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suggests that RCFs which extend beyond 
or are more than 2  mm short of the 
radiographic apex are associated with a 
higher chance of endodontic failure. It is 
therefore imperative that the clinician can 
identify the point at which the root canal  
system terminates.

Electronic Apex Locators (EALs) can 
be used to determine the length of a RCS 
and the position of the canal terminus. 
This two-part series of articles will update 
readers on our current understanding of 
apex locators. This first part will focus on  
(a) the anatomy of the apical terminus,  
(b) methods of determining the apical limit 
of the RCS and (c) basic physics of the 
instrument. The second part will discuss  
(a) how EALs work (b) how accurate they 
are in clinical practice and (c) practical 
points on how best to use them. 

THE ANATOMY OF  
THE APICAL TERMINUS

To appreciate the workings of an EAL, an 
understanding of the micro anatomical 
features of the apical terminus is essential.

Kuttler elegantly described the anatomy 
of the apical terminus.4 The foramen of 
the main root canal (the major apical 
foramen) is not always coincident with 
the radiographic or anatomical apex. It 
is situated at the tip of the root but is 
often located to one side of the anatomi-
cal apex (Fig. 1). Reported mean apex to 

INTRODUCTION

An inflammatory response in the pulp-den-
tinal complex can lead to complete pulpal 
necrosis, apical periodontitis and ultimately 
the formation of a dental abscess. If the 
tooth is to be asymptomatically retained, 
root canal therapy (RCT) must be imple-
mented. The aims of RCT include:
1. Accessing the root canal system (RCS)
2. Chemo-mechanical debridement of 

the RCS1

3. Shaping the RCS to accept a root 
canal filling (RCF) material

4. Obturating the RCS
5. Providing cuspal coverage post 

endodontic treatment for posterior 
teeth2 (Fig. 1).

To effectively carry out the above 
stages, the clinician must accurately 
determine the apical limit of the RCS as 
well as the position of the canal termi-
nus. The latter is especially true as the 
systematic review by Ng et al.3 strongly 
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• Describes the micro-anatomy of the 
apical terminus for a root canal system 
and different methods of measuring root 
canal system length.

• Describes basic physics, current 
electricity and how teeth can function as 
capacitors.

• Describes how this capacitor model 
represents a starting point upon which all 
apex locators are based. 
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Fig. 1  a) Irreversible Pulpitis Associated 
with the UR6; b) UR6 Post irrigation with 
sodium hypochlorite/instrumentation with 
protaper files and medicated with Vitapex; 
c) UR6 post obturation with gutta percha 
and restored with a full gold crown

a

b

c
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foramen distances vary from 0.3 mm to 
0.6 mm but distances of up to 3 mm have 
been reported.4,5 Deposition of cementum 
at the root apex over time also means 
that the discrepancy between the major 
apical foramen and the root tip increases 
with age.6 Furthermore, deviation of the 
major foramen can also occur as a result 
of pathological changes such as external 
root resorption.7

The major apical foramen is considered 
to lie entirely in cementum, from which 
the cementum narrows upwards into the 
minor apical foramen, also called the api-
cal constriction (AC). The location of the 
AC can be highly variable between differ-
ent RCSs8 and may not be present in all 
teeth. It is thought to be at (or close to) 
the point where the cementum fuses with 
radicular dentine (the cemento-dentinal 
junction, CDJ).9

The CDJ is considered to represent the 
point at which the RCS terminates and 
the periodontium begins.4,9,10 It represents 
the ideal apical limit for root treatment as 
there would be minimal contact between 
an endodontic instrument and the peri-
radicular tissues at this point.10,11 This 
would minimise any mechanical trauma to 
the periodontal ligament during endodon-
tic preparation. However, the CDJ cannot 
be detected clinically, only histologically 
after a tooth has been extracted and sec-
tioned. Furthermore, it is a highly irregular 
reference point as in some cases, the CDJ 
can be up to 3 mm higher on one wall of 
the RCS compared with the opposite wall12 
(Fig. 2). As such, it is not a practical land-
mark to use when terminating a root canal 
preparation/obturation. 

The minor apical foramen/apical con-
striction (AC) is the narrowest point of the 
root canal system. It is on average 0.5 to 
1.0 mm short of the radiographic apex but 
there can be considerable discrepancy in 
terms of location between the two land-
marks.11,13 Although the AC can demon-
strate considerable morphological variation 
between teeth,14 it is a consistent anatomi-
cal reference point. It is a more practical 
landmark to use when terminating a root 
canal preparation, compared to the CDJ.

METHODS FOR DETERMINING  
THE LENGTH OF THE RCS

In addition to EALS, there are several tech-
niques that can be used to determine the 

length of the RCS and the position of the 
canal terminus.

1. Tactile feedback from  
endodontic instruments

The tactile sensation afforded by hand 
instruments during endodontic instru-
mentation can be useful at determining the 
position of the AC. However, even experi-
enced endodontists could only detect the 
landmark in 60% of cases using tactile 
sensation alone.15 Although pre-flaring 
the orifice of the RCS can increase the cli-
nicians ability to ‘feel’ the AC by up to 
75%16 this method clearly has limitations 
in cases where the canal is sclerosed or 
the landmark itself has been obliterated by 
inflammatory resorption.6,17 Furthermore 
the topography of the AC can vary consid-
erably from tooth to tooth14 (Fig. 3). This 
coupled with the fact that there will be 
considerable variation between the clini-
cian’s ability to accurately ‘feel’ the AC18 
makes this technique of length determina-
tion unreliable.

2. Radiographic determination  
of the working length (WL)

The use of a periapical radiograph (taken 
with a paralleling device) with an endo-
dontic file in the RCS is a popular way to 
determine the WL. Coupled with the clini-
cian’s knowledge of dental anatomy and 
the average lengths of root canal systems, 
this can be a useful method. Although 
the image provides valuable information 
regarding the shape and curvature of the 
root apex, it is only a two-dimensional rep-
resentation of a three-dimensional struc-
ture. It is based on the premise that (on 
average) the AC lies 0.5 to 1.0 mm short of 
the radiographic apex.13 This assumption 
has probably led to the common teaching 
practice of terminating a RCF 1.0 mm short 
of the radiographic apex.6 However, this 
technique is inherently flawed in that the 
position of the AC from the radiographic 
apex can vary considerably from tooth 
to tooth. In some case, it can be up to 
3.8 mm short of the radiographic apex12 
leaving potential for the RCS to be over-
instrumented. Furthermore the apical fora-
men is not always co-incident with the 
radiographic apex. It is often to one side 
of the apex in a buccal or palatal direction 
making it difficult to visualise radiograph-
ically.11,19 It is therefore not surprising that 

numerous studies have revealed consider-
able variation between the radiographic 
working length and the actual working 
length of a tooth.14,20,21

Radiographs are technique sensitive 
in terms of interpretation22 and involve 

Fig. 2  Micro-anatomical features of the 
apical terminus (modified from Kuttler5)

Fig. 3  The varying topographies of the apical 
terminus (from Dummer et al.14) 

Fig. 4  Schematic representation of an 
endodontic instrument, the root canal 
system and the periodontium functioning 
as a capacitor (from Nekoofar et al.11). The 
resistance of the system is 6.5 kW when a 
file touches the PDLS at the apical foramen. 
Different irrigants in the RCS will have 
different diaelectric constants (ε). EALs need 
to take this feature into account to avoid 
generating inaccurate readings
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exposing the patient to ionising radia-
tion. In addition, superimposition of other 
structures (such as dense bone, the zygo-
matic buttress, metal plates) over the root 
apex can make visualisation difficult. It 
is thus logical to always supplement a 
radiographically determined WL with some 
other WL reading (such as a length deter-
mined from an EAL).

3. The paper point technique
This has been well described by 
Rosenberg23,24 and is dependent on having 
achieved apical patency. This technique is 
based on the premise that the RCS of an 
uninfected tooth is dry while the external 
periodontium is wet, hydrated tissue. It 
has been suggested that the dry/wet inter-
face should be the apical limit of a RCF 
material. This seems logical as any point 
beyond the interface would be exposed to 
the body’s defence mechanisms (and there-
fore amenable to apical healing). The RCS 
is relatively well protected by the dentinal 
layer and is therefore more inaccessible to 
the host’s defence mechanisms.25

The technique itself involves preparing 
the RCS to a point 0.5 mm short of the 
apical constriction (as determined by an 
EAL). The RCS is then dried. A paper point 
is selected which has a taper less than that 
to which the RCS was prepared. It is then 
advanced to the point where moisture is 
detected on its tip. A second point is then 
advance to a point 1-2 mm shy of the ‘wet’ 
length and checked for moisture. If the 
point is dry, it should be advanced 0.5 mm 
at a time until moisture is detected. Using 
this technique, it will be possible to detect 
the dry/wet interface and therefore the api-
cal limit of the proposed RCF. Although 
this technique is useful when managing 
teeth with open apices or abnormal apical 
anatomy, it cannot be used in cases where 
it is impossible to dry the canal (due to 
inflammatory exudate) or achieve apical 
patency. Furthermore there have been no 
prospective, controlled and blinded trials 
which have been carried out to verify the 
effectiveness of this technique.

BASIC PHYSICS AND  
CURRENT ELECTRICITY

An understanding of physics and current 
electricity is essential to appreciate the 
operating principles of an EAL. A number 
of terms and concepts in this field will be 

briefly discussed. For a full summary, the 
reader is advised to consult the works of 
Nekoofar et al.:11

Voltage (V): Also known as potential dif-
ference and measured in volts. It provides 
the driving force/energy to allow charged 
particles to move through an electrical cir-
cuit. It is therefore the driving force in any 
electric circuit. 

Current (I): Refers to the movement 
of charged particles (electrons or ions) 
throughout a circuit and is measured in 
amperes. Direct current (DC) refers to 
a fixed amount of current per unit time 
while alternating current (AC) refers to a 
phenomenon where the amount of current 
under investigation alternates over time.11

Resistance (R): Refers to a material’s 
ability to resist the movement of charged 
particles within it. It varies with the type of 
material under investigation and is meas-
ured in Ohms. The resistance of an object 
depends on three factors: its resistivity ρ 
(a constant value at a given temperature), 
length (l) and cross sectional area (A). The 
relationship between these three factors is 
expressed by the formula:

Equation 1: R = (ρ × l)/A
Clearly an increase in length or resis-

tivity will lead to an increase in resist-
ance while an increase in cross-sectional 
area decreases resistance. An insulator is 
a material that has a high resistivity and 
thus offers high resistance to the move-
ment of electrons or ions.11 The term ‘resist-
ance’ strictly applies to DC while the term 
‘impedance’ is reserved for AC. The latter 
is comprised of the resistance and capaci-
tance of the circuit under investigation.

Ohm’s Law: describes the mathemati-
cal relationship between all three compo-
nents required for an electrical circuit to 
function: 

Equation 2: V = I × R
By this equation, keeping the V con-

stant would increase the flow of I if the R  
is decreased.

Capacitor: this refers to any structure 
consisting of two conductive materials 
sandwiching an insulator (or a dielectric). 
It is able to store charge. The amount of 
charge it stores is called its capacitance (C) 
and is dependent on the nature of the insu-
lating material between the plates (the die-
lectric constant or ε), the distance between 
the conductors (D) and their surface areas 
(A). These features can be compared to 

an endodontic instrument in the RCS of 
a tooth, surrounded by the periodontium. 
Therefore a tooth also has the ability to 
act as a capacitor, a feature exploited by 
modern EALs. The relationship between C 
and its variables is shown by the equation: 

Equation 3: C = ε × A
                         D

THE TOOTH AS A CAPACITOR
A tooth can be compared to a capacitor. 
Dentine and cementum are insulators of 
current. The periodontal ligament (PDL), 
the AC and a file in the RCS are all conduc-
tors of electricity. Therefore an advancing 
file in the RCS and the PDL surrounding 
the radicular dentine will act as the con-
ductors in a capacitor. The dentine, cemen-
tum and any associated fluid or tissue 
within the RCS will act as the insulator of 
the system and will have its own dielectric 
constant (ε)11 (Fig. 4). 

This model (Fig. 4) represents a starting 
point upon which all EALs are based. An 
electrical circuit is formed that starts from 
the EAL, runs through a clip on an endo-
dontic file, through the root canal, through 
the AC, out the PDL and finally through the 
mucosa and onto a clip on the patient’s lip. 
The circuit is complete when the current 
returns to the device. EALs extrapolate the 
position of the file in the canal by measuring 
the resistance, impedance, capacitance (or 
some variant or combination of these) in the 
electrical circuit formed. An understanding 
of this can help the practitioner to optimise 
their use, understand their limitations and 
avoid errors that can occur.

DISCUSSION
This first paper has introduced the reader 
to the micro-anatomical features of the 
apical terminus and discussed how a 
tooth can function as a capacitor. This is a 
gross over-simplification of a highly com-
plex electrical network, as discussed by 
Meredith and Gulabivala.26 It does, how-
ever, serve as a useful model when under-
standing the mechanics of an EAL. These 
principles will be developed in the next 
paper where readers will be introduced to 
different EALs, their relative accuracies 
and methods to optimise their success in 
clinical practice.

The authors would like to thank Mr Colin Sullivan, 
Medical and Dental Illustration, Leeds Dental 
Institute for Figures 1, 2, 3 and 4. 
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