P')I’GM
20 (!’)IGQSI b o (!;IGIZSI 27 (P‘)IG/ZS( es e |° (P)‘lt;fZS'
20 (JI;IGM Yes ves [ 20 (!;IGM 7 (.'?)IGM x o |2 (p)'mm
pd | (?)IGIZSJ INe Neo | (!;IGIZS( 18 (P)IGIZSI 'Yes Yes |0 (P’)leb'-'
i | (!’)IGM IN° No i | (.'I;IGM 18 (F)IGM Wes Y= 28 (P)TGBU

X: Samples in which apical vapor lock was not present- elimination could not measured
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Table 4.12. Elimination of apical vapor lock by manual dynamic agitation with 50 strokes
of a well-fitting gutta percha cone to working length

Elimination of apical vapor lock

No Yes

19/103 (18.4%) 84/103 (81.6%)

Table 4.13. Predictors of elimination of apical vapor lock by manual dynamic agitation with 50
strokes of a well-fitting gutta percha cone to working length (Bivariate analyses)

25 8/52 (15.4%) 44/52 (84.6%)

Apical size - | | e 0.419
30 11/51 (21.6%) 40/51 (78.4%)
VB 6/51 (11.8%) 45/51 (88.2%)

Rotary system  ---—- | = n | e 0.083
PTG 13/52 (25.0%) 39/52 (75.0%)
WL-1 9/50 (18.0%) 41/50 (82.0%)

Needle placement ----- | o0 | 0.910
WL-3 10/53 (18.9%) 43/53 (81.1%)

# Chi-square test
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Table 4.14. Predictors of elimination of apical vapor lock by manual dynamic agitation with 50
strokes of a well-fitting gutta percha cone to working length (Multivariate analysis)

Apical size 1.1 0.756 0.5 2.8
(0=25, 1=30)

Rotary system 1.9 0.007 1.2 3.0
(0=VB, 1=PTG)

Needle placement 1.6 0.284 0.7 4.1

(0=3mm, 1= Imm)

# Logistic regression

Table 4.15. Predictors of elimination of apical vapor lock by manual dynamic agitation with 50
strokes of a well-fitting gutta percha cone to working length controlled for

teeth with no apical vapor lock after positive pressure irrigation (Multivariate analysis)

Apical size 1.1 0.756 0.5 2.8
(0=25, 1=30)

Rotary system 1.9 0.007 1.2 3.0
(0=VB, I=PTG)

Needle placement 1.6 0.284 0.7 4.1

(0=3mm, 1= 1mm)

# Logistic regression
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4.4 Replacement of the contrast solution by positive pressure irrigation after
elimination of apical vapor lock ( Hypothesis #3)

In total, 181 experiments were performed at two different needle insertion depths (WL-1 and WL-
3) and at two different flow rates (2.0 ml/min and 4.0 ml/min) to test for the replacement of the
contrast solution in teeth in which AVL was removed either by PPI or by MDA (Tables 4.16 &
4.17). Examples of complete and incomplete replacement are provided in figures 4.3A and 4.3B
respectively. Bivariate analyses showed that there were statistically significant differences between
the needle insertion depths at WL-1and WL-3 (p= 0.001) and the flow rates at 2.0 ml/min and 4.0
ml/min (p= 0.001) with respect to complete replacement of the contrast solution (Table 4.18).

The overall multivariate model was highly significant (p< 0.001) and showed that 56.2%
(Nagelkerke R Square: 0.562x100) of variance in irrigant replacement can be explained by the three
predictors: apical preparation size, rotary file system, needle insertion depth and flow rate (Table
4.19). In this model, needle insertion depth showed to be the dominating predictor. Increase in nee-
dle insertion depth (WL-1) substantially increased the likelihood of the contrast solution replace-
ment (OR=31.9, p=0.001) when controlled for other predictors of this model (Table 4.19). Increase
in the flow rate (4.0 ml/min versus 2.0 ml/min) also significantly increased the odds of the contrast
solution replacement (OR=6.3, p=0.001) (Table 4.19). Complete replacement of the contrast
solution was more likely in teeth that were shaped with VB when compared to that in teeth that
were shaped with PTG (OR=0.3, p=0.001) (Table 4.19). Decrease in the apical preparation size (25
vs. 30) was associated with an increase in the replacement of the contrast solution when other

predictors of this model were controlled for (OR=0.5, p= 0.046) (Table 4.19).
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Table 4.16. Replacement of the contrast solution with pure 6.0% NaOCI by positive pressure
irrigation after elimination of apical vapor lock in teeth shaped with Vortex Blue 25/04

& 30/04
Tooth# Tooth# Tooth# Tooth#
(Rotary Flow rate |Irrigant Flow rate |(Retary (Rotary Flow rate |Irmgant Flow rate  |(Rotary
system/ Apical |(ml'min) |replacemeat  |(mlmis) |system/Apical system/ Apical (mlmin)  [replacemeat  |(mlmis)  [system/Apical
size / Needle size / Needle size / Needle size | Needle
placemeat) placemeat) placement) placement)
roeas | D[ Nt appg swBas | 2 |x x| 2 s oBas
WL-1) 4 |Yes No WL3) WL-1) 4 X X 4 WL-3)
1 (VBAW 2 Yes No 2 1 (VB3N § (VB3W 2 X X 2 § (VB3N
WL-1) 4 Yes No 4 WL3) WL-1) 4 X X 4 WL-3)
1 (VBNS 2 Yes No 2 1 (VBNS 9 (VB2Y 2 Yes No 2 4 (VBY
WL-1) 4 Yes No 4 WL3) WL-1) 4 Yes Yes 4 WL-3)
1 (VBAW 2 Yes No 2 1 (VBN 9 (VBARW 2 Yes No 2 9 (VB3N
WL-1) 4 Yes No 4 WL3) WL-1) 4 Yes Yes 4 WL-3)
3 (VBAS/ 2 Yes No 2 3 (VBS 10 (VB 25/ 2 Yes No 2 10 (VB 25/
WL-1) 4 Yes No 4 WL3) WL-1) 4 Yes Ne 4 WL3)
3 (VB30 2 Yes No 2 3 (VB30 10 (VB 3%/ 2 Ne Ne 2 10 (VB3N
WL-1) 4 Yes No 4 WL3) WL-1) 4 Yes No 4 WL-3)
4 (VB s/ 2 Yes No 2 4 (VB2S/ 11 (VB RS 2 Ne Ne 2 11 (VB2S
WL-1) 4 Yes Yes 4 WL33) WL-1) 4 Yes No 4 WL-3)
4 (VB 30/ 2 Yes No 2 4 (VBAW 11 (VB3 2 Yes No 2 11 (VB/3W
WL-1) 4 Yes No 4 WL-3) WL-1) 4 Yes Ne 4 WL3)
5 (VB S/ 2 Yes No 2 5 (VBNS! 12 (VB 125/ 2 Ne Ne 2 11 (VB 25/
WL-1) 4 Yes Yes [ 4 WL3) WL-1) 4 Yes No 4 WL3)
5 (VBAW 2 X X 2 5 (VB 12 (VB 3%/ 2 Yes No 2 12 (VB 30/
WL-1) 4 X X 4 WL3) WL-1) 4 Yes Ne 4 WL-3)
6 (VB2S 2 Yes No 2 6 (VB2S/ 13 (VB 25/ 2 Yes No 2 13 (VB 25/
WL-1) 4 Yes No 4 WL3) WL-1) 4 Yes Ne 4 WL3)
6 2 X Ne 2 6 (VB3W 13 (VB 3 2 Yes No 2 13 (VB/30/
WL-1) 4 X Yes 4 WL-3) WL-1) 4 Yes Ne 4 WL3)
7 (VB2S 2 Yes No 2 7 (VBN2S! 14 (VB 2SI 2 Ne Ne 2 14 (VB 125/
WL-1) 4 Yes Yes [ 4 WL3) WL-1) 4 Yes No 4 WL3)
7 (VB 2 Ne Ne 2 7 (VBAW 14 (VB 3/ 2 Neo Ne 2 14 (VB 730/
WL-1) 4 Yes Yes | 4 WL-3) WL-1) 4 Yez No 4 WL3)

X: Samples in which apical vapor lock was not eliminated - Replacement of the contrast solution could not
be measured
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Table 4.17. Replacement of the contrast solution with pure 6.0% NaOCI by positive pressure
irrigation after elimination of apical vapor lock in teeth shaped with ProTaper Gold
F2-25/08 & F3-30/09

- Flow rate | [rrigant Flow rate -
system/ Apical |(ml‘'min) [replacement  |(mlmin) (system/Apical
size/ size /
) )
c 2 |Neo No| 2 c
15 (PTG S/ 15 ns
a')m 4 |ves No| 4 a;rc
15 (PTG | 2 |Ne No| 2 |15 @TGAW
) 4 |Ye No| 4 )

16 PIGRS | 2 |Yes N | 2 |16 @TCAY
) 4 v No| 4 )
6@EIG | 2 |X No| 2 |16 @TGAW
) 4 |Yes No| 4 )

17 @TGAS | 2 (Ve N| 2 |17 eTCAy
) 4 |Ys Yes| 4 )
17@EIG | 2 [No No| 2 |17 eTCAN
) 4 |Ye No| 4 )

18 PTGRS | 2 |Yes N | 2 |18 @ETCAN
) 4 |Ys Yes| 4 )
BEIG | 2 |Ne X| 2 |18 @rGAw
) 4 |Yes X| 4 )
VETCAS | 2 |¥s X| 2 |19 @TGAN
) 4 |Yes X| 4 )

10 @TIG | 2 |Yes X| 2 |19 @PIGAW
) 4 |Yes X| 4 )
0EIGNY | 2 |V X| 2 |»@IeAy
) 4 |Yes X| 4 )

0 ®IGAV| 2 |No No| 2 [0 @TGAW
) 4 |Yes Yes| 4 )
NEICAS | 2 X X| 2 |1 @reas
) 4 X X| 4 )
NEIGA | 2 X X| 2 |1 ercaw
) 4 X X| 4 )

Toofhs Tooth#

system/ Apical (ml'min) |replacement  |(ml'min) system/ Apical

size / size/

) )

1 (PIGNN 2 Yes No 2 1 (PIGNN
) 4 Yes Yes 4 )

12 (PTG /W 2 No No 2 21 (PTG
) 4 Yes Yes 4 )

1 (PIGNN 2 Yes No 2 1 (PIGNRN
) 4 ¥ No| 4 )

1 (PTG 2 Yes No 2 23 (PTG
) 4 Yes No 4 )

U (PIGNN 2 Yes No 2 U (PIGNRS
) 4 Yes No 4 )

U (PTIGAW 2 Yes No 2 U (PTG
) 4 Yes No 4 )

15 (PIGNAN 2 Yes No 2 15 (PIGNRN
) 4 Yes No 4 )

15 (PTIGAW 2 No X 2 15 (PIGAN
) 4 |t X| 4 )

16 (PIGNN 2 Yes No 2 16 (PIGNN
) 4 Yes No 4 )

16 (PTG AW 2 No X 2 6 (PTG AW
) 4 Yes X 4 )

17 PTGNN 2 Yes No 2 17 (PIGNS
) 4 Yes No 4 )

17 (PTG AW 2 X No 2 17 (PTG AW
) 4 X Yes 4 )

18 (PTGAN 2 Yes No 2 3 (PIGN
) 4 Yes No 4 )

25 (PTGAN 2 Yes No 2 13 (PTG AW
) 4 Yes Yes 4 )

X: Samples in which apical vapor lock was not eliminated - Replacement of the contrast solution could not
be measured

41




Table 4.18. Predictors of replacement of the contrast solution with pure 6.0% NaOCI by positive
pressure irrigation after elimination of apical vapor lock ( Bivariate analyses)

25 45/96 (46.9%) 51/96 (53.1%)
Apical size | | 0.511
30 44/85 (51.8%) 41/85 (48.2%)
VB 48/98 (49.%) 50/98 (51.%)
ROy FEM == |  cccccccmmecmmes | cocccccrccoeeees 0.892
PTG 41/82 (50.%) 41/82 (50.%)
WL-1 15/90 (16.7%) 75/90 (83.3%) 0.001
Needle placement - | | ’
WL-3 74/91 (81.3%) 17/91 (18.7%)
2ml/min
Flow rate =  -———-- 58/90 (64.4%) 32/90 (35.6%)
4ml/min |  ceeeim | L 0.001
31/91 (34.1%) 60/91 (65.9%)

# Chi-square test
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Table 4.19. Predictors of replacement of the contrast solution with pure 6.0% NaOCI by positive
pressure irrigation after elimination of apical vapor lock (Multivariate analysis)

Apical size 0.046

(0=25, 1=30)

Rotary system 0.3 0.001 0.1 0.4
(0= VB, 1=PTG)

Needle placement 31.1 0.001 12.1 84.0
(0=3mm, 1=1mm)

Flow rate 6.3 0.001 2.7 14.9
(0=2, 1=4)

# Logistic regression



Al A2 A3 A4

Figure 4.3A. Presence and elimination apical vapor lock by manual dynamic agitation and

complete replacement of the contrast solution by positive pressure irrigation in a tooth
shaped with ProTaper Gold F2(25/08)

Al: Presence of AVL (yellow arrow) after PPI with the contrast solution
at WL-1 and at 3 ml/min

A2: Elimination of AVL by MDA with 50 strokes of well-fitting
gutta percha cone to WL

A3: Complete replacement of the contrast solution with pure 6.0%
NaOCl by PPI at WL-1 and at 2.0 ml/min

A4: Complete replacement of the contrast solution with pure 6.0%
NaOCl by PPI at WL-1 and at 4.0 ml/min
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B1 B2 B3 B4

Figure 4.3B. Presence and elimination apical vapor lock by manual dynamic agitation and
incomplete replacement of the contrast solution by positive pressure irrigation in a
tooth shaped with ProTaper Gold F2(25/08)

B1: Presence of AVL (vellow arrow) after PPI with the contrast solution
at WL-3 and at 3.0 ml/min

B2: Elimination of AVL by MDA with 50 strokes of a well-fitting
gutta percha cone to WL

B3: Incomplete replacement of the contrast solution (green arrow) with pure 6.0%
NaOCl by PPI at WL-3 and at 2.0 ml/min

B4: Incomplete replacement of the contrast solution (green arrow) with pure 6.0%
NaOCl by PPI at WL-3 and at 4.0 ml/min
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C1 C2

Figure 4.3C. Incomplete elimination of apical vapor lock by manual dynamic agitation with 50
strokes of a well-fitting gutta percha cone to working length

C1: Presence of AVL (yellow arrow) after PPI with the contrast solution
at WL-1 and at 3 ml/min

C2: Incomplete elimination of AVL (green arrow) by MDA with 50
strokes of a well-fitting gutta percha cone to WL

D1 D2

Figure 4.3D. Incomplete elimination of apical vapor lock by manual dynamic agitation with 50
strokes of a well-fitting gutta percha cone to working length

D1: Presence of AVL (yellow arrow) after PPI with the contrast solution
at WL-3 and at 3 ml/min

D2: Incomplete elimination of AVL (green arrow) by MDA with 50
strokes of a well-fitting gutta percha cone to WL
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Chapter S: Discussion

This study is the first one to investigate the joint and independent effects of apical preparation size,
rotary file system/tapering of the canal and needle insertion depth on AVL in an ex-vivo model
simulating the clinical situation. Most of the previous irrigation studies have used open system
models in which apical foramen is open to the external environment. Recently a few studies have
demonstrated the overestimation of irrigation efficiency and effectiveness in open system models
compared to that in closed systems, in which the apical foramen is closed to the external environ-
ment (Tay et al., 2010; Susin et al., 2010; Parente et al., 2010). The difference between the two
systems can be attributed to presence of AVL at the end of a closed system (Tay et al., 2010). In the
literature, various methods have been employed to simulate periapical resistance and create a closed
system. These methods include: water (Boutsioukis et al., 2014), hot glue (Tay et al., 2010; Parente
et al., 2010; Susin et al., 2010; Neelakantan et al., 2016), and paste-paste adhesive (Sainz-Pardo et
al., 2014). In the current study, the closed system design closely followed that of Tay et al. (2010)
but with some modifications, as explained previously, to minimize accidental flow of the hot glue
into the canal system. Existence of AVL can be proven indirectly by its impact on debris and smear
layer removal (Tay et al., 2010; Parente et al., 2010; Susin et al., 2010). However in the present
study, the attempt was to visualize the AVL radiographically by adding CsCl, a radiography
contrast agent, to 6.0% NaOCI. However, CsCl can affect the physical and chemical properties of
NaOCl such as dentin wettability and solvent effects. Changes in the dentin wettability property can
increase or decrease likelihood of presence of AVL after PPI by increasing the surface tension of
the solution (Boutsioukis et al., 2014) or by decreasing the surface tension (Giardino et al., 2012).
The dentin wetting ability is defined as the surface tension of the irrigant and that of the surface to

be wet. In general, surface tension is the energy required by the adhesive forces between the two
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surfaces to overcome the cohesive force between the like molecules on the surface of the liquid.
The stronger the adhesive/inter-molecular forces or the weaker the cohesive/intra-molecular forces,
the higher the liquid surface area and hence a better spread/wetting of the liquid on the surface
(Giardino et al., 2012). Therefore, decreasing the surface tension of the irrigant can increase its wet-
ting on the dentinal surface and potentially improve its penetration into the canal system. Wettabil-
ity can be measured by contact angles; low contact angle indicates good wetting and high contact
angle indicates poor wetting (Figure 5.1). In this study, a pilot experiment was performed to com-
pare the contact angle of pure 6.0% NaOC] and that of the 40% contrast solution prepared by mix-
ing 4.0 grams of CsCl in 10.0 ml of 6.0% NaOCI. This was done to minimize the bias for either
presence or absence of AVL due to potential changes in the dentin wetting ability of NaOCI. The
results of this pilot experiment showed no significant difference between the two contact angles
(Fig 5.2). Moreover, the concave (curved in) radiographic appearance of the contrast solution (Fig-
ure 5.3) do suggest an attraction between the irrigant and the canal wall which may reject a substan-
tial increase in the surface tension of the contrast solution. Also, in the current study, size 31-gauge
close-ended double side-port needle was used to reach within 1.0 mm of the working length of the
canals shaped to size 25/04. The pilot study, completed prior to the main investigation, did not
show any radiographic difference between the depth of flow of the contrast solution using a 30-
gauge close-ended side vented and that using a 31-gauge close-ended double side-port needle. This
agrees with the CFD study that showed similar flow pattern and irrigation flow in both 30-gauge
close-ended side vented and double side-port needle (Boutsioukis et al., 2010). Although size 31-
gauge needles allow for a deeper penetration into the minimally shaped canals, they are more prone
to blockage by NaOClI crystals which make them unsuitable for more than single use (Senia et al.,

1971; Moser & Heuer, 1982). This is the reason that in the present study, the needle had to be
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changed after 3-4 experiments. In the current study, flow rate was not automated as pilot experi-
ments with an automated irrigation pump through the 31-gauge needle revealed inaccurate and in-
consistent flow rates. In non-automated settings, flow rate depends on operator’s strength, length of
the fingers and patience, barrel volume and needle gauge size (Boutsioukis et al., 2007). Injection
through needles with smaller inner diameter especially those with close ends, requires greater force
on the plunger to produce the intra-barrel pressure needed to achieve/maintain desired flow rate
(Moser and Heuer, 1982; Boutsioukis et al., 2007). The force required also depends on the plunger
surface area which in turn correlates with the barrel capacity. Since pressure [P] is defined as force
[F] applied over a surface area [A] P: F/A (Pashley et al., 1981), the larger the surface area of the
plunger, the higher the force needed to generate sufficient intra-barrel pressure for maintenance of a
certain flow rate (Boutsioukis et al., 2007). In the current study, a 3.0 ml syringe was used because
its smaller plunger surface area allowed the operator to maintain a consistent, precise flow rate
through the 31-gauge needle without experiencing muscle fatigue although the syringe required

frequent re-fill.

Figure 5.1. Relationship between the contact angle and the wettability of a solid surface
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A B

Figure 5.2. No difference in the contact angle between A) pure 6.0% NaOCIl and B) 40.0%
contrast solution (NaOCl & CsCl)

Figure 5.3. Concave (curved in) radiographic appearance of the contrast
solution after PPI (yellow arrow)

In the current study, AVL was detected in 92.0% of the samples after PPI with the contrast solution.
Our finding closely agrees with presence of AVL in 100% of the teeth in a recent ex-vivo experi-
ment (Agarwal et al., 2017). However, another ex-vivo study showed the presence of AVL in only
70.0% of samples when irrigation with a contrast mixture was performed at an unknown flow rate

through a 30-gauge close-ended side vented needle placed at WL-2 (Sainz-Padro et al., 2014). A
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combined in-vitro and CFD study by Boutsioukis et al. (2014) demonstrated the presence of AVL
in 62.5% of the samples when the flow rate was set at 2.0 ml/min-15.6 ml/min (0.033 ml/s-0.26
ml/s) and irrigation was performed through a 30-gauge close-ended needle that was inserted at WL-
1 and WL-3 (Boutsioukis et al., 2014). The authors reported that the presence of AVL after PPI was
more frequently associated with the low flow rates. Therefore, at the flow rate of 2.0 ml/min
(~0.033ml/s), AVL was present in all the samples regardless of the root canal size (35/04 or 50/04)
and needle insertion depth (WL-1 or WL-3) (Boutsioukis et al., 2014). In the present study, needle
insertion depth (WL-1 and WL-3) and apical size (25 and 30) also did not influence the presence of
AVL when PPI was performed at the flow rate of 3.0 ml/min (0.05 ml/s). In the study by Boutsiou-
kis et al. (2014), authors reported that use of resin blocks with hydrophobic surfaces can increase
the contact angle between the canal wall and NaOCI and hence heighten the likelihood of the
presence of AVL (Boutsioukis et al., 2014). However, using the same resinous model, the authors
concluded that at higher flow rates of 5.0 ml/min (~0.083 ml/s) and 10.0 ml/min (~0.166 ml/s ),
AVL was infrequent and at the flow rate of 15.6 ml/min(0.26 ml/s), no AVL was present (Boutsi-
oukis et al., 2014). Therefore, presence of AVL after PPI could be affected by the flow rate. This
finding is also supported by the results of the current study. In the present study, AVL was present
in 92.0% of the samples when irrigation was performed at the flow rate of 3.0 ml/min (0.05 ml/s) as
compared to the presence of AVL in 100.0% of the samples when irrigation was performed at the
flow rate of 2.0 ml/min (~0.033ml/s) in the study by Boutsioukis et al. ( 2014).

Moreover, in the current study, it was observed that AVL is more likely to be present after PPI in
teeth that are shaped with PTG rotary file system when compared to those teeth that are shaped
with VB if controlled for both apical preparation size and needle insertion depths. In another study,

AVL was present in 100% of the samples that were shaped with PTG F4- 40/06 (Agarwal et al.,
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2017). Whereas in teeth that were shaped with fixed 06 and 04 taper rotary files, AVL was present
in 70.0% (Sainz-Padro et al., 2014) and 62.5% (Boutsioukis et al., 2014) of the samples respec-
tively. These findings may be partly explained by the differences in the tapering of both rotary file
systems. VB and PTG rotary file systems differ in their tapering; Vortex Blue used in this study has
a fixed 04 taper, whereas PTG has a variable taper with a larger taper in the apical 3.0 mm, 08 for
F2 and 09 for F3. Fixed taper design may provide continuous coronal space around the needle for
the backflow of any turbulence that is generated during PPI. Coronal escape of the turbulent flow
allows for apical penetration of the irrigant with the laminar flow (Bronnec et al., 2010). Therefore,
better irrigant penetration during PPI can potentially remove the AVL in teeth that are shaped with
fixed taper rotary files compare to those that are shaped with PTG.

The present study investigated the effects of numbers of strokes of a well-fitting gutta percha cone
to WL on AVL elimination in a pilot experiment. The pilot experiment was performed to determine
an effective number of strokes that could be used to further investigate the effects of other predic-
tors on the efficacy of MDA. There are numerous techniques and delivery devices to improve the
irrigant flow and distribution to the full length of the canal system (Gu et al., 2009). MDA has been
introduced as one of the cost effective and simple techniques to improve the irrigation within the
canal system. According to literature, studies on MDA have investigated different numbers of
strokes with either a well-fitting gutta percha cone or a K File. These studies included: 100 strokes
in 1.0 minute with well-fitting gutta percha cone (Parente el al., 2010; Susin et al., 2010;
Neelakantan et al., 2016), 100 strokes with a well-fitting gutta percha cone (Huang et al., 2008;
McGill et. al., 2008), 15 strokes in 10.0 seconds with a well-fitting gutta percha cone (Boutsioukis
et al., 2014), 3 strokes with a well-fitting gutta percha cone (Bronnec et al., 2010), and 1.0 minute

of strokes with a size 15 K file (Agarwal et al., 2017). The setting with 100 strokes may be
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laborious for clinicians; therefore, in this study, the attempt was to examine the effectiveness of
lower numbers of strokes. The findings demonstrated that there is a significant difference between
the efficacy of 50 strokes of a well-fitting gutta percha cone and that of either 40 or 10 strokes. The
number of strokes affected the elimination of AVL with or without considering other modalities
such as the apical preparation size, the rotary file system and the needle insertion depth. Although
50 strokes might seem laborious, in this study, it was performed within 35 seconds (86
strokes/min). At such frequency, there was no extrusion of contrast solution from the closed system
that could be detected radiographically in any of the samples. This finding was similar to the report
of Parente et al. (2010), but contradicts the results of Boutsioukis et al. (2014) who showed that
MDA with a flow rate of 1.5 strokes/second (90.0 strokes/min) causes significant extrusion of
irrigant into the simulated periapical tissue (water filled vials). Such difference may be explained by
the different back pressure resistance offered by water and hot glue.

For the first time, the present study attempted to investigate the joint effects of several predictors
such as the apical preparation size, the type of rotary file system and the needle insertion depth on
the efficacy of apical vapor lock elimination by MDA. According to the literature, previous studies
on the effectiveness of MDA included teeth with larger apical shaping and also some studies chose
larger tapering: fixed taper 40/06 (Parente et al., 2010), fixed taper 35/04 (Susin et al., 2010), varia-
ble taper PTG F2-25/08 (Neelakantan et al., 2016) and variable taper PTG F4-40/06 (Agarwal et al.,
2017). In the current study, the experimental teeth were shaped to smaller apical preparation sizes
with fixed (VB-25/04 and 30/04) and variable taper rotary file systems (PTG F2-25/08 and F3-
30/09). The results showed that AVL was eliminated in 81.6% of the samples. This finding is high-
er than the results of a similar ex-vivo study that directly measured the elimination of AVL by

MDA via radiographic means, where AVL elimination by MDA was only in 50.0% (10/20) of the
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samples (Agarwal et al., 2017). The difference between the results of the current study and that of
the study by Agarwal et al. (2017) could be attributed to their smaller sample size and also using a
size 15 K file at WL-1 for MDA instead of using a well-fitting gutta percha cone to WL. It was
suggested that rapid strokes with a well-fitting gutta percha cone that adapts closely to the canal
walls can generate high intra-canal pressure changes that moves the irrigant apically and to the un-
instrumented canal surfaces (McGill et al., 2008). Therefore, agitation with a size 15 K file that do-
es not adapt the canal walls closely may not produce sufficient intra-canal pressure needed for
successful apical movement of the irrigant.

In the current study, the bivariate analyses indicated that there were no differences between the api-
cal preparation size 25 and 30, the rotary file system PTG and VB and the needle insertion depth at
WL-1 and WL-3 with respect to elimination of AVL. However, the multivariate analysis showed
that the type of the rotary file system was a significant predictor of the AVL elimination. Teeth that
were shaped with PTG as compared to the ones shaped with VB had a higher chance of having the
formed AVL eliminated. The variable tapering of PTG with deep apical shaping may address the
canal walls more effectively than the VB with fixed 04 taper. Hence, the well-fitting PTG gutta
percha cone may leave less space between the canal wall and the cone when compared to that of
VB and canals walls. This avaiable space may allow backflow of the irrigant during MDA and re-
duce its apical movement. Therefore, shaping with PTG leaves less space between the canal wall
and the cone and MDA causes irrigant to be pushed apically more effectively for the

better displacement of AVL when compared to shaping with VB. The results for “pilot experiment
question #3” showed that shaping with PTG decreases the odds of AVL elimination when different
numbers of strokes were tested. However, in this section of the study, when a fixed number of 50

strokes was used for all the samples, shaping with PTG increased the likelihood of AVL eliminati-
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on. Thus, these results may suggest that the lower number of strokes (10 and 40) adversely in-
fluence AVL elimination in teeth that are shaped with PTG. An increase in the number of strokes
favors AVL elimination in teeth that are shaped with PTG in comparison to teeth that are shaped
with VB.

It is important to caution that elimination of AVL does not necessarily indicate the cleanness of the
canal system. The limitation of the current study is that the effectiveness of MDA on canal
debridement was not investigated. However, canal debridement by MDA has been the focus of few
previous studies. Huang et al. (2008) examined the influence of different factors including MDA
with gutta percha cone on residual collagen on the canal walls. Although, that study model present-
ed an open system, MDA with 100 strokes with a well-fitting gutta percha cone showed to be more
effective in removing the stained collagen than PPI. Moreover, it was shown that larger apical
shaping and tapering increased the efficacy of MDA in the removal of stained collagen (Huang et
al., 2008). In another study, SEM analysis showed that 100 strokes of MDA with a well-fitting gut-
ta percha cone is less effective in removing canal debris and smear layer in a closed system than in
an open system (Parente et al., 2010). MDA (100 strokes per min) showed to perform similar to
EndoVac (apical negative pressure system) in cleaning the canal debris in an ex-vivo experiment
but was less effective in cleaning the isthmi (Susin et al., 2010). In another study, MDA demon-
strated to be more effective than passive ultrasonic irrigation in removing the remaining pulpal
tissue in the isthmi at 1.0 mm and 3.0 mm from the apex (Neelakantan et al., 2016). These studies
do suggest that MDA can increase the irrigant flow to the apical third by potentially displacing the
AVL as was demonstrated in the current study. However, SEM and light microscopy analyses indi-
cate that although MDA might be an effective technique in removing the AVL, debris and smear

layer can potentially remain as they don't have the space around the cone to exit coronally (Parente
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et al., 2010). Therefore, in the third part of this study, the aim was to investigate irrigant penetration
by PPI after elimination of AVL in order to improve canal debridement after MDA.

Continued replacement and replenishment of the irrigant is imperative in maintaining the disin-
fectant (Harrison & Hand, 1981) and solvent (Moorere & Wesselink, 1982) properties of the
irrigant. Numerous studies tested several factors that can contribute to efficacy of root canal irriga-
tion. These factors include: apical preparation size (Usman et al., 2004, Hsieh et al., 2007, Huang et
al., 2008, Boutsioukis et al., 2014) and taper (Huang et al., 2008), distance of the irrigation needle
to the apex (Sedgley et al., 2005, Hsieh et al., 2007, Bronnec et al., 2010, Boutsioukis et al., 2014),
irrigation volume (Baker et al., 1975, Moser & Heuer, 1982, Sedgley et al., 2004, Huang et al.,
2008) and dimension of the irrigating needles (Hsieh et al., 2007).

The current study showed that there is a significant difference between different needle insertion
depths (1.0 mm versus 3.0 mm) and flow rates (2.0 ml/min versus 4.0 ml/min) with respect to
apical penetration of pure 6.0% NaOCI and hence replacement of the contrast solution. However,
all four predictors (apical preparation size, rotary file system, needle insertion depth and flow rate)
influenced the irrigation penetration in an independent manner, i.e. when it was controlled for the
other three factors. In the present study, maximum flow rate was 4.0 ml/min (~0.067 ml/s) because
it has been shown that clearance zone/stagnation plane beyond the needle tip reaches its maximum
at the flow rate of 4.0 ml/min and does not extend further at higher flow rates (Park et al., 2013). In
the current study, the odds of the contrast solution replacement increased in teeth that were shaped
with VB as compared to teeth that were shaped with PTG. VB has a fixed taper, whereas PTG has a
variable taper with larger tapering in the apical 3.0 mm. Fixed taper design may provide continuous
coronal space around the needle to allow backflow of any turbulence that is generated during PPI.

This can improve apical movement of the irrigant with laminar flow as the turbulent irrigant
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escapes coronally (Bronnec et al., 2010). Therefore, shaping with fixed taper rotary files can im-
prove the apical penetration of 6.0% NaOCI by PPI in order to replace the contrast solution after
elimination of AVL. Also, in the present study, smaller ISO apical size (25 versus 30) increased the
odds of contrast solution replacement after elimination of apical vapor lock. This finding disagrees
with the accepted notion that larger apical preparation increases irrigation penetration (Ram, 1977,
Hsieh et al., 2007; Gulabivala et al., 2008, Boutsioukis et al., 2014). In a thermal image analysis
study, it was shown that needle diameter as well as needle insertion depth and apical preparation
size can affect the successful root canal irrigation into the apex (Hsieh et al., 2007). The authors of
that study concluded that the larger apical preparation size was needed for two reasons: 1) for closer
placement of the needle to the apex and 2) for successful irrigation when using a smaller gauge
needle. According to their results, needles of smaller gauge (with larger inner diameter) can affect
the fluid flow adversely (Hsieh et al., 2007). Therefore, larger gauge needles such as the 31-gauge
used in the current study allowed a closer positioning to the apex and also its smaller diameter may
have affected the fluid flow positively for the successful apical penetration of the irrigant. In a his-
torical study by Ram (1977), apical preparation size was shown to be an important factor for irriga-
tion renewal after the apical third of the canal was filled with radiopaque solution. In that study,
when the open-ended needle was placed in the coronal third, irrigation renewal was incomplete in
canals shaped to less than ISO size 40 although much more volume was used in canals shaped to
ISO size 25 (Ram, 1977). In the present study, both apical ISO sizes 25 and 30 allowed placement
of 31-gauge needle at WL-1 but seemingly larger apical preparation decreased irrigation penetra-
tion. This difference may be explained by the non-laminar/turbulent flow of irrigant in a closed end
system as shown in CFD models by Boutsioukis et al., (2009). The turbulent flow is generated as

soon as the irrigant contacts the irregular walls of the root canal system. Such turbulence causes a
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backflow which can complicate the apical penetration of the irrigant form the needle (Boutsioukis
et al., 2009). Moreover, bigger apical preparation can cause formation of more turbulence (Hsieh et
al., 2007). Therefore, apical preparation to ISO size 30 might decrease apical penetration of irrigant
due to more turbulence formation than preparation with ISO size 25. A different study investigated
irrigation penetration in curved canals after elimination of AVL by manually agitating a hypaque
solution to the apical third of the canals (Bronnec et al., 2010). The authors of that study concluded
the dominance of needle insertion depth (3.0 mm & 6.0 mm from WL) and influence of apical
tapering (0.07, 0.08 & 0.09) and volume (1.0 ml & 3.0 ml) at a constant flow rate of 12.0 ml/min on
irrigation penetration and replacement (Bronnec et al., 2010). Similar to that study, the results of
the current study show the dominance of needle insertion depth in the replacement of the contrast
solution regardless of the flow rates (2.0 ml/min & 4.0 ml/min). In the present study, when needle
was placed at WL-1, both flow rates of 2.0 ml/min and 4.0 ml/min were effective in replacing the
contrast solution completely. However, when needle was placed at WL-3, the replacement of the
contrast solution was incomplete even at 4.0 ml/min. This finding may support that irrigant flow is
limited to 1.0 mm beyond the tip of a close-ended side vented needle at the flow rates: ~2 ml/ min-
15.6 ml/min (Boutsioukis et al., 2009) when there is no AVL present. Also the difference between
the insertion depths can be explained through another CFD study by Boutsioukis et al. (2010). They
showed that vertical vortices (structures where flow is rotating) form apical to the side vented
needle. As the needle position furthers form the WL, the number of these vortices increase; These
vortices can cause some irrigant replacement but as the number increases, there is a delay in the
irrigant replacement (Boutsioukis et al., 2010).

Therefore, the results of this section of the study show that when AVL is eliminated, complete
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apical penetration of irrigant is probable and its probability is influenced by the needle insertion
depth and the flow rate. Future research is needed to investigate the effects of different insertion
depths and their minimum flow rates that can result in successful irrigation replacement after AVL

has been eliminated.

Chapter 6: Conclusion

Within the limitations of this study, shaping with ProTaper Gold rotary files has a joint effect on the
formation and elimination of apical vapor lock. Replacement of the contrast solution with sodium
hypochlorite was affected by the independent effects of needle insertion depth and flow rate and the
joint effect of needle insertion depth, flow rate, rotary file system and apical size preparation.
The overall findings of this study suggest:
* Apical vapor lock is highly likley to be present after positive pressure irrigation into a dry
canal system.
* Manual dynamic agitation with 50 rapid strokes of a well-fitting gutta percha cone to
working length is effective for the removal of apical vapor lock.
*  When apical vapor lock is eliminated by manual dynamic agitation, positive pressure
irrigation can be performed subsequently to improve canal debridement by mechanical
flushing of the remaining debris and replacement of consumed NaOCI with fresh irrigant

for chemical removal of organic debris and bacteria.
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