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Abstract

This thesis reports on an investigation into detecting two types of dental disease

with light and sound. Dental caries is the localised demineralisation of dental

enamel through the acidic by products of bacteria. If detected at an early stage,

this disease is reversible. Dental acid erosion is the irreversible loss of dental

material by an acidic environment, such as that in the mouth after consumption

of �zzy drinks.

Currently the most common tools that the dentist uses for the detection of

these diseases are a sharp metal probe, visual inspection and X-rays. All three of

these techniques are subjective and in the case of dental erosion, are hampered

by the lack of a suitable reference point on the tooth surface. The early stages of

dental caries manifest as subsurface lesions, which are unable to be quantitatively

detected using these methods.

In the �rst part of this work, we report on the development of a �bre optic

confocal microscope which makes use of miniature optics in order to record depth

pro�les through the tooth surface. A technique known as Principal Component

Analysis (PCA) is then used to compare these depth pro�les to a known set of

depth pro�les in order that a diagnosis can be made.

An optical resolution of 19.58µm was achieved, allowing for the detection of

early caries lesions. A set of excised teeth were used to test the system, and PCA

gave a sensitivity and speci�city of 0.96 and 0.9 respectively

The latter part of the work reports on a novel high frequency focussed ul-

trasound transducer as being suitable for measuring the thickness of the enamel

layer to within 10% of the total enamel layer thickness. This device was also

shown to be useful for the imaging of early caries lesions.
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1.1 Introduction

In 1728, Pierre Fauchard pioneered modern dentistry with his text entitled �The

surgical dentist�. In this book, Fauchard described how a dentist should verbally

greet their patients, and also how they should stand to operate to maximise

visibility. It can therefore be hypothesised that, as long as there have been

people practising dentistry, they have been using light and sound for the detection,

diagnosis and treatment of dental complaints.

As civilisations spread and lifestyles changed through the centuries, the range

of dental problems encountered by a clinician would increase. One would expect

that the range of tools to deal with these problems would also improve with

technological advances and discoveries. However, if one was to compare the tools

in common use in a modern dental clinic with those described by Fauchard in

1728, they would notice a large amount of similarities between the array of pliers,

screws and drills described.

That is not to say that the �eld of dentistry has been completely stuck in the

dark ages in terms of the tools available. The dental drill has also undergone

extensive improvements over the centuries, from the crude implements used by

neolithic tribes (Coppa et al., 2006) to the electric and air powered models in

common use now. Laser technologies have also be introduced to the dental clinic

as methods of removing diseased dental tissues (Featherstone and Fried, 2001),

and not to mention the growth in the cosmetic market.

Preventative dentistry however has not had such a growth. The dentist still

mainly relies on using his eyes and a metal probe known as an explorer in order

to detect dental disease (Hall and Girkin, 2004). The discovery of X-rays did

however give rise to a new technique for observing the inner structure of teeth,

albeit in a method that exposed the patient to ionising radiation. There has been

much work carried out over the last decades into new technologies for detecting

dental disease, however, the lack of an established quanti�able and safe tool shows
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that there is still work to be done (Pretty, 2006; Hall and Girkin, 2004).

This forms the motivation for this body of work. In this thesis the modalities

of light and sound shall be investigated as methods for detecting di�erent types

of dental disease. The dental diseases that will be investigated are that of den-

tal caries and dental erosion. Both diseases are widespread amongst the world's

population and neither have an established quanti�able tool available for their

detection. Dental caries, commonly known as tooth decay, is the localised dem-

ineralisation of tooth material through the acidic by-products of bacterial activity

(Selwitz et al., 2007). If it is detected in its earliest form, dental caries can be

treated. Dental erosion is the irreversible progressive thinning of the tooth mate-

rials through non-bacteria mediated action (Amaechi and Higham, 2005). This

could be through exposure to acidic liquids (such as �zzy drinks) or environments

(Jarvinen et al., 1991). The biggest problem in monitoring dental erosion is the

lack of a suitable reference point on the tooth surface for measuring the thickness

of the enamel. Both diseases shall be discussed in the following chapter in order

to lay groundwork before introducing the optical and ultrasonic techniques.

After teeth and dental diseases have been introduced and discussed, attention

shall be turned to developing a miniature optical system for the detection of

dental caries. The system is based on a confocal microscope system, except

that the pinhole has been replaced by a single mode �bre. Such a system has

already been shown to be useful for detecting dental caries (Rousseau et al., 2007),

however, the reported system made use of bulk optics to record high resolution

depth pro�les.

This work concentrates on the miniaturisation of the optics by investigating

GRIN and aspheric lenses for the purpose, before deciding on using aspheric

lenses. In order to compare the two lenses, a computer simulation is written

that models ray propagation through a GRIN lens. While this is a common

place method, much of the literature concerns itself with using the GRIN lens for
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imaging from multi-mode �bres. In this simulation, the GRIN lens is assessed for

its axial and lateral resolution when coupled to a single mode optical �bre. This

simulation was subsequently veri�ed with an experimental set up. The aspheric

lens is experimentally characterised in a similar set-up to the GRIN lens and

found to have a higher resolution capability. However, the resolutions obtainable

with the reduced miniature lenses are lower in comparison with the previously

reported system and therefore a new method of analysing the data is required.

For this purpose, this work introduces the application of principal component

analysis (Joli�e and Morgan, 1992) for analysing the one dimensional �bre optic

confocal microscope (FOCOM) data. Principal component analysis is a form of

eigen-decomposition whereby a large data set, for example that which makes up

a single FOCOM scan (over several thousand data points), is reduced to a much

smaller dimension vector. This vector is derived from the similarities of a known

set of FOCOM scans (in this case these scans are from healthy enamel) and allows

the computer to determine whether or not a new FOCOM scan is of the same

characteristics as a FOCOM scan from a healthy area of enamel.

After this technique has been established, a study is carried out using excised

teeth in order to demonstrate the system as a method of detecting inter-proximal

lesions in a safe and non-invasive manner. In this study, a �bre optic confocal

microscope operating in the near infrared is constructed utilising the miniature

aspheric lenses investigated previously. A set of reference scans from health and

lesioned teeth are recorded and the principal component model is derived from

these. Afterwards, a di�erent set of scans from sound and lesioned teeth are

recorded and these are compared to the model. It is shown that principal compo-

nent analysis is able to di�erentiate between scans of healthy enamel and scans of

lesioned enamel. This has implications for creating a device that is able to detect

lesions on areas of the tooth that are di�cult to visually inspect, such as in the

inter-proximal region.
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The rest of this thesis is devoted to a short investigation into using high fre-

quency ultrasound primarily for the detection of dental erosion. Ultrasound has

been investigated as a diagnostic tool for dentistry since the mid 1960's, however,

a clinical tool has still to emerge (Ghorayeb et al., 2008). Previous reports have

shown that it is possible to measure the thickness of enamel layers using ultra-

sound, but the resolution of the systems have shown to be the limiting factor in

the measurements (Huysmans and Thijssen, 2000). There have been reports into

using scanning acoustic microscopy at higher frequencies for characterising den-

tal tissues (Peck et al., 1989), however, this work incorporates destructive sample

preparation which reduces its applications in the clinic. The work presented here

uses a novel focussed high frequency (35 MHz) ultrasound transducer to produce

B-scan images of dental samples in order to bridge this gap. The thickness mea-

surements taken from this data set are shown to agree with the gold standard

technique of sequential grinding and imaging.

Another set of B-scan images were recorded using the novel transducer in

order to investigate its use as a method of imaging early dental caries. Excised

teeth that exhibited caries lesions were submerged in water and B-scans were

recorded. As expected, the caries lesions showed up in the recorded images as

areas of decreased re�ection intensity due to the lower acoustic impedance of the

lesion compared to the healthy enamel (Lees et al., 1970). This shows promise

for using the high frequency transducer in a non-invasive array based diagnosis

device.

1.2 Published work

The majority of the main results from this investigation have appeared in refereed

publications. A list is now presented.
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Figure 2.1: The tooth and its constituent materials

2.1 Introduction

In this chapter the biological properties and structure of the tooth will be dis-

cussed. The tooth is at the centre of this body of work and therefore it is im-

portant that a full understanding of its properties is appreciated. With this

knowledge it is then easier to introduce the concepts of disease in the dental

tissues and also the current methods of diagnosis and monitoring.

This chapter will start with an introduction to teeth and the materials that

they comprise, and then discuss the two diseases that this thesis investigates,

dental caries and acid erosion. A more detailed discussion of the optical and

ultrasonic properties will be given in the chapters reporting those investigations.

2.2 Teeth

According to Dorland's Medical dictionary for Healthcare Professionals, a human

has 20 primary (or deciduous teeth) which are replaced in later life by 32 per-

manent teeth. The primary function of teeth is for the preparation of food for
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the journey through the digestive system, although they are also used in com-

munication (both oral and visual) and aesthetics. Thus, with health and social

implications, it is very important for teeth to be taken care of. Teeth are arranged

in a semi-circular arrangement in the upper and lower jaws with teeth of similar

function grouped together (incisors for cutting, molars for crushing) in areas op-

timal for their task. As shown in Figure 2.1, the tooth comprises three calci�ed

materials (enamel, dentine and cementum) and a central chamber of connective

tissue (the pulp). The enamel and the dentine shall be discussed in detail, with

a brief note on the other structures to follow.

2.2.1 Enamel

Enamel is a crystal structure and is the hardest material in the human body. As a

material it is transparent in nature with the greyish-white or yellowish appearance

coming from the underlying dentine. While enamel is noted for its hardness, it

is also susceptible to breakdown from acidic environments. The latter will be

discussed in more detail when considering acid erosion as a disease.

The structure comprises elongated hexagonal hydroxyapatite crystals, around

25nm across and 100nm long, in a collagen based matrix (Habelitz et al., 2001;

Meckel et al., 1965). The crystals group together to form "prisms" which spread

out from their base at the dentine surface (Habelitz et al., 2001). The prisms are

separated by organic �uids and materials. It is these separations that facilitate

the transfer of nutrients from the external environment into the tooth in order to

keep the tooth healthy and functional.

In total, the enamel of the tooth is 92-96% inorganic matter ( the hydrox-

yapatite crystals), 1-2% organic matter (the collagen matrix), and 3-4% water

(Habelitz et al., 2001). The density of enamel is around 2.8-3.0g/cm3. The struc-

ture and make up of the enamel allows it to be the hardest material in the human

body (Habelitz et al., 2001). However, it should be noted that enamel is also
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very brittle (Meckel et al., 1965) owing to its high elastic modulus and low tensile

strength (Habelitz et al., 2001).

2.2.2 Dentine

The dentine material is a softer material, with a density of around 2.1g/cm3,

and has a yellowish appearance. Dentine is not an amorphous material but is

comprised of dentine tubules which spread out from the pulp chamber, up to a few

mm in length. The tubule structure of dentine is important as it allows nutrients

to be transported from the pulp to the dentine and enamel. The surroundings of

these tubules also comprise hydroxyapatite crystals in a collagen matrix. Dentine,

in total, is 70% inorganic material, 18% organic material, and 12% water

(Habelitz et al., 2001). It is the lower inorganic component which makes dentine

a softer and less brittle material than enamel.

2.2.3 Other components of the tooth

While it is the enamel and dentine which are of prime interest in this work, it is

helpful to mention brie�y the remaining tissues. The dentine material encases the

softer pulp cavity where the blood vessels and nervous tissue are located. As one

travels down the tooth from the crown towards the root, the enamel becomes pro-

gressively thinner until it reaches the dentine layer. Instead of exposed dentine,

the root includes a hard outer layer known as cementum. It is to the cementum

that the ligaments which hold the tooth in the gum and jaw are attached. If the

enamel and dentine layers are breached, then damage to the internal components

can occur. This is when pain and lasting damage can occur, therefore it is im-

portant to help the enamel and dentine to remain sound. What now follows is a

discussion on the two main diseases to a�ect the enamel and dentine: cycle and

erosion.
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2.3 Introduction to dental disease

From a �rst glance, the tooth may seem like a lifeless hard object, however, this is

not the case. The tooth is always undergoing chemical interactions which should

keep it healthy and functional. However, as with all biological materials, external

issues can disrupt these interactions and cause disease leading to loss of function

and where nerves are present, pain. The tooth is no di�erent and in this section

two such events will be discussed, dental caries and acid erosion.

2.3.1 Dental caries

The enamel and dentine are continuously going through a demineralisation and

remineralisation cycle which keeps the tooth healthy and strong. It is when this

cycle goes out of balance that dental caries, or more commonly tooth decay,

occurs. Dental caries is the localised destruction of the enamel and dentine tissue

by the waste products of bacterium (Selwitz et al., 2007). What follows is a

description of the pathology of the disease and current methods of detection and

diagnosis.

Dental Caries pathology

The tooth is a functional object utilised in part for digestion. After consumption,

remnants of foods are still present in the mouth, collecting on the tooth surface.

Plaque, which is an organic bio�lm composed of a mixture of bacterium, forms

over the surface of the tooth. Certain bacteria in the plaque feed on the sugary

components of the food remnants, producing acidic waste. This waste lowers the

local environmental pH of the tooth surface, and if this drops to around 4.6, the

enamel starts to dissolve. This occurs on the surface of the enamel to start with,

and the dissolved enamel then re-mineralises producing a semi permeable cap on

the lesion. If left untreated, the lesion grows with more and more material being
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Figure 2.2: The dental caries cycle

lost at a subsurface level and also at a higher rate than can be re-mineralised.

This is when a lesion is said to be 'active'.

After a while a cavity can occur when the cap over the lesion is breached. The

lesion also can propagate in a similar fashion through the dentine, resulting in a

hole straight through to the pulp and nerve. This is when pain arises.

An alternative scenario takes place if the bio�lm is removed during the early

stages of the caries lesion. By removing the bio�lm, more nutrients (such as

�uoride) can di�use through the enamel surface. This improves the chances of

the lesion re-mineralising and thus the material rebuilding, albeit with an altered

structure. If the lesion is observed to be being re-mineralised or reducing in size,

it is said to be 'arrested'. This cycle is shown diagrammatically in Figure 2.2.

Epidemiology and Aetiology of Dental Caries

While it is agreed that dental caries is a common complaint, there is a debate

to whether dental caries is pandemic or epidemic in nature (Edelstein, 2006).

The word epidemic comes from the Greek roots for �upon� and �the people�,

whereas pandemic refers to a disease that is upon all the people. The prevalence
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of caries has been investigated many times, and while most works agree that it is

a major problem, the characterisation between epidemic and pandemic remains

to be solidi�ed.

When comparing the epidemiology of dental caries between di�erent countries

the problem of subjectivity in the diagnosis arises. Di�erent researchers use

varying scales for characterising dental caries (Selwitz et al., 2007; Marthaler,

2004). One method of quantifying their prevalence is to use the Decayed Missing

and Filled Teeth (DMFT) index of severity (Al-Sadhan, 2006; Edelstein, 2006;

Marthaler, 2004). Using random sampling techniques, the DMFT value can be

inferred to produce a percentage prevalence for the population.

A World Health Organisation bulletin found that while 60-90% of school chil-

dren present dental caries, it is 'virtually universal' amongst adults (Petersen

et al., 2005). More localised studies from countries around the world present

similar �gures, for example in the USA dental caries is the most common chronic

disease of childhood (with a prevalence that is �ve times that of asthma) (Selwitz

et al., 2007).

European �gures are similarly high but, according to one review, showing a

declining trend (Marthaler, 2004) for childhood rates. This decline is thought

to be due to an increased awareness of dental health and hygiene, and higher

rates of dental clinic action (Marthaler, 2004). It should be noted that there is

an increased incidence of caries amongst the elderly, which can be seen as being

related to better dental health and hygiene causing people to keep their teeth till

later life (Selwitz et al., 2007).

Much has also been made of the e�ect on a developing country of the preva-

lence of dental caries. One study presented data spread over 14 years for Riyadh,

Saudi Arabia (Al-Sadhan, 2006). In 1987, dental caries had a prevalence of 59.2%

amongst schoolchildren. This had risen to 93.7% in 2000, with males showing a

higher DMFT value than females. The Saudi Arabian(Al-Sadhan, 2006) study
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also showed that in terms of the DMFT value, the decayed component (D) has

the highest in�uence in both groups (male or female) studied. The D value was

found to be lower in the rural areas than in urban areas; however the missing and

�lled (M,F) components were found to also be higher in the urban areas. While

this could be associated with di�erence in lifestyles and eating habits or diets in

the urban and rural areas, it also points towards a lesser number of treatment

options in the rural communities.

It is clear to see from the research that dental caries is a worldwide problem

that does not seem to be going away, despite a decline of incidence in some

demographics. It is therefore important to look at what is being done to diagnose,

monitor and ultimately treat dental caries.

Visual and tactile diagnosis of dental caries

The most common method of caries detection in the dental clinic is that of vision.

The dentist �rst and foremost uses a �highly evolved, continually re-adjusting sen-

sor� (Hall and Girkin, 2004), i.e. their sight (Selwitz et al., 2007), to observe any

irregularities on the tooth surface which may denote disease. In the early stages

of caries, the subsurface dissolution of the enamel causes changes in the optical

properties of the enamel producing 'white spot lesions' on the surface. These

are detected by drying the surface of the enamel, using air, and then observing,

sometimes with the aid of a mirror for posterior of buccal tooth surfaces. The

change in optical properties will be discussed in depth in a subsequent chapter,

but brie�y, the act of air drying serves to increase the relative refractive indices

of the caries lesion and the surrounding sound enamel.

In order to aid this technique, a metal rod known as an explorer is used

(Selwitz et al., 2007; McComb and Tam, 2001; Hamilton and Stookey, 2005;

Pretty and Maupome, 2004). This is a sharp tool which gives the dentist a

degree of tactile sensory information when observing a tooth. By prodding and
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dragging across the surface of the tooth, the clinician is able to use Radike's

method (Radike, 1972) of using the 'tackiness' and 'force of withdrawal' of suspect

areas to make a diagnosis (Hamilton and Stookey, 2005). However, as can be

gathered by the description, this is a very subjective method (Pretty, 2006) and

has a sensitivity of only around 39-59% in occlusal surfaces (Selwitz et al., 2007)

and other work has accused the method of having sensitivities of lower than 30%

(McComb and Tam, 2001). However, the same work also points out that with

expertise and speci�c training in the method, sensitivities over 60% are possible.

It has also been noted in the research that care should be taken when applying

pressure using the sharp metal tool so as to not damage the surface of the tooth or

implant foreign organisms (McComb and Tam, 2001). This view is also related

in a paper by Kuhnisch et al, 2007 (KÃ1
4
hnisch et al., 2007) in which it was

stated that "using a sharp dental probe for occlusal caries detection causes enamel

defects" and that it should be considered an inappropriate procedure.

However, it should be asked why a potentially dangerous tool is commonplace

in the dental clinic. As the standard tool of dentistry, it is taught in the den-

tal schools from the start of the course and the technique is continually re�ned

through the clinician's career (Hamilton and Stookey, 2005). A dental explorer

can be used without special sterilisation procedures or protective sleeves (Hamil-

ton and Stookey, 2005). In order to counterpoint the argument regarding the

transfer of disease by the tool, Hamilton points out that if this was the case one

would expect the problem to become obvious due to the number of teeth probed

every day.

In response to the claims by Ekstrand that the probe can cause microscopic

damage to the enamel surface, Hamilton argues that this damage is detected at

a magni�cation of x25 and is therefore of little consequence to the health of the

tooth. Furthermore, he points out that the work that has been published on such

damage is carried out on ex-vivo samples with no follow-up providing proof of
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a lack of remineralisation by the natural environment (Hamilton and Stookey,

2005).

It is easy to see though that the dental explorer only allows investigation of

the outer surface of the tooth in, at best, a minimally invasive way. In order

to gain more information about sub-surface lesions, the dentist can use X-ray

bite-wing radio-graphs.

An X-ray bite-wing radio-graph, as can be understood from its name is a

method of imaging the tooth using X-rays via a plate of photographic �lm, or

more recently a CCD array, inside a bite-wing (Wenzel, 2004). The photographic

�lm is held between the upper and lower jaw by the teeth and the patient is

exposed to X-rays. A two dimensional representation of the teeth in the jaws

is produced. Carious lesions are indicated by shadowing in the images. The

relative change in brightness between sound and carious enamel arises through

the reduced density of carious enamel. The reduced density givers rise to less

absorption at the lesion, allowing more x-rays to propagate through the tooth to

the photographic �lm (or digital camera), which darkens under exposure.

While the dental explorer technique works on a tooth by tooth basis, a bite-

wing radio-graph shows the full jaw with one measurement. The clinician can

then spend time interpreting the image without the patient being involved. This

has an advantage for patient comfort, whereby longer diagnosis times with the

dental explorer means longer time probing the patients mouth.

The technique has a low sensitivity in relation to detecting surface lesions,

around 50%, with a speci�city of around 80% (Selwitz et al., 2007). However,

for later stage lesions which have progressed to the dentine the sensitivity can be

up to 70%, speci�city around 70% (Wenzel, 2004). However, some reports have

put the sensitivity in dentine at around 40%(Selwitz et al., 2007), but agree on a

high speci�city.

It has also been stated that caution should be used when looking to use ra-
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diographs, and that they should not be used before clinical examination (Wenzel,

1995). Wenzel also makes mention of the fact that radiographs are not accurate

with later stage lesions, stating that "lesions shown in the dentine by radiographs

should be treated surgically". Another drawback to radiographs is in their lack

of ability to distinguish between active and arrested lesions (Selwitz et al., 2007;

Wenzel, 2004).

Electrical impedance measurements

The measurement of the electrical impedance of a tooth is emerging as a new

technique for the detection of dental caries. It relies on the relative changes

of electrical impedance between sound and carious enamel due to changes in

porosity and structure. Increased porosity creates pockets of ionic �uid, which

increases the electrical conductivity of the lesioned area (and conversely reduces

the resistance) (Longbottom and Huysmans, 2004). However, far from being an

imaging technique, the electrical impedance measures the bulk conductance of

the tooth as a whole and presents a reading to the clinician (Longbottom and

Huysmans, 2004).

The technique has been found to have a lower sensitivity to visual and tactile

diagnosis, but with a higher speci�city(Longbottom and Huysmans, 2004). This

is probably due in part to the technique only measuring a bulk value for each

tooth rather than being lesion-site speci�c. Due to the measurement coming from

the status of �uid inside pores caused by lesions, hydration is an issue, especially

after long periods of diagnosis (Longbottom and Huysmans, 2004).

2.3.2 Acid erosion

Whereas dental caries cause the loss of material from the tooth via bacterial

interactions and is initially reversible, dental erosion is the irreversible loss of

dental material without involving bacteria (Nunn, 1996). Dental erosion is an
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increasing problem with the change in dietary habits around the world. A key

example usually used of the problem is the perceived acceleration of erosion �gures

and the rise in the sales of �zzy drinks (Jensdottir et al., 2005; Zero and Lussi,

2005; West et al., 2001).

Pathology

In the discussion about the enamel of the tooth, it was stated that the enamel is

susceptible to breakdown in acid environments. The enamel of the tooth is able

to survive in environments down to around 4.6pH but when the surrounding en-

vironment becomes more acidic the enamel starts to dissolve. A good description

of the surface dissolution comes from (Zero and Lussi, 2005):

"Once in contact with the enamel, the acid with its hydrogen ion (or

with its chelating capacity) will start to dissolve the crystal. The un-

ionised form of the acid will then di�use into the inter-prismatic areas

of the enamel and dissolve the mineral in the subsurface region. This

will lead to an out�ow of tooth mineral ions (calcium and phosphate)

and subsequently to a local pH rise in the tooth structure in close

proximity to the enamel surface"

As stated, the erosion starts on the enamel surface, and if left untreated can

progress until the dentine is exposed. The dentine, being of a similar composition

to enamel also dissolves in acidic environments (Zero and Lussi, 2005). If the

dentine is left untreated then penetration through to the pulp chamber can occur,

leading to exposed nerves and pain.

Factors which contribute to dental erosion have been studied extensively and

can be classi�ed into two groups, namely extrinsic and intrinsic. The extrinsic

factors which are mentioned frequently in the literature include acidic foods (Zero

and Lussi, 2005; West et al., 2001), carbonated beverages (Jensdottir et al., 2005;

Zero and Lussi, 2005; Nunn et al., 2003; Jarvinen et al., 1991; Tahmassebi et al.,
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2006), sports drinks (Zero and Lussi, 2005; West et al., 2001), wines (Zero and

Lussi, 2005), drugs (Lussi, 1996) and citrus fruits (Zero and Lussi, 2005; West

et al., 2001; Nunn et al., 2003). Exposure to acidic work environments is also

mentioned(Zero and Lussi, 2005). Regurgitation through medical complaints is

commonly cited as an intrinsic factor (Zero and Lussi, 2005).

With so many factors in�uencing erosion in the worldwide population's mouths,

it is now a good idea to investigate how prevalent dental erosion is today.

Epidemiology of dental erosion

It is clear from the literature that dental erosion is an increasing problem (Nunn

et al., 2003; Nunn, 1996; Al-Dlaigan et al., 2001; von Fraunhofer and Rogers,

2004). Despite this, prevalence studies are still relatively rare in the literature

(Nunn, 1996) and those that do exist tend to look at erosion in adolescents (11-16

years old), and in some cases convenience samples (Deery et al., 2000) where they

are exclusively from dental patients (and therefore more likely to have disease)

rather than the general public. The tendency to use samples from adolescents is

for a number of reasons, but mainly that the teeth, while permanent, have only

been erupted for a few years. It is thus easier to infer relationships from the

dietary and lifestyle information gathered when monitoring the erosion (Nunn,

1996).

The results of a number of published prevalence studies carried out in the

UK are presented in Figure 2.3, where the increasing prevalence through time is

obvious. Nunn, 1996 concludes in her study that approximately half of children

in the UK su�er from dental erosion, with a higher prevalence in the North than

in London and the South East areas.

From this it is possible to infer a relation between socio-economic background

and prevalence of dental erosion. London and the South-East of the UK is a much

more wealthy area of the UK than the North. This relationship is shown in a
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number of other studies as well (Al-Dlaigan et al., 2001).Most of the literature is

agreed that one of the main culprits for the rise in the prevalence is the increase

in �zzy drink consumption (Nunn et al., 2003; Al-Dlaigan et al., 2001; von Fraun-

hofer and Rogers, 2004). Fraunhofer (2004) states that soft drink production has

increased �ve-fold over the 50 years between 1947 and 1997, and Tahmassebi

(2006) paints a similar picture with a 56% rise in the previous 10 years and a

projected rise of 2-3% over the years to come. Both studies found that there was

no di�erence between diet and regular versions of the same brand of cola drinks

as both contain an acidic component (Tahmassebi et al., 2006; von Fraunhofer

and Rogers, 2004).

Detection and monitoring of dental erosion

When discussing the detection and monitoring of erosion, it is useful to consider

two environments in which this task may be undertaken, namely the laboratory

and the clinic.

The detection and monitoring of erosion in the dental clinic is a very subjective

process, based on visual and tactile investigations to produce outcomes from

indices of wear (Al-Malik et al., 2001; Amaechi and Higham, 2005). Accurate and

reliable measurements are hard to come by due to the lack of a stable reference

point in the tooth (Azzopardi et al., 2001) and as such there is no diagnostic device

available for the early detection and quanti�cation of dental erosion (Amaechi and

Higham, 2005).

Indices which are used come in many di�erent forms, from the Smith and

Knight technique which uses putty impressions or photographs for continual mon-

itoring (Azzopardi et al., 2001; Grenby, 1996) to others which have �nely graded

steps in their diagnosis (Lussi, 1996). The use of photographs, however, is heav-

ily dependent on the environmental properties (light, position) and photographer

ability (Amaechi and Higham, 2005) and �ner steps tend to prolong diagnostic
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time and reduce inter-examiner agreement (Lussi, 1996). It has also been com-

mented that some indices for dental erosion are too generic in that they do not

take in to account aetiology and thus monitor tooth wear as a whole (Al-Malik

et al., 2001; Grenby, 1996).

Detection and quanti�cation of erosion in the laboratory is a much more

invasive task. Ex-vivo studies can utilise scanning electron microscopy, surface

micro-hardness techniques (Hannig and Balz, 1999; Kato et al., 2007), optical

methods and ultrasound. The latter two will be discussed in full in later chapters

of this thesis.

Thus, the detection of dental erosion in the clinical environment is an ex-

tremely subjective process reliant on indices of varying scales, skills of the clini-

cian and environments, resulting in di�cult monitoring. While in the laboratory,

erosion can be monitored in a quantitative manner, however, techniques are far

from non-invasive and sample destruction is common.

2.4 Conclusions

In this chapter, dental caries has been discussed and shown to be a highly preva-

lent disease a�ecting a large proportion of the western world's population. While

there have been investigations into various techniques for detecting and monitor-

ing dental caries, there are as yet no quantitative methods available to the dentist

in the clinic.

Dental erosion is an increasing problem in the western world, especially with

the change in people's lifestyles and dietary habit. Due to the lack of suitable

reference points on the surface of the tooth, there are no quantitative detection

or monitoring tools available to the dental clinician.
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2.4.1 Requirements for a diagnostic device

There are a number of requirements for a diagnostic device for the dental clinic.

What now follows is a brief discussion of a few parameters: resolution, penetration

depth, size or form-factor, clinician and patient comfort.

Relative to the human body, the tooth is a small object and as such the

changes brought on by disease are also small. Therefore, for detection, as high

spatial resolution as possible is required. With dental caries, lesions �rst visually

manifest as small white spots on the surface of the enamel, and therefore any

device for diagnosing early (reversible) caries should be able to localise to these

areas. This points towards spatial resolutions of less than around 50µm. These

lesions begin under the surface of the enamel and therefore a high axial resolution

(<50µm) coupled with enough penetration depth to image the full enamel layer

(up to a few millimetres) would be ideal.

Access to the front teeth is easy through the front of the mouth, however,

side and rear teeth have limited access. Therefore an ideal device should be small

enough to be manoeuvrable inside the oral cavity. This points to an active device

probe being of millimetres up to a centimetre in dimensions. A lesser dimension

being better with reference to observing the occlusal (inter-teeth) surfaces.

The smaller the device, the more comfortable it would be for the patient.

Patient stress levels are anecdotally high, and any device should be designed

to not increase these any more. This also points towards a perfect diagnostic

device being minimally invasive and simple for the clinician to use in order to

reduce 'in clinic' duration for the patient. With a view of simplicity, perhaps the

perfect device would only use intrinsic biological components for measurements to

reduce the pre-treatment for the patient. Such intrinsic components could be the

structures and chemical properties of the enamel and dentine (optical, ultrasonic

or electrical).

Now that the two main dental disease have been discussed, the rest of this
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thesis will investigate two di�erent modalities for the diagnosis of these. The

�rst modality to be investigated will be that of photonics, with concentration on

confocal microscopy for the detection of dental caries. Afterwards, attention shall

be turned to ultrasound as a method of detecting and monitoring dental erosion.



CHAPTER 2. TEETH AND DENTAL DISEASE 27

Figure 2.3: Prevalence of dental erosion in previous years
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3.1 Introduction

Now that an introduction to teeth and the diseases associated with them has been

given in the previous chapter, attention shall now turn to investigating methods

of detecting these diseases. The next four chapters are devoted to an optical

method based on confocal microscopy of detecting dental caries.

However, before describing how beams of light can be used to diagnose dental

disease it is advisable to discuss how light interacts with dental tissues. After

the basics have been laid down, the current 'new' optical technologies to aid

detection of dental disease will be discussed. Afterwards, the technique of confocal

microscopy will then be examined in depth and its implications for the detection

of dental disease. Finally �bre optic confocal microscopy will be introduced in

order to move towards a hand held quantitative device for the detection of dental

caries.

The electromagnetic spectrum is vast, going from radioactive gamma rays

all the way to long wave radio, however, the section of this spectrum that is of

interest to this thesis is the optical region of the spectrum which lies between

300nm (ultraviolet) and 1.5µm (near infrared). The nature of light is a large

topic, and outside the scope of this thesis, therefore this chapter will begin with

only a brief introduction to the �eld of optics.

3.2 The nature of light

The study of light, commonly known as optics, has a long and varied history,

centring on a disagreement between two models that were �nally joined at the

start of the 20th Century with the emergence of quantum mechanics. In the 17th

Century both Isaac Newton and Robert Hooke studied the behaviour of light in

separation. Newton explained his ideas using a particle based model whereby

light was composed of quantities of light known as 'corpuscles'. Using this he
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Figure 3.1: Electromagnetic �eld propagating through time with perpendicular
electric and magnetic �elds

was able to explain observations such as the spectrum of sunlight and refraction.

However, his model could not explain di�raction as seen in Young's two split

experiment where the patterns are seen when a beam of light is re�ected around

an object, giving rise to regions of light in areas where the particle model dictates

there should be a shadow.

Hooke's work concentrated on a wave model of light, and as such could ex-

plain di�raction using the idea of wave-fronts (as stated in Huygens Law). This

wave model could also explain refraction, re�ection and the spectrum (through

superposition of waves). Another key result which the wave model could explain

was the slowing down of light as it passed into a denser medium (the corpuscle

model predicted the opposite). The all encompassing nature of the wave model

meant that it was accepted by the scienti�c community and Newton's corpuscle

model was abandoned.

However, the wave model had the implication that light waves would need a

medium to propagate through and so the aether was proposed. Experiments in

the late 19th century by Michelson and Morely proved (through a failed hypoth-

esis) that the aether did not exist. This was a blow to the wave model but was

not enough to detract from the universal acceptance of the model.
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Around the same time, James Clerk Maxwell was able to explain the prop-

agation of light and its velocity of c through a uni�cation of the electrostatic

and magnetic forces. In this model, light is an electromagnetic wave, composed

of an oscillating perpendicular electric and magnetic �eld (as shown in Figure

3.1). Through his four Maxwell equations he postulated that the speed of light

would be dependent on the permittivity and permeability of free space. Through

experiment this was veri�ed and found that the value of c to be 299,792,458ms−1.

There is no di�erence between the region known as the visible spectrum to the

rest of the electromagnetic spectrum other than the human eye is tuned to detect

the waves of that wavelength band.

In 1905, Albert Einstein studied the photoelectric e�ect and noted that light

shone on a piece of metal could produce a current for which he would win a Nobel

prize in 1926. This current was proportional to the wavelength of the light and

not to the intensity of the light. This could not be explained by the wave model

and so the particle model re-emerged when Einstein postulated that light was

composed of 'quanta' of light which he called Photons, each with an energy of

E=hf, where h is known as Plank's constant (h=6.62606896E-34), and f is the

frequency of the wave. Through this theory a wave-particle duality of light was

proposed, and further established and accepted through veri�cation of Compton

Scattering.

And so, light is both a wave and a particle at the same time, travelling at

the constant speed of around 3x108 ms−1. What now follows is a discussion of

how these peculiar beams interact with matter, speci�cally the materials which

comprise the tooth.
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Figure 3.2: Optical interactions with matter. a) Transmission, b) Re�ection, c)
Scattering with transmission, d) Scattering with backscattering, e) Absorption,
f) Fluorescence with transmission and g) Fluoresence with backscattering

3.3 Optical properties of dental tissues

The fact that a tooth is visible to the human eye is proof that light interacts with

the materials. By considering the enamel and dentine as inhomogeneous materials

(considering the make up of biomaterials such as collagen and hydroxyapatite as

discussed in Chapter 2), it is possible to break the categories of optical interactions

down to three main groups either re�ection, scattering or absorption. With the

latter possibly leading to �uorescence. Each of these interactions shall now be

discussed with reference to the numerical properties of dental enamel and dentine.

Throughout the discussion, Figure 3.2 shall be referenced as a visual aid. In

this diagram, the black circles represent particles which absorb an incoming wave,

and the transparent circles represent scattering particles.
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3.3.1 Re�ection

Re�ection (Figure 3.2b) is a macroscopic event that occurs when a light wave is

incident on a surface of an object, or more generally when a wave is incident on

a particle of much greater dimension than the incident wavelength. The result is

a change in direction of the wave without any alteration in the energy of wave.

The amount of the wave which is re�ected (and, conversely, transmitted) by an

object can be calculated by the refractive indices of the materials. The refractive

indices of enamel and dentine are 1.62 and 1.45 respectively. By using the Fresnel

equation for the re�ection coe�cient

R = n1cosθ1−n2cosθ2
n1cosθ1+n2cosθ2

2

it is possible to calculate the amount of light that would be re�ected at certain

boundaries. This makes it possible to �nd out how much light is actually able

to get inside the tooth for observation purposes. For simplicity the assumption

of normal (θ1 = 0) incidence will be assumed. This allows the Fresnel equation

to be reduced to R = n1−n2

n1+n2
. For the air-enamel boundary the percentage of

re�ected light is calculated to be 6%, which means that 94% of the incident light

is transmitted in to the tooth. If we ignore other e�ects such as scattering and

absorption it can be calculated that when this light reaches the enamel dentine

boundary (or junction), 0.06% of the light is re�ected.

However, the e�ect of scattering cannot be totally ignored when discussing

optical interactions with dental materials. It is actually the e�ect of scattering

that gives rise to the tooth's colouration.

3.3.2 Scattering

In re�ection the incident wave is re�ected in one direction (through Snell's law),

however, there is an interaction whereby the incident wave is scattered in all di-

rections. Rayleigh scattering occurs when a wave of light's direction is changed
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through interacting with a small particle (of dimensions smaller than the incident

wavelength) or object inside an inhomogeneous material. Due to the relative size

of the particle to the wavelength, this process is very wavelength dependent.

However, if the dimensions are larger than the incident wavelength, then Mie

Scattering takes over and this wavelength dependence drops. One can see these

e�ects when considering the sky being blue (where only the blueish light, with a

shorter wavelength, is scattered), and clouds appearing white where Mie scatter-

ing causes scattering across all wavelengths.

In classical theory scattering occurs when the oscillating electric �eld of the

incident wave causes the electrons in the scattering particle to oscillate. Due

to this oscillation, radiation is emitted at the same frequency and phase as the

incident wave. Thus the scattering particles are seen to absorb the incident wave's

energy and scatter it in all directions, with no change in frequency (Tipler and

Llewellyn, 1999).

In single scattering, the direction of the wave is changed once. However,

multiple scattering is more common which can lead to transmission (Figure 3.2c)

where the wave continues to propagate in much the same direction as before

the scattering events, or backscattering (Figure 3.2d) where the net e�ect of the

individual scattering events lead to the wave propagating in the opposite direction

to that at initial scattering.

Studies have shown that enamel and dentine are weakly scattering materials,

with scattering coe�cients (the fraction of incident light scattered per unit dis-

tance) shown to peak around 270nm and a sharp drop o� above this. In the visible

region the reduced coe�cients have been measured to be 2.4cm−1 for enamel and

19.6cm−1 for dentine (Fried et al., 1995). It is thought that the scattering com-

ponent in the dental materials is the organic collagen matrix. This explains why

dentine, which has a lower percentage of mineral than enamel, has the higher

scattering coe�cient.
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Tissue {mu′s (cm1)
Enamel 2.4
Dentine 19.6
Aorta 40
Whole Blood 6.11
Skin 35.5

Table 3.1: Reduced scattering co-e�cents of biological tissues

A comparison of dental reduced scattering tissues against other biological

tissues (taken from (Cheong et al., 1990)) are presented in Table 3.1. One can

see that enamel has a lesser reduced coe�cient to tissues such as Aorta and Skin,

however, Dentine while still lower is more comparable. This is due to dentine

having a higher organic component.

Enamel and dentine has an ordered structure made up of tubules and has

been shown to exhibit light guiding properties (Kienle and Hibst, 2006). This

light guiding nature of the materials leads to important and useful properties for

disease detection and is shown in Figure 3.3.

In healthy dentine, light is guided through the tubule structure as shown in

Figure 3.3a. However, when disease occurs in the tooth, the tubule structure is

interrupted and damaged (as shown in Figure 3.3b) which leads to an increase

in scattering (due to an increased randomness in the biological contents of that

volume of material). This change in optical property can be observed as a relative

change in a collected signal to that of the surrounding sound enamel.

3.3.3 Absorption and �uorescence

Absorption occurs when an object stops a wave of light and converts the energy

into a di�erent form (Figure 3.2e). The energy is commonly released in the form

of heat but energy in the form of sound and light can also be produced. In

the latter, this is known as Fluorescence (Figure 3.2f and g). The energy of the

photon is absorbed by an object and then a lower energy photon is released.

Enamel and dentine are both weakly absorbing materials for much of the light



CHAPTER 3. OPTICAL TECHNIQUES FOR DENTISTRY 42

Figure 3.3: Incident light being scattered through a section of healthy dentine
(a) and diseased dentine (b)

spectrum. There is a noted absorption peak at 270nm (in the ultraviolet region)

for enamel (Spitzer and Bosch, 1975) which is useful for ablation techniques using

excimer lasers. However, the low absorption in the Visible and NIR regions of

the spectrum mean that these wavelengths can be used for diagnostic purposes

with a minimal risk of heating (and therefore damage). Spitzer (1975) concluded

that it was the biological component (the amino acids) of the enamel and den-

tine that were responsible for the absorption, which accounts for dentine having

a higher absorption coe�cient than enamel (ua=0.26mm−1 and ua=0.04mm−1

respectively) (Spitzer and Bosch, 1975).

Enamel is known to �uoresce when illuminated by 375nm light, emitting at 460

and 560nm, which is seen to be due to both the inorganic and organic components

(Stookey, 2004). Dentine is known to �uoresce in the red when excited by a

green light. This has been used in a technique for dental diagnosis which will be

discussed in the next section where modern technologies in the dental clinic using

optics are introduced.
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Figure 3.4: Schematic of an OCT system

3.4 Current optical techniques

There have been a number of new technologies investigated for use as dental

diagnostic technologies. What follows is a brief description of some of the optical

techniques and then a discussion on the advantages and disadvantages of these

techniques before introducing the reasoning behind the technique of microscopy

upon which the optics work in this thesis is based.

3.4.1 Optical coherence tomography

Optical coherence tomography (OCT) is a technique which utilises coherence

e�ects of light waves to produce high resolution images (Huang et al., 1991). An

OCT system is based upon the Michelson interferometer, as shown in Figure 3.4.

A wide bandwidth light source is passed through a beam splitter so that half

of the light goes to the sample to be imaged and the other goes to a reference

mirror.

Upon re�ection, these two light beams are combined and the resulting inter-

ference pattern is recorded on a photodiode. When the path di�erence (A-B in
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Figure 3.4) is equal to nλ, where n is an integer and λ is the wavelength of the

source, a maxima is recorded.

Therefore, as the reference mirror is scanned backwards and forwards, a series

of maxima are recorded which match up to locations of re�ecting objects inside

the sample.

A wide bandwidth light source is required so that the coherence length of

the illumination light is very short. If the coherence length was very long, the

reference mirror would have to move a very long distance in order to produce

a series of distinct maxima and minima. This would mean that the resolution

of the system would not be suitable for resolving objects and layers within thin

objects.

OCT has been demonstrated as a tool for dental imaging with depths of up

to 1cm attained (Colston et al., 1998). A further modi�cation to OCT which

records information about the polarisation of the returned light, in order to take

the birefringence properties of sound and caries enamel into account, has also been

shown to be a useful aid for distinguishing between sound and caries enamel.

OCT has the advantage of producing high spatial and axial resolutions with

large depth of �eld. This is in comparison to confocal microscope techniques (to

be introduced in a later section) where high resolution is at the cost of depth

of �eld, and to ultrasound which has a high depth penetration but poorer axial

resolutions. The main disadvantage to OCT is cost, with suitable light sources

that provide wide bandwidth costing tens of thousands of pounds.

3.4.2 Fluorescence based technologies

There are two types of applications of �uorescence when considering dental appli-

cations, Quantitative Light Fluorescence which operates in the ultraviolet and the

commercial DiagnoDent device which operates using red wavelengths. A short

description of both techniques follows.
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QLF is a technique in which the tooth is illuminated with visible blue light and

the resulting �uorescence is collected to form an image of the tooth on a computer

screen (Bjelkhagen et al., 1982; Amaechi and Higham, 2002; Angmar-Maansson

and Ten Bosch, 1987). A Green �lter is used to collect intrinsic auto�uorescent

photons (arising from the aminoacids tryptophan and tyrosine in the collagen

(KONIG et al., 1998)), and a red �lter is used to collect �uorescence that is

bacterially mediated(de Josselin de Jong et al., 2009).

Material loss, such as with a caries lesion, is associated with a drop in the

return �uorescence signal due to the lesion scattering the �uorescent signal (which

is thought to originate from the EDJ) away from the detector (as in Figure 3.3).

A caries lesion can thus be detected by imaging the whole tooth surface and

looking for areas of low return signal.

Using QLF with a green �lter also has the advantage over other techniques

that use the �uorescence seen in the red wavelengths (from bacteria by-products

with the �uophore porphoryn (de Josselin de Jong et al., 2009)) in that it may

hold information into the activity of the lesion (whether or not it is active or

arrested). However, the output from a QLF set-up still relies on the user to

interpret in much the same way as they would for an X-ray system which leads

to issues of subjectivity.

DiagnoDent (KaVo, Germany) is more like a FOCOM system in that it pro-

duces a numerical result from the resulting �uorescence after excitation from a

red laser light (655nm) source (Lussi et al., 2004). Caries lesions are detected

by an increased measurement of the returned �uorescent signal (in contrast to

QLF where a reduced signal signi�es a lesion). This increased �uorescence dur-

ing caries is thought to be from the bacterial by-products (through the �uophore

porphoryn (de Josselin de Jong et al., 2009)); with the increased bacterial activ-

ity that comes with dental caries, producing more of a �uorescent signal (Ross,

1999). However, the actual source of the signal is still up for debate (Pretty and
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Maupome, 2004).

However, the main disadvantage to this technique is the sample preparation

needed. The accuracy is known to decrease due to the presence of stains, calculus

(tartar), and even plaque and thus require a clean and dry surface (Pretty, 2006).

This does not pose too much of a problem in a laboratory environment where such

sample preparation can be considered routine. However, it should be noted that

the DiagnoDent has not been proven useful to detect arti�cially created caries

lesions through acid bu�ers, as these lack the bacteria that is thought to give rise

to the �uorescent signal(Pretty and Maupome, 2004).

3.4.3 Fibre optic trans-illumination (FoTI)

FoTI uses the principle of scattering in order to improve the contrast between

sound enamel and caries lesions in white light images (Davies et al., 2001). The

tooth is illuminated by a thin beam of white light and areas of caries produce

shadows through increased scattering, due to the break down of the tubule micro-

structure of the enamel. The technique has been shown to improve detection rates

when used alongside radiographs, however it has still to be taken up as a popular

diagnostic technique (Pretty, 2006), and is subjective.

3.4.4 Absorption spectrophotometry

It is well established that absorption of light is dependent on wavelength, and that

di�erent materials have di�erent absorption spectra. This is used by a number

of techniques to measure concentration of substances in materials. Blood oxygen

levels are routinely measured in hospitals by illuminating the thumb with light

in order to measure the relative absorptions of de-oxygenated and oxygenated

blood. This works because de-oxygenated blood is more absorbent below 830nm

and oxygenated blood is more absorbent above 830nm. By measuring the drop

in intensity of light as it passes through the blood, one can use the Beer law to
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calculate oxygen levels of the blood.

This method has also been applied in the mouth in order to diagnose pulp

vitality with recent modi�cations to allow for a clinical device. This works on

the premise that a non-vital tooth will have lower �ow of blood than one which

is vital, and therefore by measuring the amount of oxygenated blood in the pulp

chamber, one can see if the tooth is still being fed with new blood (Kahan et al.,

1996).

The absorption properties of enamel in the near infrared region have also been

shown to be useful for producing quantitative measurements of mineral loss by us-

ing a set-up similar to the QLF system described previously. Images are recorded

using a CCD while the tooth is illuminated by a 1310nm superluminescent diode

(SLED) (Jones et al., 2003).

Images from both trans-illumination and occlusal illumination can be recorded

allowing better localisation of the mineral loss. The study was investigating

the detection of dental defects, such as �uorsis, however, the ability to monitor

mineral loss (or by connection gain) with such a simple system is far reaching.

3.5 The need for a new technology

While all the methods mentioned previously use optics to detect dental caries,

none of the technologies (apart from perhaps QLF) produces a truly objective

and quantitative measurement of a caries lesions (Pretty, 2006). FOTI produces

photographic images of teeth with shadows due to lesions, however, the orien-

tation of the tooth is crucial and most practitioners who have tried the FOTI

technique use it as a second opinion with radiographs. There is thus a need for

a new device to remove the dependence on the use of ionising radiation as a

detection technique.

The DiagnoDent device is available commercially, however, unlike the QLF
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technique there is little scienti�c work published on the e�ectiveness of the de-

vice (McComb and Tam, 2001). The main problem lies in the fact that there is

little work into the correlation between the �uorescence response at 655nm and

enamel loss. The QLF technique has many papers published on the �uorescence

responses at 520-540nm but it is not possible to compare or infer the results to

the DiagnoDent. This is probably due to the fact that it is thought that Diagn-

oDent relies on the bacterial by-products of dental caries for the �uorescence, and

laboratory created caries lack these and instead rely on repeated acid bu�ering

to produce lesions. Neither QLF or DiagnoDent have been shown to be useful for

the detection of dentinal decay.

QLF produces numerical data as well as images of the teeth and lesions,

however, the data out is a surface plot of relative detected �uorescence. The onus

is still on the dentist to decide whether or not a lesion is to be operated on. While

QLF produces a correlation between �uorescence and enamel material in order

to produce a �gure for the depth of lesion, this information could be confused

between a larger lesion deeper into the enamel surface and a smaller one that

is closer to the surface. This would lead to a dentist needing to remove enamel

material until they are satis�ed that they have removed all of the diseased tissue.

Since the �uorescence is related to the relative amount of enamel material around

a site, this makes QLF redundant for monitoring the removal of a lesion when

enamel is being lost as well.

In order to address the need for a quantitative measurement tool of caries

lesions that is able to measure the depth of a lesion as well as its thickness for

monitoring purposes, the rest of this and subsequent chapters will investigate

the use of confocal microscopy for dental disease detection. Confocal microscopy

allows optical sections to be produced by rejecting out of focus light (Minsky,

1957). The technique has been shown to be compatible with dental tissues, and

an adaptation using �bre optics has been demonstrated (Rousseau et al., 2007).
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Figure 3.5: Image enlargement with a magnifying glass

In order to understand fully how this technique works, it is useful to introduce

confocal microscopy by considering the concepts of basic microscopy.

3.6 Microscopy

Microscopy is the observation of microscopic objects, and as such instruments

have been developed and used that produce an image of an object such that it

appears larger than the original object actually is. The simplest of these tools is

the magnifying glass (Figure 3.5). While this is simply a lens that produces posi-

tive magni�cation, it is useful to analyse the rays to understand how a microscope

works

Magni�cation is de�ned as the ratio of the angle that the image makes with

the optic axis (α0), to that of the object with the optic axis (α1) as shown in

Figure 3.5:

M =
α0

α1

(3.1)

For this, the paraxial region is the only one of concern, and therefore therefore

M =
tanα0

tanα1

(3.2)
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Figure 3.6: Reduced diagram of magnifying glass showing angles of interest.

Or, as can be seen from Figure 3.6,

M =
yid0
Ly0

(3.3)

The Gaussian lens formula is presented as

1

s0
=

1

si
+

1

f
(3.4)

and the magni�cation can also be written as

M = − si
s0

(3.5)

giving

M = (1− si
f

)
d0
d

(3.6)

If D is taken to be the power of the lens, de�ned as 1
f
, then the magni�cation

can be written as

M = (1 +D(L− 1))
d0
L

(3.7)

This shows a dependence of the magni�cation on the distance of the eye to
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Figure 3.7: Spherical aberations, with centre of confusion labeled C

the object, d0. This can be awkward to deal with in a practical environment.

Therefore it is useful to remove this aspect from the magnifying glass to allow a

more uniform magni�cation, along with comfort for the observer.

Also, it can be inferred that the magni�cation could be increased by decreasing

the focal length of the lens (Mα 1
f
). However, it is assumed that the rays are

paraxial and as such the angles made with the optic axis are very small (as seen

in the above derivation). A decreased focal length can be achieved by increasing

the curvature of the lens. This, however, also leads to larger angles with the optic

axis for rays further away from the optic axis. The result of this is that the focal

point is not a single point any more and is spread over a distance around the

main focal point, this is known as a spherical aberration.

As is shown in Figure 3.7, the rays which are further from the optic axis in

the lens have a greater angle of refraction, and as such meet the optic axis earlier

(P�) than those near the centre of the lens (P') . The area circled C is known as

the centre of confusion.

Spherical aberrations are not caused by the manufacture of the lens, but are

a result of the laws of refraction at curved surfaces. They limit the practical and

acceptable magni�cation of the magnifying lens to around x2 or x3.

Both of these problems (spherical aberrations and dependence of eye distance

on magni�cation) are reduced by the compound microscope (Figure 3.8), which

in simple terms uses a magnifying lens to produce a virtual image which an eye

piece then projects into the eye, producing greater magni�cation.
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Figure 3.8: Ray diagram of compound microscope
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Figure 3.9: An airy disc, produced in ImageJ by performing an FFT on a circular
aperture

This setup, while more complex, leads to greater magni�cations than are

possible in the simple magnifying glass system. However, it is not su�cient to

have in�nitely great magni�cation as there comes a point in which one does not

gain any more detail, such a limit is called the resolving power of the lens, or

optical system.

3.6.1 Resolving Power

An illuminated circular aperture, such as those in a microscope, will produce

a di�raction pattern known as an Airy disk, as shown in Figure 3.9. This in-

volves a bright centre spot with every increasing large circles of light around it.

The dimensions of the bright spot and the concentric rings is determined by the

diameter of the aperture and the illumination light, such that:

sin θ2 = 1.22
λ

D
(3.8)
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Figure 3.10: Numerical aperture of an objective lens

Where θ2 is the annular radius of the second dark ring, λ is the illumination

wavelength and D is the diameter of the aperture. Thus, for larger wavelengths,

the radius of concentric rings increases, and vice versa for the diameter of the

aperture.

The Rayleigh criterion relates this to the resolving power of a microscope

stating that

�Objects are just barely resolved if the centre of one di�raction pattern

coincides with the �rst minimum of the other�

This distance from the centre to the �rst minimum is equal to and therefore

the resolution of a microscope objective can be expressed as

resolution = 1.22
λ

NA
(3.9)

Where NA is the numerical aperture (Figure 3.10) of the objective lens, and

a higher value will result in a tightening of the Airy disks meaning closer lying

objects can be resolved. In physical terms, the numerical aperture is the sine of

the half angle of the cone of acceptance of the objective.
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As an example, a typical x20 magni�cation microscope objective will have an

NA of 0.41 which provides a resolution of 0.69 µm. The micro-structures of dental

enamel, as discussed in chapter 2, are of around 1µm in dimensions and therefore

it is possible to produce high resolution images of dental surfaces using such an

objective.

However, the main problem with this type of microscope is that sub-surface

imaging is tricky. There is no rejection of light in a compound microscope and

therefore if the focal point is positioned below the surface of an object, the out-of

focus light from the surface is still recorded leading to a blurry image. This is

explained diagrammaticality in Figure 3.11 where the microscope has been re-

placed by a single lens representing the optics. Light is emitted from a source

and propagates through a beam-splitter to the lens. There are then two re�ection

pathways shown in green (representing the surface re�ection) and red (represent-

ing the sub-surface object of interest at the focal point),

Both the green and red rays arrive at the photo-detector (PD) and are thus

recorded as part of the image. As can be inferred, it would be very di�cult to

distinguish between the two re�ection pathways since, in the real application, the

ray paths would not have the green and red colouring!

Confocal microscopy is an adaptation to microscopy which provides for the

out-of-focus problem. The rest of this chapter will deal with confocal microscopy

in view to produce a �bre optic based system for the diagnosis of dental disease.

3.6.2 The confocal microscope

Confocal microscopy was invented in 1957 by Marvin Minksy while working as a

Junior Fellow at Harvard (Minsky, 1957). A ray diagram of the concept is shown

in Figure 3.12, whereby a point source (Minksy used an emission lamp, however,

modern day set-ups use laser sources, for reasons to be discussed in a following

1http://www.microscopyu.com/articles/formulas/formulasresolution.html
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Figure 3.11: Signal collection in conventional micorscope.
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section) is emitted through a beam splitter. As with the microscope, there are

two main ray re�ection pathways, namely out of focus light and in focus light.

The key di�erence with a confocal microscope to a conventional microscope

is the small aperture which is placed over the photodetector. This is to reduce

the active surface area of the photodetector so that only light which is tightly

focused on the surface is recorded. As shown in Figure 3.12, light re�ected from

the sub-surface object of interest (illustrated in red) is focussed tightly through

the aperture and is thus recorded on the photodetector. The light re�ected from

the surface of the object (illustrated in green) is not adequately focussed when it

reaches the aperture and is thus blocked from registering all but a partial signal

on the photodetector.

Thus in a practical application with a semi-transparent object (at the source

wavelength), for example a cell, optical sections can be produced by moving the

focal point of the microscope through the cell and recording the re�ected, or

�uorescence, intensity from the focal point. Areas of di�erent optical properties

(due to scattering and absorption e�ects) at the focal point will produce di�erent

re�ection intensities, and thus subsurface images can be built up.

Image formation in scanning microscopes

Two dimensional optical sections are created by 'steering' the focal point in the X-

Y plane. The re�ection intensity is then recorded in a point by point manner. A

high NA objective lens will allow a sub-micron spot-size which will result in a high

resolution optical section being produced (Shotton, 1989). Three dimensional

images can also be produced by recording multiple X-Y sections at di�erent Z

locations (by moving the focal point through the cell for each section).
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Figure 3.12: Signal detection in confocal microscope showing rejection of out of
focus light.
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Figure 3.13: Exaggerated diagram showing lateral (a) and axial resolution (b) for
a Gaussian beam pro�le

Resolution

There are two types of resolution to be considered in a confocal microscope system

which is to produce three-dimensional images (lateral and axial). These are both

shown in an exaggerated fashion in Figure 3.13. The lateral resolution (Figure

3.13a) determines the detail in each plane and is basically governed by Rayleigh's

criterion as discussed previously. The axial resolution (Figure 3.13b) depends on

the confocality of the system and determines how 'thin' an optical slice can be

recorded.

The confocality of the system is determined by both the objective lens and the

pinhole of the system. The objective lens focusses the light down to a point, how-

ever, with any light beam, the focus will not be an in�nitely small point; instead

it will be an area of minimum beam-waist. The confocality is measured as the dis-

tance between the two points in the beam where the width, for a Gaussian beam

(such as that from a laser source) is equal to
√

2w0 . It is also mathematically

expressed as

b =
2πw2

0

λ
(3.10)

Where w0 is the minimum beam waist and is related to the lateral resolution

calculated from the Rayleigh Criterion. From this expression it is easy to infer

that a lens which tightly focuses the beam with a short focal length will thus
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have a short confocal parameter and thus be able to produce very thin optical

sections.

The second part of the system which controls the thickness of an optical

section is the pinhole at the photo detector. Most systems allow this aperture

to be varied in diameter from fully open (when the system would be acting in a

non-confocal way) to fully closed. The optimum size of the pinhole lets su�cient

light through that there is good contrast and also su�cient detected light in the

image recorded while keeping a good degree of confocality.

Making the pinhole less than w0 the system would in theory be highly confocal,

however, the small amount of light recorded on the photo diode may lead to very

poor images. In the other case, a pinhole much larger than the size of the beam

waist would lead to very bright images but at the expense of confocality. Thus

the choice of pinhole size is not trivial and di�ers between applications.

Applications of confocal microscopy

The ability of confocal microscopy to produce high resolution optical slices has

revolutionised the biological sciences and a full review would be outside the scope

of this chapter. It has been shown to be useful in ophthalmic applications for

rapid diagnosis (Masters and So, 2001) of complaints. There has also been work

published to show its usefulness as a skin imaging modality (Calzavara-Pinton

et al., 2008). The �eld of cell biology and imaging has seen a great deal of work

carried out with a good review being (Shotton, 1989). The detection of lung

cancer has also been investigated as a use for the technique (Lane et al., 2009).

Outside of the biological �eld, confocal microscopy has also been investigated as

a method of providing three dimensional optical storage for computers.
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Multi-photon confocal microscopy

For completeness, a word should be said about multi-photon confocal microscopy

and its application in dentistry. Multi-photon microscopy is a technique allowing

higher optical resolutions than conventional confocal microscopy. It acheives this

by utilising a non-linear e�ect known as energy doubling, whereby a �uophore will

only be excited where two photons of double the required wavelength are incident

at exactly the same time(Lin et al., 2011). The probability of this happening is

very low, and therefore it only occurs at the focal region of a high NA objective.

A pulsed laser is also used to increae the number of photons incident in the focal

region, and because collected emmited photon's can only result from this area,

an image can be built up with high spatial resolution.

This technique has been demonstrated for imaging carious tissues with thin

optical slices ( 0.35µm) up to 200µm below the surface of the tooth. A further

advance in this technique known as second harmonic generation has also been

shown to work in distinguishing healthy dentine from carious dentine (Lin et al.,

2011). This arises due to SHG's reliance on microstructure producing the non-

linear e�ect, with caries breaking down the dentine's collange �bre matrix (the

main source of the auto-�uorescence (Lin et al., 2011) at 375nm) and reducing

the collected �uorescence.

Due to the point-scanning method of building up the images, and the low

photon counts, multiphoton microscopy is still a lab-based method. Further re-

search in to video rate imaging techniques is required before it could be envisaged

in the dental clinic.

3.6.3 Summary

Confocal microscopy revolutionised biological sciences with the ability to create

high resolution three dimensional images. However, for in-vivo dental imaging,

the bulky optics for imaging lead to quite a disadvantage due to the limited
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space inside the oral cavity. The rest of this chapter shall concentrate on an

adaptation to confocal microscopy that allows depth pro�les to be recorded using

micro-optics.

3.7 Fibre optic confocal microscopy

The standard confocal microscope set-up has a few features which make it unsuit-

able for in vivo biological work. Namely the bulky optics required for beam scan-

ning and focussing. A �bre optic confocal microscope (FOCOM) is an adaptation

whereby the scan head is removed from the rest of the system by incorporating a

single mode optical �bre instead of a pinhole (Kimura and Wilson, 1991). This

allows for the separation and miniaturisation of the scan head into a hand held

probe.

3.7.1 Single mode �bre as a pinhole

In a conventional confocal system a pinhole aperture is used to distinguish be-

tween in and out of focussed light, with FOCOM a single mode optical �bre

(SMF) is used instead. The light is coupled into the �bre by focussing a colli-

mated beam of light into the �bre. Any light that is not collimated (and of the

wavelength for the �bre to operate as a single mode �bre) does not get su�ciently

focussed and is thus rejected.

The act of rejecting uncollimated light can be used on the 'exit' end of the

�bre to produce a miniature confocal microscope hand-piece as shown in Figure

3.14. Light exits the �bre and is collimated by the �rst lens. This collimated

beam of light is then focused by the second lens which acts as an objective lens.

Light re�ected from the focal point of the objective lens is collimated and thus

returned down the �bre, any other light is rejected, giving a confocal action.

A schematic of a typical FOCOM set up is shown in Figure 3.15. The laser
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Figure 3.14: A single mode optical �bre acting as pinhole in FOCOM.

is contained inside a box which also holds the initial �bre coupling optics and

photodetector. A �bre optic cable connects the hand piece to the rest of the

system. This has its advantages in that the �ne alignment needed for coupling

laser light into a SMF is contained inside a packaging and out of reach of a

non-technical user.

The performance of a FOCOM now depends on the SMF, collimating lens and

the objective lens. Figure 3.16 demonstrates the e�ects of the numerical aperture

di�erences between the SMF and the collimating lens. Figure 3.16a shows the

case where the numerical aperture of the �bre, NAfibre is greater than that of the

collimation lens, NAcollim. The light exiting the �bre is highly divergent and due

to the lower NAcollim value, not all this light is collected by the lens (illustrated

by the darker region of light leaving the SMF). Therefore the return signal will

be lower than if this light was collected and transmitted to the objective lens.

Such a set up is said to be lens dominated because the lens controls how much

light is 'used' (or collected) from the �bre (Dabbs and Glass, 1992).

The second case is if NAcollim > NAfibre, where a �bre dominated system

arises (Dabbs and Glass, 1992), as shown in Figure 3.16b. This time, all the light

is collected by the lens and collimated. However, the resolution of the system
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Figure 3.15: Schematic of a FOCOM system showing the separation of the laser
optics and the confocal hand piece

Figure 3.16: A single mode �bre acting as a pinhole can give either a) a lens or
b) �bre dominated system



CHAPTER 3. OPTICAL TECHNIQUES FOR DENTISTRY 65

su�ers in that the width of the collimated beam is less than if the lens had been

back�lled. This reduces the e�ective NA of the objective length and leads to a

longer confocal factor.

Thus the choice of lens for collimating the light output from the single mode

�bre should be a trade o� between an increased return signal intensity (for ex-

ample with a high power lasers) or a reduced optical slice thickness (if a low

powered laser is available). In the case where NAfibre = NAcollim there is a maxi-

mum intensity transfer between the �bre and the lens but the system is not truly

confocal (Dabbs and Glass, 1992).

3.7.2 Application to dental disease

The ability of FOCOM to detach the scanning optics from the rest of the confocal

system is of great use for the oral environment. This is of interest for the detection

of dental caries where subsurface lesions are an early manifestation of the disease.

The subsurface lesions have a di�erent optical property to sound enamel, and as

such produce a di�erent re�ection and backscattered intensity. By scanning the

focal point of a FOCOM system through a suspected area of caries and recording

the re�ection intensity at each point, a depth pro�le can be produced which shows

the front and back surfaces of the lesion underneath the enamel surface (Rousseau

et al., 2007).

What now follows is a description of a desktop FOCOM set up which has

been used to detect early dental caries. From this a discussion of its advantages

and disadvantages will arise and shall serve as a good basis for the following two

chapters where the miniaturisation of the scanning optics is discussed before a

miniature scan head is used to measure sub-surface caries lesions.
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Figure 3.17: Basic desktop FOCOM setup as demonstrated in Rouseau et all
(2007)

3.7.3 A �bre optic system for the detection of dental dis-

ease

Figure 3.17 shows the basic set-up for a desk-top confocal system which was

used by Rouseau et al (2007) to detect early caries lesions. The 808nm laser

light source (chosen due to the transparency of enamel at this wavelength (Fried

et al., 1995)) is coupled into a single mode optical �bre using a x20 objective

(L1 in Figure 3.17). The �bre is connected to a 2-1 circulator which acts as the

beam splitter, and also allows total con�nement of the laser light until the hand-

piece. The light exiting the single mode �bre was collimated using a 0.276NA

(L2 in Figure 3.17) objective and focused to a tight focal point using a x40

0.55NA objective lens (L3 in Figure 3.17). This objective lens was mounted on

to a translation stage which allowed it to be moved backwards and forwards at

a constant speed. The light that was re�ected is sent back into the �bre and

directed via the circulator to a photodiode for recording the re�ection intensity.

An optical chopper is incorporated in order to increase the signal to noise ratio,

and also to allow discrimination between re�ection from the sample and those

from the bare ends of the �bres.
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The work of Rousseau et al (2007) demonstrated that a �bre optic confocal

microscopy could be used to detect early caries lesions. However, the set-up used

still incorporated bulk optics for the scan head, and as such was not suitable

for in-vivo investigation. Therefore there were two aspects to consider for the

miniaturisation of this set-up: 1) the lenses incorporated as the collimation and

objective optics and 2) the method in which the objective optic would be scanned

backwards and forwards. The following chapter is devoted to the miniaturisation

of the hand piece and will discuss the choice of optical components and the

miniature scan stage. This will lead on to a subsequent chapter where the hand

piece is used for detecting dental disease.
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4.1 Introduction

Before any tool is suitable for the detection of dental disease in-vivo, the size

of the system must be optimal for entering the oral cavity. Previous work into

using �bre optic confocal microscopy has utilised standard desk-top optics, and

with most of the lenses being 2� in diameter (Rousseau et al., 2007), these are

unsuitable for use in the mouth.

This chapter therefore reports on the choice of the miniature lenses for use in

the oral cavity, where two choices of lenses are characterised and their advantages

and disadvantages are compared. The �nal choice is then utilised in the next

chapter to diagnose and detect dental disease in a miniature system.

The two types of lenses that shall be compared are Gradient Refractive Index

Lenses (GRIN) and aspheric lenses. In order to characterise the GRIN lenses,

a computer simulation is used before verifying the results with a desktop based

system. With aspheric lenses, the Rayleigh criterion and Dabbs and Glass method

(Dabbs and Glass, 1992) were used to calculate hypothetical resolutions and a

similar desktop based system to that of the GRIN veri�cation is used to verify

these.

4.2 Traditional Lenses

Traditional lenses rely on two properties to alter the incoming light wave. The

�rst property is the di�erence in refractive index of the lens medium and its

surroundings, which from Snell's law alters the change of the wave's direction by

n1 sin θ1 = n2 sin θ2 (4.1)

However, as can be seen by this equation, the direction is not altered for waves

incident to the normal of the boundary (if θ1 = 0, then sin θ1 = 0), therefore a
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Figure 4.1: Focusing with a traditional lens

second property of curvature is used. This means that for the wave incident on

the lens, most of the wave front is incident at an angle to the normal, causing

focussing. This can also be explained using Huygen's principle to say that the

curvature creates an optical path length di�erence between di�erent wavelets

incident on the lens as shown in �gure 4.1).

4.3 Aspheric Lenses

Aspheric lenses are a very common optical component, with applications ranging

from military view�nders to bifocal spectacles. They were �rst mentioned in the

9th century by the Muslim scientist Ibn Sahl who, through developing what would

later be known as Snell's Law, developed the shape of lenses in order to reduce

aberrations. Further work was carried out by Descartes and Huygens, although

this seems to be more from a trial and error method into polishing lenses to the

desired shape, rather than with any optics theory.

Aspheric lenses have a uniform refractive index and use a curved face in order
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Figure 4.2: The curvature of a traditional (a) lens compared to that of an aspheric
(b) lens

to focus light. Typical standard lenses have a curved face that is spherical and

therefore are subject to spherical aberrations as discussed in Chapter 3. An

aspheric lens �xes this issue by having a non-spherical curved face (as shown in

Figure 4.2), and therefore rays from the outer edges are re�ected in a di�erent

manner to those near the centre. These reductions in aberrations mean that,

under ideal conditions (full back-aperture �lling) the resolution provided by the

aspheric lens can be said to be di�raction limited.

There has been much work carried out in to aspheric lenses for confocal pur-

poses and as such the bulk of the theoretical aspect of this chapter focuses on

introducing GRIN lenses for confocal systems. Where the theoretical character-

istics of the aspheric lenses are needed, data sheets from manufacturers provide

ample information for estimating axial resolutions.

What now follows is an introduction to the various properties and character-

istics of GRIN lenses. A computer simulation of a GRIN lens material for the one

dimensional confocal application will be used to calculate the available resolution

of a speci�ed GRIN lens. After this has been discussed, an FOCOM system as

described in the previous chapter will be used to compare and contrast the GRIN



CHAPTER 4. MICRO-OPTICS FOR THE ORAL CAVITY 77

lens experimentally against an aspheric lens.

4.4 GRIN lenses

GRIN (Gradiated indice) lenses are an attractive option for this body of work

due to their size and form factor. Traditional lenses have a strong connection

between their size and their ability to collect and focus light, ranging from a few

centimetres on an optics bench to the meter diameters found in astronomical tele-

scopes. This body of work predominantly concerns dental imaging and therefore

the common environment for imaging is the oral cavity. This puts a limit on the

dimensions of the optics which can be used comfortably (and practically) for the

purpose.

GRIN lenses only use the refractive index property to focus light (Marchand,

1982). GRIN lenses come in two forms, namely Radial and Axial GRIN lenses.

The former exhibits a change in refractive index as a function of radial distance

from the optic axis, and the latter as a function of distance along the optic

axis. This creates an optical velocity gradient through the material, and due to

restrictions on the optical path length of di�erent wavelets, exhibits a focussing

of the wave. For this work, however, only radial GRIN lenses shall be considered.

GRIN lenses can be manufactured to be low diameter ( 1.8mm) glass rods,

much like a �bre optic cable. As will be shown, GRIN lenses can be produced to

facilitate use with �bre optics and remove the complex optical set-ups associated

with bulk optics.

4.4.1 GRIN Pro�le

As stated before, the property of the GRIN lens that allows for focussing is its

varying refractive index. In order to understand how this allows for focussing,

consider a rowing boat in a lake. If one is to row one paddle faster than the
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other, then the boat starts to change direction. With GRIN lenses, the change

in refractive index means that for light propagating through the medium, one

edge of the ray has a slightly increased speed and thus changes the direction of

propagation through rotation of the ray.tab:scattering

This refractive index gradient can be present axially or radially and it is the

latter that will be considered in this chapter. Through geometric ray optics, the

refractive index pro�le for a standard GRIN lens is found to be of the form

n(r) = n0(1−
r2g

2
) (4.2)

Where n0 the refractive index at the centre of the GRIN lens. The parameter

of this expression, r, is the distance away from the centre of the lens, and g is a

constant value which controls the gradient of refractive index.

As the ray propagates through the length of GRIN media, the pathway oscil-

lates around the optic axis due to the symmetry of the pro�le. This gives rise to

the intrinsic property of pitch.

4.4.2 Pitch

Due to the method in which they focus light, the length of the lens plays a part

in the action of the lens, as shown in Figure 4.3. As mentioned above, the path

of a ray through GRIN material oscillates around the optic axis. The 'natural'

length of a GRIN lens is the length in which the GRIN pro�le allows for one full

oscillation, this length has the lensing e�ect that takes a point on one face of the

material and images it to the other face. A GRIN lens cut to its natural length

is said to have a pitch of 1.

Other focusing e�ects can be produced by grinding the lens to di�erent lengths

to produce fractional pitches, for example, if the lens has a pitch of 0.5 (which

means it is half its natural length) then an object will be imaged inversely on the
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Figure 4.3: Diagram explaining the property of pitch for GRIN lenses

other face, as shown in Figure 4.3.

One useful pitch for work with optical �bres is that of 0.25, whereby a point

source on one face will produce a collimated output beam. For this work, a slightly

longer pitch of 0.29 is considered. This pitch allows a point that is slightly away

from one face to be focussed to a point that is external to the opposite GRIN

face, as shown in Figure 4.4.

4.4.3 Ray Tracing

In conventional ray tracing programs, the media in which light propagates through

are assumed to have homogeneous refractive indices. This allows easy application

of Snell's law and basic geometry for calculating the ray pathway. However,

as stated, GRIN lenses have an inhomogeneous refractive index, and as such a

di�erent method has to be incorporated.

One method is to use an iterative numerical integration scheme such as the

Runge-Kutta version 4 on a modi�ed Eikonal equation (Sharma et al., 1982).
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Figure 4.4: GRIN lens material with a pitch of 0.29

The Eikonal equation relates the optical path of a ray passing through a medium

to the refractive index of the medium, given by :

(∇L(r))2 = n2 (4.3)

Where L(r) is the optical path of the ray as it propagates through the medium.

n2 is the square of the refractive index of the medium. This equation is derived

using Maxwell's equations and a full derivation can be found in (Landis and

Seliskar, 1995). It is of note that in the derivation of the Eikonal equation, the

assumption that the refractive index in the medium is constant is never made,

and therefore this equation holds for a material with a varying refractive index.

The Eikonal equation can thus be adapted to be of use with a GRIN lens.

This is achieved by rearranging the equation into a di�erential equation which

can be solved using a numerical algorithm such as Runge Kutta. To start, a unit
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vector which points along the path of the ray, s, is de�ned such that

s =
∇L(r)

n
(4.4)

This can also be de�ned as

s =
dr

ds
(4.5)

where r is the displacement vector of the ray from the optical axis, and s is

taken to be along the path of the ray. And now this can be combined with the

expression of s to give
dr

ds
=
∇L(r)

n
(4.6)

In order to produce a di�erential equation that is solvable by a computer, it

is useful to de�ne an independent variable. For this,

dτ ≡ ds

n
(4.7)

is de�ned, where n is the refractive index along ds. Which can be applied to

the expression above to produce

dr

dτ
= ∇L(r) (4.8)

By di�erentiating (4.8) with respect to τ and substituting for (∇L(r))2 using

the Eikonal equation (4.4) , it is arrived at

d2r

dτ 2
=

1

2
∇n2 (4.9)

Where r is a three dimensional vector and as such, the above expression can

be written out as a set of three independent equations

d2x

dτ 2
=

1

2

δ

δx
n(x)2

d2y

dτ 2
=

1

2

δ

δy
n(y)2

d2z

dτ 2
=

1

2

δ

δz
n(z)2 (4.10)
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However, for radial GRIN lenses such as those used in this investigation, the

refractive index does not change with position along the optic axis, therefore,

d2z

dτ 2
= 0 (4.11)

Integrating with respect to τ to give

dz

dτ
= C (4.12)

Or, more usefully,

dτ =
dz

C
(4.13)

As well as the constant refractive index along the optic axis, the GRIN lenses

are radially symmetric, giving
d2x

dτ 2
=
d2y

dτ 2
(4.14)

Substituting for dτ to give

d2x

dz2
=

1

2C2

δ

δx
n(x)2 (4.15)

The Eikonal equation relates the refractive index of the medium to a path

along the ray's propagation which might not be parallel to the optic axis. However

for our simulation we are concerned with tracing a path along the optic axis, and

calculating the distance of the ray from the optic axis. This is exactly what

equation 4.15 describes. However, before it can be used the constant C must be

interpreted. By substituting equation 4.7 in to equation 4.13, we arrive at

C = n(x)
dz

ds
(4.16)

Where the refractive index n, has now been replaced by n(x), which is the

refractive index at radial displacement x.
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Figure 4.5: Diagram showing the relationship between ds, dz and and angle
gamma

As shown diagrammatically in Figure 4.5, and by (4.16), C is the projection

of the ray along the optic axis, and therefore:

C = n(x)
dz

ds
= n(c)cosγ (4.17)

Where γ is the angle that the ray (at radial displacement x) makes with the

optic axis. This gives the complete expression to be

d2x

dz2
=

1

2n(x)2cos2γ

δ

δx
n(x)2 (4.18)

Or, to put it in a form that can be solved using the numerical Runge-Kutta

method,
d2

dz2
= D(x) (4.19)

4.4.4 Computer simulation

In order to reproduce the ray's motion through the GRIN lens via an independent

variable, a numerical technique is used. The equation for the position of the ray

is modi�ed such that its result depends on the previous location (this being a



CHAPTER 4. MICRO-OPTICS FOR THE ORAL CAVITY 84

tuple of the position and angle the ray makes with the optical axis). A program

can then be written to step along the optic axis, iteratively calculating values

for this two-dimensional parameter, and therefore problem has thus been diluted

down to solving an ordinary di�erential equation.

As stated before, a common technique to be used in problems of this type

is that of Runge Kutta integration, in which the next value is calculated from

the previous and a mid point between the two. This has been re�ned to produce

Runge Kutta version 4 (RK4), in which the computer uses the original point, and

three in between points to calculate the next value.

The GRIN lens that shall be simulated will have a pitch of 0.29, a gradient

constant of g=0.332, and a length of 5.45mm. This is identical to the Nippon

Sheet Glass company (Melles Griot) lenses which were available to experimentally

verify the �ndings of the computer simulation.

Setting up of expression

By de�ning a ray vector, T, as before,

T ≡ dr

dτ
(4.20)

Since T is the same as before, its components are again the three optical

cosines (Sharma et al., 1982):

T ≡ dr

dτ
= n

dr

ds
= in

dx

ds
+ jn

dy

ds
+ kn

dz

ds
= in cosα + jn cos β + kn cos γ (4.21)

Which in the one dimensional case reduces to

T = kn cos γ =
dr

dz
(4.22)
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Or by substituting for dr with a numerical approximation

∆r = Rn+1 −Rn (4.23)

Where Rn is the radial distance at step 'n', and by substituting for ∆r with

dr, through (4.22) in the limit Rn+1 − Rn → 0, the next radial distance can be

calculated as

Rn+1 = Rn + Tndz (4.24)

Thus, the ray can be propagated along by successively estimating Tn+1. The

Runge Kutta numerical technique gives a method for doing this (Sharma et al.,

1982):

Rn+1 = Rn + ∆z(Tn +
1

6
(A+ 2B + C))Tn+1 = Tn +

1

6
(A+ 4B) (4.25)

with,

A = ∆D(Rn)B = ∆zD(Rn+
δz

2
Tn+

1

8
∆zA)C = ∆zD(Rn+∆zTn+

∆z

2
B) (4.26)

This is now a simple numeric problem for a computer to solve, using the initial

conditions that R0 is the distance of the ray from the optic axis, and T0 is the

original angle. D(r) is evaluated using the expression given above, as is n(r) in

order to �nd the refractive index at that point.

In order to simulate the action of a GRIN lens placed a distance away from a

single mode �bre, a series of ray propagations are calculated, numbered 1, 2 and

3 in Figure 4.6. Firstly, the ray is propagated from the single mode �bre to the

GRIN lens. This is a simple case of using Pythagoras to calculate (from the NA

of the �bre) the height in which the ray's extremity is on the GRIN lens.

The angle at which it enters the GRIN lens is calculated using Snell's law

for a boundary between air and the refractive index at that height in the GRIN
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Figure 4.6: Simulation of single mode �bre through GRIN material

lens. The Runge Kutta method is then used to propagate the ray through the

GRIN lens, incorporating values for the GRIN material's properties from the

manufacturer's data-sheet.

At the end of the GRIN lens, Snell's law is then used to calculate the exit

angle, before a �nal use of trigonometry to calculate the focal point position. The

focus was chosen to be where the ray crosses the optic axis. In order to create

a more complete image, several rays (5 in total) were propagated through the

system.

This process was repeated over a range of values for the �bre-GRIN distance

in order to characterise the e�ect of the �bre GRIN distance on the focal range,

spatial resolution and confocality of the system. The e�ect of increasing the

gradient constant, g, on resolution and focal length was also investigated.

4.5 Experimental characterisation of lenses

In order to verify the GRIN computer simulation, a tabletop FOCOM system

was constructed as shown in Figure 4.7. Light from an 808nm laser source was

coupled into a single mode optical �bre, making use of mirrors M1 and M2 for

alignment and lens L1( x20 Nikon objective) for focusing the beam in to the �bre.
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Figure 4.7: FOCOM system with GRIN lens objective

The objective lens of the FOCOM described in Chapter 3 was replaced with a

0.29 pitch GRIN lens (G1 in Figure 4.7). This lens was attached to the end of the

single mode �bre by means of a custom made glass holder, as shown in Figure

4.8. The GRIN lens was glued (using a UV cure glue) to one end of the glass

holder. The other end of the glass holder was designed in such a way that it could

be �tted to the FC connector of the �bre with scope to adjust the �bre GRIN

distance.

In order to investigate the e�ect of varying the �bre-GRIN distance, a mirror

was axially scanned using a micrometer sample stage from the end face of the

GRIN lens to a distance of 6 mm. The intensity from the re�ected light through

the FOCOM was recorded as a function of this distance for two separate �bre-

GRIN distances.

A modi�ed version of the tabletop system was created in order to characterise

the aspheric lens, as shown in Figure 4.9, with a major change being the addition

of a lock-in ampli�er, the reasons for which will be discussed shortly. The light

exiting from the single mode �bre is collimated by an aspheric lens (L2, NA=0.27)

and passed through an optical chopper ( 637Hz) in order to increase the signal

to noise ratio and to enable the discrimination of the required signal from back
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Figure 4.8: Glass holder for GRIN lens mounted on single mode �bre cladding.

re�ections from the �bre.

The chopped light is then focused by an aspheric lens (L3, NA=0.55NA),

acting as the objective, which is mounted on a motorised axial translation stage.

A signal generator drives this stage using a sinusoidal voltage output, allowing the

lens L3 to scan its focal point axially back and forth through a mirror typically

at around 1.8 mms−1. At this velocity, the lock-in ampli�er is averaging the

re�ected signal over roughly 1.8µm (calculated from the integration constant of

the lock-in amplifer) which equates to around 7 cycles of the chopper.

Light that returns from the focal point is then returned through the colli-

mation optics L2 and delivered to a photodiode (Thorlabs, PDA 101). After

signal processing through a lock-in ampli�er (Femtolabs) the resulting signal is

displayed on a digital oscilloscope (Tektronics) presenting the depth pro�le on its

display, and permitting the storage of the data to a USB memory stick, in the
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Figure 4.9: Desktop FOCOM system with aspheric lens.

comma separated value (CSV) text format, for transfer to a computer for anal-

ysis. Analysis was carried out using SCILAB on a Linux workstation running

Ubuntu Intrepid Ibex. Graphical representation of the data was later produced

using an OpenO�ce.org Spreadsheet.

In order to demonstrate that the FOCOM system was also capable of measur-

ing translucent objects, the mirror was replaced by a microscope cover glass slip

(thickness 160 microns) and FOCOM scans were recorded as with the mirror.

4.5.1 Results

Figure 4.10 shows the computer simulated ray trace of a ray through a piece of

commercial GRIN material (Nipon-Sheet Glass company, g=0.327,L=5.57mm).

A total of 10 rays (�ve rays, including an on-axis ray, were simulated and the

diagram uses symmetry to complete the image) are shown propagating through

free space from a single mode �bre, through the GRIN media and then propagat-

ing through free space to a focus point, determined to be 1.5mm from the output

face of the GRIN lens. The relationship between the focal length, axial resolution

and spot size with the spacing between the �bre and the GRIN lens is shown in
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Figure 4.10: Simulated ray path of light through GRIN media
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Figure 4.11.

Axial resolution is estimated from the computer systems by way of a 'focal

spread parameter'. This is taken as the di�erence in the position that the outer

most and inner most ray crosses the optical axis. From this point on, axial

resolution will be refered to as focal spread where the computer simulation is

concerned.

Figure 4.12 shows the results of increasing the gradient index constant, g, on

focal length and focal spread. As a convenient method of measuring the usefulness

of these values, a plot of the ratio of focal length to focal spread is also given. A

good imaging system will have a low ratio of focal spread to focal length, meaning

that many more unique data points can be recorded through the focal length.

Figure 4.13 shows the e�ect of increasing the gradient constant g on the 'pitch'

of the lens. A higher value of g means that the ray has a shorter periodicity of

motion as it propagates through the GRIN media, and therefore in order to

exit at the correct height and angle for optimal focussing, the material must be

shortened.

The experimental results of the relationship between the focal length and focal

spread is shown in Figure 4.14 where each curve is a separate measurement from

scanning a mirror through the focal point of the lens. The narrow continuous blue

trace shows the re�ection peak when the GRIN lens is positioned 750 Î1
4
m from

the �bre, and the dashed line shows that of a butt-coupled �bre (FGD=0 µm ).

The butt-coupled trace exhibits an asymmetric appearance due to the travel on

the micro-stage not being su�cient to record the full spread of the response.

A scan of a mirror recorded using an aspheric lens as an objective is shown in

Figure 4.15a, and that of a microscope cover slip is shown in Figure 4.15b. Figure

4.15a exhibits a single peak due to the front face of the mirror only,whereas �gure

4.15 shows a dual peak due to the front and rear face of the cover slip. The small

'ripples' in the leading peaks are manifestations of the axial airy disc pattern
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(a) Focal Length versus �bre grin distance

(b) Axial resolution versus �bre grin distance

(c) Spot size (FWHM) versus �bre grin distance

Figure 4.11: Simulated parameters of GRIN lens with varying distance between
�bre and GRIN lens.
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(a) Focal Length versus �bre grin distance

(b) focal spread versus �bre grin distance

(c) Spot size (FWHM) versus �bre grin distance

Figure 4.12: Simulated e�ect on parameters of GRIN lens with varying radial
pro�le.
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Figure 4.13: E�ect of varying g on ray path through GRIN lens
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Figure 4.14: Experimental results of testing the GRIN lens.

formed in a di�raction limited system. Their appearance is due to spherical

abberations and the alignment of the end face of the �bre with respect to the

imaging objective (Sheppard C.J.R, 1997).

In order to make a proper comparison between the two types of lenses, the

characteristics are shown in Table 4.1. The properties that are the most adequate

for the dental application are in bold text for clarity.

Lens Est. Axial Res'ln Axial Resolution Focal Length Diameter

GRIN, FGD=0mm >300 µm >1mm 5.5mm 1.8mm

GRIN, FGD=0.75mm 75µm 100µm 3.2mm 1.8mm

Aspheric 60.8 µm 33.1µm 2.9mm 3.2mm

Table 4.1: Table of estimated and measured parameters for a GRIN lens and
aspheric lens confocal microscope
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(a) Axial scan of a mirror

(b) Axial scan of 160um microscope coverslip

Figure 4.15: Experimental characterisation of aspheric lenses.
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4.6 Discussion

As shown in Figure 4.10, the rays leave the single mode �bre and propagate a

distance through free space to the GRIN lens. As expected, while propagating

through the GRIN material, the rays follow a curved path. At the other end of

the lens material, the rays are refracted again and propagate through free space

producing a focal point, 1.503mm from the GRIN lens. It should be noted, the

similarity between the output of this simulation and the theoretical ray paths

displayed in Figure 4.4.

It should also be noted that in 4.10, the material shown is only a small frag-

ment of the GRIN lens used. The diameter of the GRIN lenses used for the

practical study is 1.8mm, and shown is a diameter of around 0.5mm. This extra

material has been omitted for image scaling purposes. From the ray diagram it

is possible to say that a smaller diameter GRIN lens could be utilised for this

study if such a lens was possible since only a thin tube of the existing GRIN lens

is actually used for lensing.

The use of only a thin area of the GRIN lens has implications in the e�ective

NA of the system. If the �bre was more highly divergent, then more of the

material would be used for focussing and this would result in a higher e�ective

NA of the system, and therefore a higher resolution. However, the NA of the �bre

is linked to the intrinsic properties of the single mode �bre, and replacing the �bre

with another one would have implications in the confocality of the system and

choice of wavelength.

The e�ect of increasing the �bre GRIN distance on the focal length (and the

resulting spread of this point) is shown in Figure 4.11a. The data sheet that

the GRIN lens manufacturer provides shows a similar graph for focal length,

and this matches up with that presented in Figure 4.11a, verifying the computer

model. Both of the graphs presented in Figure 11 show an almost exponentiation

decrease with a slight bump around 0.4mm. It is thought that this is due to
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the accuracy of the integration routines being greater than the bit depth of the

computer running the simulation (Sharma et al., 1982).

It has been demonstrated that as the distance becomes longer (for example in

order to give the light exiting the �bre more distance to diverge and back�ll more

of the lens), the focal length becomes shorter (Figure 4.11a) and more tightly

focussed (Figure 4.11b). This has implications in the proposed use of a GRIN

lens for investigating dental disease. A long focal point is useful as that increases

the depth that can be scanned in a �bre optic confocal microscope setup, however,

as seen in the graphs this means a less tightly focussed spot. This reduces the

resolution of the scan that is possible with a useful focal lenght.

4.11c presents the e�ect of increasing the �bre grin distance on the spot size

of the GRIN lens. This is included for completeness as the application that this

thesis concerns itself with is of depthpro�les rather than imaging. From the graph

in 4.11c one can see that the spot size reduces with increasing FGD to a steady

state value of around 7µm. This gives high localisation to a measurement on the

tooth surface and would be suitable for measuring a lesion that presented itself

at around 20µm diameter.

The experimental veri�cation of the GRIN lens simulation backs up these

relationships, with a butt-coupled �bre producing a poor resolution with a long

focal length, and a longer �bre-GRIN spacing producing a higher resolution but

with a shorter focal length. This shorter focal length would not be a problem if

the resolution was higher. However, with a resolution of 100 Î1
4
m, one could only

record 20 useful data points through a 2 mm focal length.

It is noticeable from the graphs in Figure 4.11 that the resolution of a GRIN

lens system is less than 50 microns with a �bre GRIN distance of over 1 mm, and

that the focal length also changes between a �bre GRIN distance of 1 and 2 mm.

If the �bre was to be scanned axially to, and from, the GRIN lens face, this could

provide a method of scanning the objective focal spot with a stationary objective.
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However, the resolution provided would still be poor compared to the distance

that is being scanned, and once biological samples are considered aberrations

would make this technique di�cult.

As can be seen from Figure 4.12 if one was to obtain a GRIN lens with a

higher gradient index constant of 0.5 (and shorter length of 4mm), a resolution

of less than 50µm can be obtained with a focal length of around a millimeter.

However, the commercially available GRIN lens provides the best ratio of focal

length to focal spread for a given range of focal lengths.

As an estimate from the simulation, a �bre GRIN distance of 1.1 mm will

provide a focal point of around 2 mm with a resolution of around 50 µm. Using

bulk optics, a resolution down to a couple of microns is achievable. A reduction

in resolution by the GRIN lens is expected due to the lower NA values (0.54) for

the lenses than in the bulk objectives.

The axial full width half maximum of the mirror scan with an aspheric lens,

as shown in Figure 4.15a, was found to be 52(±0.08)µm. This is calibrated from

the cover-slip scan which provides a reference thickness measurement. The value

is then corrected for the bending of the optical cone as it propagates through a

boundary between refractive indices. Such a boundary causes a focal shift that

increases or decreases depending on the relative refractive indices.

This is higher in resolution to the theoretical axial resolution of a lens. The

theoretical axial resolution was calculated with an NAeff of 0.13 (due to the

�bre-dominated system) which gave a calculated value of 60.8µm. This value

arises from the spread of the light as it exits the SMF and is collected by the

collimating optics. An NA value of 0.13 was given for the SMF, from this it is

calculated that the diameter of the collimated beam is only 0.38 mm, giving the

reduced e�ective NA of the objective. Experimentally, it has been found that the

system has a slightly higher resolution than calculated, and this could be down to

the collimator producing a slightly wider beam diameter, resulting in a slightly
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higher e�ective NA.

This system only incorporates singlet aspheric lenses, and it could be envis-

aged that a specially designed doublet could be used to widen the beam before

the objective lens. This would increase the e�ective NA and allow for higher

resolutions up to the di�raction limit, which keeping the form-factor of the lens

system to a minimum.

One of the major advantages to using the aspheric lenses is the ability to

incorporate an optical chopper into the system. This allows a lock-in ampli�er to

be used which can increase the signal to noise ratio when investigating biological

samples. While an optical chopper could have been implemented with the GRIN

lens system, the blades of which would have to be incredibly small to be placed

between the lens and the sample. This would have been possible with a MEMS

device, but unfortunately this was not available in the scope of this work.

4.7 Conclusions

While GRIN lenses provide a confocal axial scanning ability, and their dimensions

are very suitable for use in the oral cavity, the resolutions provided are too low

to be useful for the early detection of dental disease where an early lesion may

be around 10µm in thickness.

Aspheric lenses theoretically allow a higher resolution with a similar focal

length and also the incorporation of an optical chopper. However, it has been

shown in this chapter that without a more complex arrangement of lenses, al-

lowing for beam widening, resolutions that are obtainable at this wavelength are

similar to the GRIN lens system.

In this chapter, it has been shown that it is possible to use miniature GRIN

or aspheric optics to produce a �bre optic confocal microscope similar to that of

(Rousseau et al., 2007). However, the resolution obtainable with this miniature



CHAPTER 4. MICRO-OPTICS FOR THE ORAL CAVITY 101

system has to be shown to be lower. This means that the data that is collected

with the miniature system is intrinsically poorer than that of the previous work,

and the interpretation of recorded scans much more di�cult.

The next chapter introduces a method of analysing one dimensional data

called principal component analysis. This technique will be applied in the subse-

quent chapter where the miniature aspheric FOCOM system is used to diagnose

dental caries.

The aspheric route has been chosen due to the incorporation of the lock-in

ampli�er allowing for better signal to noise ratios, and also for the hypothetical

di�raction limited improvements that could be developed. It is expected that the

results from using an aspheric lens setup would be applicable for a similar GRIN

based setup due to the similar resolution characteristics found in this chapter.
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5.1 Introduction

For a diagnostic tool to be successful, there must be a reduced emphasis on the

user to interpret the recorded data and an increase on providing clinically useful

quanti�ed data. This is because in simple diagnostic tools there may be a binary

set of relations in which a computer can test for a number of conditions and

provide an answer using logic. However, in biological situations, the problem is

much more complex where the data is not as clear cut, quantised and frequently

not logical.

It is important to consider that the end user of a medical device is more than

likely a non-expert in the technology, and therefore, will not have the familiarity

with the raw output data that someone who developed the device would. There

is therefore an interest in a method to allow a computer to interpret data at a

deeper, more statistical, level and provide the user with clear information suitable

to aid diagnosis.

This chapter introduces principal component analysis (PCA) as a way of aid-

ing the analysis of one dimensional data sets (Joli�e and Morgan, 1992). This

has relevance for this work because it allows a computer to be used to aid with

the interpretation of the data. Another motivation for using PCA is the reduced

resolution in the optical system when using miniature lenses as opposed to bulk

optics, however, such an analysis system would also be used with systems that

have the highest resolutions possible.

5.2 Principal components

In order to understand what PCA is it is useful to compare it to Fourier analy-

sis where a data set is decomposed into a series of sine and cosine components.

A complex wave form can thus be represented to some level of accuracy by a

much smaller number of coe�cients. The original wave form can then be recon-
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Figure 5.1: Decomposition of two shapes (a and b) into multiples of stars, circles
and squares.

structed through the addition of the original base components, multiplied by the

coe�cients.

PCA achieves a very similar result, except the principal components in this

technique are not trigonometric functions. Rather they are derived from the

similarities in the data and di�er between data sets. The original data can then

be interpreted by considering the coe�cient (or weighting) of each component in

order to attach meaning and relationships to the original data set. By using these

components, the interpretation of the original data can be a much simpler task.

This is shown diagrammatically in Figure 5.1 where there are two outlines

of complex shapes. If one was to try and describe the shapes, say over the

telephone, it would be very di�cult. However, if one notices that both shapes are

a superposition of a star, a square and a circle the task is much simpler. These

three shapes can be said to be the �Principal Components of the shapes� in Figure

5.1a and b.

Figure 5.1a is a shape that is composed of all three base components of the

same size, whereas 5.1b is only composed of a circle and a star that has been

enlarged by 50%. Therefore, if one knows the forms of the components (star,
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circle, and square), one can represent each shape as a simple three component

vector, i.e. this vector would be (1,1,1) for Figure 5.1a, and (1.5,1,0) for Figure

5.1b. In order to group objects that are similar, one can then plot these vectors in

a three-dimensional scatter plot. Due to the nature of the vectors, similar objects

will lie close together in such a representation. Of course, as shall be seen later,

more complex objects will require more than three dimensions and a new way of

interpreting the data will be required.

For most experimental datasets, the principal components are unknown and

therefore a method for �nding these is needed. This is exactly what PCA provides

by way of a covariance matrix. The next section describes the mathematics of

PCA and how the base components are found.

5.2.1 Mathematics

In linear algebra, for a matrix X, there exists a non zero eigenvalue, λ, such that

Xz = λz , where z is a non-zero vector known as an eigenvector of X. A simpler

way of explaining this is that there is a vector z, that when pre-multiplied by a

matrixX, the mathematical e�ect is to scale z by λ, the eigenvalue. The operation

of scaling does not change the direction of the vector z, only its magnitude.

For a square matrix of size N by N, there will be up to N discrete and non-

trivial eigenvalues and eigenvectors. Therefore the de�nition of the eigenvalue

should be written:

Xzi = λizi (5.1)

In this equation there are i orthogonal eigenvectors, zi, each with a corre-

sponding eigenvalue λi. In order to calculate the eigenvalues of X, an equation

known as the characteristic polynomial is solved. The determinant of a matrix

is a scalar and is a characteristic property of a square matrix, denoted det(X).

The characteristic polynomial equation is stated to be det(λI −X), which is of
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the order of N. The eigenvalues, λi, are found at the roots of this equation:

det(λI−X) = 0 (5.2)

It was stated before that the only result out of multiplying the vector zi, by X is

to multiply zi by a scalar. Therefore the set containing the vectors, zi, is a vector

space.

Furthermore, if the matrix is symmetric, then the eigenvectors are real and

provide a basis for the column data contained in the original matrix. This is

contained in the theory of eigen-decomposition, whereby a real, symmetric matrix,

X, can be represented as X = QΛQT , with Q being a matrix where each column

is an eigenvector of X. The matrix Λ is diagonal, with each entry being an

eigenvalue of X, for example


λ1 0 0

0 λ2 0

0 0 λ3

 (5.3)

This means that if one has a set of data that can be contained in a symmetric

matrix, the principal components of the data should be able to be calculated. Up

to this point, the discussion has been particularly abstract and so attention will

now be turned towards using a real data set.

5.2.2 Principal components of real data

In order to keep this chapter relevant to the rest of this thesis, this section will

deal with calculating the principal components of data that comprises a set of

one dimensional 'scans'. This is in keeping with the previous chapter's discussion

into �bre optic confocal microscopy and the data recorded with such a system,

and also with the work involving ultrasound latterly in this thesis.
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Figure 5.2: Formation of data matrix, A, from one dimensional FOCOM data

Figure 5.2 shows how a matrix can be built up from a number of one dimen-

sional data-sets. Each column of A, is one set of, say N, voltage measurements

over a period of time, with M being the total number of scans in the matrix A.

Thus, the �nal matrix A is an M by N matrix, and typically N�M.

However, the matrix A is not square since typically N�M, and there is no

guarantee that it will be symmetric. Therefore, in order to make use of eigenval-

ues and eigenvectors for principal component analysis of this data set, a further

treatment of the data is required. The aim is to produce a real symmetric square

matrix, containing information about the data in A. In order to achieve this, a

covariance matrix, C, is calculated for the matrix A.

5.2.3 Covariance Matrix

In order to introduce the concept of the covariance matrix, it is useful to create

a new notation for the matrix A, so that A = [φ1φ2 . . . φ3], where φi is the ith set
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of N measurements, x: 

x1

x2

. . .

xN


(5.4)

The covariance matrix, C, is a matrix whose entries are calculated from the

covariance between each of the columns inA with each other, such that the (i, j)th

entry of C is:

Cij = (φi − φ̄)× (φj − φ̄) (5.5)

In this expression, φ̄ is the average set of measurements in A. In order to

simplify this discussion, we can introduce the mean shifted matrix B such that

B = [φ1 − φ̄φ2 − φ̄ . . . φ3 − φ̄] (5.6)

The covariance matrix, C, can now be calculated as C = BBT , where BT is

the transpose of matrix B. The covariance matrix has the two required properties

of symmetry and being square by de�nition and therefore it is possible to calculate

the eigenvectors of C. These eigenvectors are, as stated before, a vector space

relating to the data in A. The data in A can thus be projected to this new space

and represented as a linear combination of the new basis vectors.

The next section shall explain an e�ciency problem with calculating the eigen-

vectors of C, and subsequently show the �nal steps in calculating the principal

components.

5.2.4 Computing eigenvectors and eigenvalues of C

Most mathematical software packages have the ability to compute the eigenval-

ues and eigenvectors of a given matrix, with the amount of processing power

required dependent on the matrix in question. The calculation of eigenvectors
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and eigenvalues is an iterative process across the matrix, with the characteristic

polynomial (5.2) solved.

The covariance matrix of a matrix B can be also de�ned as

C = BBT (5.7)

This matrix, C, is of size N by N, and therefore there will be up to N discrete

and non-trivial eigenvectors (i.e. N roots of equation 5.2). If we assume that the

number of measurements recorded in each column of B (the mean shifted values

of A) is to be very large, the time to calculate the eigenvalues and eigenvectors

will also be very large.

In order to reduce this time and make the process more e�cient, consider the

matrix BTB and it's eigenvalues, and eigenvectors vi, such that:

(BTB)vi = nivi (5.8)

The matrix BTB is only M by M in size, which by assumption is much smaller

than N by N, and therefore much quicker to compute. However, in order to relate

this back to the eigenvalues of C, consider the pre-multiplication of both sides

by B:

BBTBvi = niBvi (5.9)

Which by de�nition of C (5.7),

The result being that the eigenvalues, n, of BTB are equal to those of C, λ,

and the eigenvectors of C, ui can be found by ui = Bvi . This last calculation is

a simple task for any matrix based mathematical computer program or function

library.
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5.2.5 Making sense of the new set of axes

The �nal calculation in the last section produces a set of eigenvectors of C by

multiplying a set of vectors to the mean shifted data. It is these resulting vectors

that are the Principal Components of the data in B. Each principal component

is a column matrix of length N, and if plotted may look like a member of B (the

mean shifted version of A). Therefore it is possible to represent a member of A

as a set of weightings, w of each of the base vectors, u.

Γ = [w1, w2, . . . , wM ] (5.10)

This is known as projecting a member of A on to the new set, with Γi the

representation of φi in terms of these projection weights. This is easily done in

mathematical software by pre-multiplying the members of B with the transposed

set of principal components, Γi = (φi−φ̄)UT , whereU is a matrix made up of the

principal components, with each column being a separate principal component.

Furthermore it is possible to reconstruct a member of A from the weightings

with simple mathematical operations.

φi = (
M∑
j=1

wjuj + φ̄) (5.11)

It has been stated that for a square matrix of dimension M, there will be M

di�erent eigenvalues and eigenvectors, which means that for the new vector space

that has been derived there may be up to M di�erent dimensions in this space.

It is therefore important to try and reduce the number of dimensions as much as

possible in order to analyse the data easily.
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5.2.6 Recap

After all the mathematics in the previous section it is a good idea to work out a

simple method as to how one may apply PCA to a set of measurements for anal-

ysis. Before starting the PCA process, the data should be aligned to a common

point. This is in order that each row of the matrix A corresponds to the same

measurement across each of the scans in A. As an example, consider the depth

pro�les recorded using a FOCOM or ultrasound system. A set of scans could be

aligned so that the 'front' face of the material being scanned occurs at the same

point, say the tenth sample. In the matrix A, each member of the tenth row is

now a separate measurement of the same location through the material. After

this has been achieved, the mean set of measurements is subtracted from the data

set. The e�ect of this is to ensure the data set has a zero empirical mean and

allow for proper comparison with a minimised error due to approximating the

data.

The eigenvectors and eigenvalues of the covariance are now calculated using

the more e�cient method described above. The eigenvectors are multiplied to

the mean shifted data set to reveal the principal components, and �nally each

column of the mean shifted data set is multiplied to the principal component

matrix to produce a vector of the weights of each component in that column.

For analysis, the weights are used to measure distances between scans and

therefore their similarities. The coe�cients contained in the weight vector can

also be plotted as a scatter plot in order to visualise clustering along certain

principal components. It is this latter technique that will be used in the following

chapters regarding dental disease detection.
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5.3 Applications of PCA

The applications of PCA are widespread and multidisciplinary, and as such, a

review of the �eld would be well outside the scope of this chapter. For a complete

description of PCA and its applications, the book by Jolli�e (1986) is a popular

reference source.

Since PCA is just a multi-variate statistical technique, the source of the data

is not of any interest in using the technique. The basic idea of PCA is to take

a set of data with a large number of variables, and reduce these variables to a

number that is easier to interpret.

The ability of principal component analysis to represent a data set in terms of

a much smaller dimension vector of weights (along with the known components)

allows the technique to be used for image compression (Costa and Fiori, 2001;

Dony and Haykin, 1995). This is a lossy compression technique, but with the

appropriate number of principal components chosen, the e�ect can be worthwhile.

The application of principal component that created interest in the technique

for dental diagnosis was that of face recognition (Turk and Pentland, 1991). This

work by Turk and Pentland (1991) is heavily cited, perhaps due to the clarity of

the explanation of the PCA process which allows for the transfer of their ideas

across to other �elds and disciplines.

For face recognition, a set of known faces are used to create the principal

components, known as a set of 'eigenfaces'. These eigenfaces occupy a vector

space known as facespace (Turk and Pentland, 1991). A new face can be projected

in to this space, and using a distance measurement the technique can accurately

decide which person the new image belongs to.

If it is found that the new face is not close to any of the known faces, but still

with in a useful distance to the facespace, it is said to be an unknown face that

can be added to the model. If the new face lies completely outside the facespace,

then it is said to not be an image of a face. This technique is also useful for
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face recognition inside a larger image, perhaps for motion tracking or security

surveillance(Turk and Pentland, 1991).

It is not a complicated matter to use PCA with two-dimensional data such as

images (say, of size N by M) because the method requires that the image is trans-

formed into a one-dimensional data set. This is achieved by concatenating each

row of pixels to produce a long one dimensional data set of size 1 by NxM(Turk

and Pentland, 1991). This means that almost any modality of collecting data can

be used as a source for PCA so long as proper alignment of the data has taken

place. In the case of matching a face to a speci�c known face, this is usually

performed so that the eyes, nose and mouth are in roughly the same position in

each image.

PCA is very useful when looking at disease from a genetic point of view

where the data recorded can have hundreds of variables. Therefore PCA is used

to reduce this set of data to a much more manageable size and allow diagnosis to

take place. This technique has shown itself to be useful in genetic studies of lung

cancer (Polat and Gunes, 2008) where the genetic characteristics of the cancer

were investigated.

PCA has also been used for di�erentiation of cancerous and non-cancerous

tissue (Molckovsky et al., 2003) using an optical technique known as Raman

Spectroscopy where the data recorded is a set of peaks due to energy transfers.

Such data can have many thousands of data points, but only a few peaks in each

trace. Simple peak detection would not be the most e�cient method of extracting

information as the traces are made up of a superposition of energy transfers, and

as such some molecules may share similarities with others. PCA can therefore

be used to compare a new measurement against a bank of known traces from

molecules, in much the same method as face recognition.

In order to demonstrate the technique, this chapter will �nish with a short

example using principal component analysis to detect air bubbles in an ultrasonic
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Figure 5.3: Ultrasound set-up to collect B-scan image of steel block underwater
with bubbles on surface.

image of a steel block underwater. While the concepts of ultrasound will be

explained in full later in the thesis, this example is simple enough to explain

without an introduction to its mechanics.

5.4 Example: Using PCA to segment an Ultra-

sound Image

Figure 5.3 shows the set-up that was used in order to collect date for this simple

example. The ultrasound source produced a pulse of high frequency sound to-

wards the steel block, and then the re�ected echoes were recorded. The recorded

data is presented in Figure 5.4, where each vertical line of pixels in this B-scan is

an individual pulse-echo trace, known as an A-scan. In this B-scan image there

are 250 separate A-scans, with 2000 data points each.

Three A-scans are shown in Figure 5.5, each recorded after re�ection from a

di�erent material in the image. Figure 5.5a shows the re�ection from the steel

block, presenting itself as a large solitary pulse of ultrasound. Figure 5.5b shows

the re�ection from the steel block from an area in which there lies a bubble.

This presents itself as a large pulse preceded by a smaller pulse, which is due

to the re�ection of the ultrasound from the air trapped inside the bubble. The

third ultrasound A-scan (Figure 5.5c) shows the recorded signal where there is
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Figure 5.4: B-scan showing Steel block submerged in water with bubbles showing.
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(a) A-scan of Steel block submerged underwater

(b) A-scan of Steel block submerged underwater with bubbles

(c) A-scan of no target underwater

Figure 5.5: Choice ultrasonic A-scan's from steel block experiment
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Figure 5.6: First six derived principle components from ultrasonic dataset.
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Figure 5.7: Cumulative energy of principal components from Steel block data set.

no object for the ultrasound to be re�ected o�, as expected the A-scan exhibits

a very low re�ected amplitude with no major features.

By looking at the A-scans in Figure 5.5, a trained ultrasound user would be

able to say whether or not there was a bubble on the steel surface. The aim

of this exercise is to see whether or not PCA, as described above, can allow a

computer to detect A-scans with bubbles mathematically.

The �rst step in using PCA is to prepare the data. For this, each A-scan is

normalised and shifted so that the �rst point at which the signal rises above 25%

of the total height occurs in the same time sample in all the A-scans. After this

has been carried out for the data, the covariance matrix is created. With this

data set, the covariance matrix is 2000 by 2000 data points, which is very large

and would take even the fastest available PC sometime to calculate the eigenvec-

tors. As derived above, the eigenvectors are calculated, in mathematical package

Scilab, using the alternate method (with a matrix of 250 by 250 instead) and

then converted to the principal components using simple matrix multiplication.

The �rst six of these are presented in Figure 5.6.

The reason for only presenting the �rst six principal components is illustrated

in Figure 5.7 where the cumulative energy of each principal component is shown.
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Figure 5.8: First and second principal component weightings for steel block ex-
periment, showing segmentation of A-scans

As expected there is a sharp drop o� in energy for each principal component, with

50% of the cumulative energy held in the �rst 10 or so principal components. One

would expect the decrease to be exponential. However, this graph is not showing

a true exponential decay. It is believed that this is due to the normalisation

routine maximising the null signal (which is e�ectively noise) when there is no

steel block to be recorded, meaning that there is a lot of stochastic variation in

the last 83 A-scans.

Nevertheless, it is clear that the �rst six principal components (equating to

around 90% of the total cumulative energy) do exhibit features similar to the

A-scans presented in Figure 5.5. The �rst principal component shows similar

features to the A-scan (Figure 5.6a) of the steel block (Figure 5a), and the second

principal component exhibits dual peaks (Figure 5.6b), similar to an A-scan of a

bubble lying on the surface of the steel, as shown in Figure 5.5b.

The data can now be represented as a weighting vector of these principal
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components. It is this vector that allows the computer to interpret the data and

determine the content of each A-scan. By looking at the principal components

in Figure 5.6, it was possible to see similarities between steel A-scans and the

�rst principal component, and similarities between the bubble A-scans and the

second principal component. Therefore, one would expect that there would be

di�erentiation in the �rst two values of the weighting vector between these two

di�erent types of A-scan. In order to visualise this, a simple scatter plot is created

of the full data set, using the �rst component of the weighting vector as the X-axis,

and the second as the Y-axis. Such a plot is presented in Figure 5.8.

There are three main clusters of data points, and by relating each point in

the scatter plot to an individual A-scan that comprised the B-scan in Figure 5.4,

it is possible to group the visible clusters according to features. By doing this, it

is possible to discern that the group of A-scans in the top left hand side of the

plot come from the A-scans of the steel block. This is expected as by occuring

in this area in the graph, a reconstructed trace would have a large peak in the

trace (due to the large 1st component weighting), and no second peak (due to

the almost negligible 2nd co-e�cient peak, which contains the second peak due

to bubbles).

The group of A-scans occupying the lower right hand area of Figure 5.8 are

found to come from the areas of the steel block where bubbles have formed on

the surface. This large negative weighting of the second component is due to this

component presenting a dual peak form, and thus large weighting ampli�es these

in any reconstructed traces.

The last group of data points in Figure 5.8 are found to come from the area in

the b-scan where there is no object to be scanned. These exhibit a large positive

weighting of the �rst principal component, which in reconstruction would reduce

the size of the large negative peak in the �rst principal component trace (Figure

5.6a). From the scatter plot it looks as if there are more data points in the
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cluster belonging to this set than the steel set, however, this is just due to the

resolution of the scatter plot. The points associated with the steel block are

much closely grouped, due to the A-scans having much more similarity between

each other. The A-scans associated with the recordings of no object have a much

more random nature due to noise (which is ampli�ed during the normalisation

process), and these have a larger spread in the scatter plot.

What the scatter plot in Figure 5.8 does show is that given an A-Scan, the

computer would be able to determine if the scan came from the steel block or steel

block with bubbles by calculating its co-ordinates in this two-dimensional space.

The data supplied in this example were just a set of 1D recordings of voltage

against time, and the technique itself did not concern itself with the method

of recording. Therefore this has shown that the technique has applicability for

interpreting one dimensional data regardless of the information that it contains.

5.5 Conclusion

This chapter has introduced the technique of principal component analysis for the

interpretation of one dimensional data. Through the example of a simple ultra-

sound B-scan of a steel block underwater, it has been shown that the technique

can di�erentiate features in the image, without needing to know much about the

actual data.

In simple terms, the principal component analysis technique took the A-scans,

which were 2500 data points in length, and represented them in the form of two

data points (the x and y axis respectively). From these two data points it was

possible to detect what material was recorded in each A-scan.

The following chapter relating to the application of a �bre optic confocal

microscope for diagnosing dental caries will apply PCA in order to interpret

the data. The data recorded from the �bre optic confocal microscope is just one
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dimensional voltage against time, and so the example above using one dimensional

ultrasound data is transferable.
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6.1 Introduction

In this chapter, a �bre optic confocal microscope utilising miniature aspheric

lenses will be used to detect dental caries. Due to the assumption that the

eventual end-user will not be an expert in analysis one dimensional FOCOM

data, and the reduced resolution of the system compared with previous work,

principal component analysis will be used to interpret the data. Therefore this

chapter is to be seen as a culmination of previous chapters in to miniature optics

and PCA.

It is useful to recap brie�y what has been discussed before in order to best

understand the experimental investigation of this chapter. A �bre optic confocal

microscope (FOCOM) is a confocal microscope where a single mode optical �bre

acts as the pinhole. This allows the scanning optics of the microscope to be

detached from the rest of the system, and allows for greater miniaturisation and

suitability for the oral cavity.

Previous work has shown that the technique is useful for the diagnosis of early

dental caries. In this work, the lesions symptomatic of dental caries were shown

to present themselves as series of peaks in the recorded measurements. Healthy

tooth enamel presents itself as a single intensity peak, due to the refractive index

mismatch between air and enamel. A lesion classi�ed as a white spot lesion will

have a dual peak due to the mismatch between air, enamel, and then during the

course of the lesion, �uid and enamel. A brown spot lesion will present itself as

a messy series of multiple peaks due to increased scattering from the randomly

remineralised enamel structure.

The previous work made use of desktop sized optics, and while being able to

achieve high resolutions ( 3µm), the dimensions of the system made it unsuitable

for going in the mouth. As was shown in the previous chapter in to miniature

optics, aspheric lenses are a good replacement for the bulk optics and do produce a

confocal e�ect. However, due to the reduced diameter of the lenses which reduces
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the NA of the system, the resolutions attained are not as high as previously

reported. This means that from the start of using the system, the recorded data

is worse than in previous reports and therefore new methods of interpreting the

data are required.

Early on in this investigation, when faced with this problem, it was thought

that the parameters of the recorded traces such as the number of peaks, full

width half maximum and asymmetry (this is calculated by considering the peak

as two half-peaks, and calculating a FWHM for both then taking the square of

the di�erence) would be su�cient in order to make a diagnosis. However, these

parameters rely on the recorded peak tending towards a Gaussian approximation,

and especially in the case of brown spot lesions, this is not the case. In order to

carry out a more in depth analysis and comparison between the recorded scans,

it was decided that principal component analysis (as discussed in the previous

chapter) would be a good candidate.

With principal component analysis, each FOCOM scan is considered a large

set of random variables (in this case each variable is a voltage measurement for

a speci�c location in the tooth). The values of these variables, once measured,

produce the characteristic peaks of sound, white spot and brown lesions. However,

for each FOOM scan there are several thousand random variables, and many

contain little to no information. Principal component analysis serves to reduce

this number to a more manageable amount and allows the data to be represented

in a much simpler fashion to allow for easier interpretation of the data.

6.2 Methodology

In this investigation, a �bre optic system, similar to that of Rousseau et al.

(2007), is used to record depth pro�les through areas of enamel in clinically

extracted teeth. The aim of the investigation is to demonstrate the combination of
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miniature lenses and principal component analysis as a method for the detection

and characterisation of caries lesions.

Even though the idea is to create a system suitable for the oral cavity, the

system used in this investigation still makes use of a bulky translation stage for

axially scanning the objective. Once the limitation in the size of the translation

stage is conquered, the actual optics part of the system are transferable.

After recording the depth pro�les, principal component analysis is used to

produce a two dimensional 'map' of the recorded scans. From this, the clustering

of the recorded scans (similar to that in the previous chapter) will be analysed in

order to show the ability of principal component analysis to di�erentiate between

sound and lesioned enamel. In order to strengthen this model, a further set of

scans from sound enamel and lesions will be recorded and projected on to the

map.

6.2.1 FOCOM

In order to collect FOCOM scans for this investigation, a laboratory based system

was created similar to that of Rousseau et al. (2007). As shown in Figure 6.1,

light from an 808nm laser source is coupled into a single mode optical �bre,

making use of mirrors M1 and M2 for alignment and lens L1 for focusing. The

light exiting from the SMF is collimated by an aspheric lens (L2, NA=0.27) and

passed through an optical chopper ( 637Hz) in order to increase the signal to noise

ratio and to enable the discrimination of the required signal from back re�ections

from the �bre.

The chopped light is then focused by an aspheric lens (L3, NA=0.55NA),

acting as the objective, which is mounted on a axial translation stage. A signal

generator drives this stage using a sinusoidal voltage output, allowing the lens L3

to scan its focal point back and forth through a sample typically at around 1.8

mms−1. At this velocity, the lock-in ampli�er is averaging the re�ected signal
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Figure 6.1: Desktop FOCOM system with aspheric lenses for scanning dental
samples.

over roughly 1.8µm which equates to around 7 cycles of the chopper.

Light that returns from the focal point is then returned through the colli-

mation optics L2 and delivered to a photodiode (Thorlabs, PDA 101). After

signal processing through a lock-in ampli�er (Femtolabs) the resulting signal is

displayed on a digital oscilloscope (Tektronics) presenting the depth pro�le on

it's display, and permitting the storage of the data to a USB memory stick, in the

comma separated value (CSV) text format, for transfer to a computer for anal-

ysis. Analysis was carried out using SCILAB on a Linux workstation running

Ubuntu Intrepid Ibex. Graphical representation of the data was later produced

using an OpenO�ce.org Spreadsheet. Statistical analysis was undertaken using

the R programming language through the Rkward frontend.

6.2.2 Principal component analysis

One of the most important considerations of using principal component analysis

is to make sure that the data is suitably aligned. There is no standard method

for aligning the data from a FOCOM system, and so it was chosen that the data

should be aligned to the front face of the scan. In order to achieve this, each scan
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in the data set was normalised and then temporally shifted so that the �rst point

at which the scan rose above 25% of the total height was aligned to a common

point.

From this normalised and aligned data, the average FOCOM scan was cal-

culated and subtracted in order to produce the mean-shifted data set. This was

so that the mean of the total data set was zero and allows a useful covariance

matrix to be produced. In order to �nd the eigenvectors of the covariance matrix,

the more e�cient method (derived in Chapter 3) was used. Then, using in built

functions, the eigenvectors and eigenvalues of this matrix were then calculated

and sorted with decreasing eigenvalue. The important eigenvectors were chosen

from the energy contained in their respective eigenvalues and the principal com-

ponents of the data set were calculated by multiplying these eigenvectors to the

mean shifted data set.

Each FOCOM scan in the mean shifted data set was then projected on to

these principal components to produce a set of weightings for each scan. These

weightings were then used to analyse and represent the data in two dimensional

scatter plots in order to assess clustering and distances in this new set of axis.

6.2.3 Dental samples

A variety of teeth (incisors and molars) that had been removed for orthodontic

reasons were collected and stored in Thymol solution. Once ready to be scanned,

the teeth were removed from the Thymol solution, rinsed in water and then air

dried.

The tooth was then placed in the holder and then using the micrometer stage,

the area of interest (sound enamel or lesion) was brought towards the focus of the

objective using an infrared view�nder for assistance. Once a suitable trace was

displayed on the oscilloscope screen, the averaging function of the oscilloscope

was turned on (N=4) and the trace was stored to the USB storage device in a
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comma separated value format text �le.

Two sets of data were recorded for this study. The �rst data set contained

6 sound enamel and 6 lesion scans, it is from these data that the 'reference'

principal components are calculated. Afterwards, 17 sound enamel and 23 lesion

scans are recorded. These scans are then analysed using the 'reference' principal

components as an example of comparing 'unknown' scans to a known model, as

would be case when using such a device in the clinic.

6.3 Results

Figure 4.15a shows the average recorded FOCOM scan from a mirror, and Figures

6.2a and 6.2b show the recorded FOCOM scans from sound and lesioned enamel

respectively. All three scans have been normalised and aligned horizontally so

that the point at which the signal �rst rises above 0.25 (i.e. 25% of the peak

height) occurs at the same position.

This point of reference was chosen over the conventional centre peak-alignment

because where lesions are concerned, it is di�cult to choose a discernible peak

due to the random nature of the lesions reducing the 'Gaussian' approximation

of the recorded signal. In this method, the assumption is that the �rst peak that

rises above 0.25 is the actual front surface of the sample, with following peaks

due to subsurface structure.

The distribution of the FOCOM scans in FOCOM-space are shown in Figure

6.3, with the magnitude of each scan along the third principal component shown

in Figure 6.4. The scatter plot shown in Figure 6.3 includes the second set of

FOCOM scans that were recorded to verify the principal component model.
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(a) Axial scan of a sound enamel surface

(b) Axial scan of lesioned enamel surface

Figure 6.2: Typical dental sample scans from the FOCOM system.
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Figure 6.3: Distribution of weights of principle components from FOCOM data.
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Figure 6.4: Magnitude of weighting of third principle component in FOCOM scan
data

6.4 Discussion

In order to make the discussion easy to follow, the principal components that

have been derived using the reference scans shall be discussed �rst. Afterwards,

the 'test' scans shall be discussed.

6.4.1 Reference scan set

The scan shown in Figure 4.15a is an example of the simple test used to con�rm

that the confocal microscope is functioning properly (Zucker and Price, 1999)

and also in order to allow comparison of the biological scans. This mirror scan

has a FWHM of 52(±0.08)µm and is very symmetrical in shape, except for the

spherical abberation e�ects in the leading edge as mentioned in Chapter 4.

The scan presented in Figure 6.2a is that of an area of enamel that was visually

inspected and deemed to be sound enamel. This has a similar shape to the mirror

scan, except for a slight broadened FWHM of 54 (±0.08)µm. This is due to the

enamel not being an ideal re�ector, and due to the natural variation in the enamel

structure.
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Both the mirror and the sound enamel however are di�erent to the lesion as

shown in Figure 6.2b. This lesion shows a decreased signal to noise ratio, and

the appearance of a second peak behind the front face peak. This is due to the

light traversing an area of lower refractive index (water or air �lled) and the

encountering enamel again and thus the FOCOM detects the Fresnel re�ection

from this interface. The use of the FWHM as a measure of the 'soundness' of the

enamel is now more di�cult. The di�erence in the appearance in the lesion to

that of sound enamel and the mirror is easy to see from a viewpoint of someone

well versed in looking at FOCOM depth pro�les, the use of principal component

analysis is in order to see if the computer can be 'taught' to discriminate between

sound and lesioned enamel in less obvious cases.

The scatter plot in Figure 6.3 of the 1st and 2nd components of the weighting

vector for the reference FOCOM scans show a clustering of the sound enamel

scans near the mirror scans. This is as expected due to the similarity in the

shape of the FOCOM scans. It was shown using a Wilcox test that there was

only a small signi�cant di�erence between the 1st components of the reference

sound scan and the mirror (U=2, p<0.017), and 2nd components of the reference

sound scan and mirror scan (U=3, P<0.03).

FOCOM scans of lesioned enamel do not generally fall in the same location

in FOCOM-space as that of sound, due to the increased number of peaks in the

recorded FOCOM scan. Using the Wilcox test, it was shown that there is no real

signi�cant di�erence in the 1st component of the sound scan and the lesion scan

(U=0, p<0.001), but a large signi�cant di�erence in the 2nd component (U=38,

p<0.013).

There are however two lesion scans that fall close to the mirror scans in

FOCOM-space. One of these, labelled 1 on Figure 6.3, on inspection of the

notes taken when collecting the scan, it was noted that the lesion was very small.

Therefore, it might be concluded that the illumination from the FOCOM system
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missed the white spot lesion, or hit both lesion and sound enamel, and that this

is indeed sound enamel that has been scanned. This raises the need for a visible

light to be added to the FOCOM system so that a user can see precisely where on

the tooth the FOCOM is measuring, especially where small lesions are concerned.

The other lesion scan, labeled 2, falls further away from the mirror area in

the �rst and second principal components, but much further away on the third

component, as shown in Figure 6.4. The previously mentioned lesion scan has a

much smaller component in the 3rd principal component, which was comparable

in dimension to that of sound enamel.

This raises the question of the signi�cances of the various principal compo-

nents. By looking at the FOCOM scans of various points around the FOCOM

space (as shown in Figure 6.5), one can infer a set of relations between position

and features in a FOCOM scan. In the 1st principal component, one can see

that the width of the recorded FOCOM scan becomes wider as the value on this

component becomes more negative. This is backed up by looking at the widths

of the mirror scans that are at either extremity of the mirror scan clusters, where

the most negative mirror scan has a FWHM of 56.1µm, and the most positive

mirror scan has a FWHM of 48.9 (±0.04)µm. The average mirror scan sits in the

middle of this cluster, and as mentioned before has a FWHM of 52.2 (±0.04)µm.

By calculating the FWHM for the whole data set of mirror and sound scans

(lesions can not be approximated by a Gaussian), there is a strong negative

correlation (r=-0.98) between the FWHM and the position along the 1st principal

component. As the value on the 1st component becomes more positive, there is

increased 'activity' in the recorded FOCOM scan. This is thought to be related

to high frequency noise components in the recorded scans, which would increase

as the signal to noise ratio drops in the normalised FOCOM scan due to increased

scattering due to the lesioned enamel.

In the second component, it is noticeable that as this component becomes more
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Figure 6.5: Distribution of scan morphology around PCA space.
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negative, the number of peaks in the recorded scans increases, with scans lying

well below the axis having several 'wide' peaks. These traces are characteristic

of white spot lesions, as found by Rousseau et al. (2007). It was also calculated

that there was a strong correlation between the 2nd principal component and the

sharpness in the front rise of a FOCOM peak than with the back peak.

This may be useful for detecting defects in the enamel as lesioned enamel

would typically have a more asymmetric FOCOM peak than sound due to the

di�erence of materials in a lesion. In the early stages of the disease process

the surface enamel, although intact, is more porous with some loss of mineral

content, but not total loss of the rod like structure. It is believed that this is

what is indicated here. Potentially this is a very important measure in relation

to disease diagnosis and treatment planning.

The asymmetry of FOCOM peaks was calculated and shown to have a low

correlation to the 2nd principal component (r=0.04) and a higher correlation

with the 3rd component (r=-0.37). This weak relation is shown in the bar chart

in Figure 6.4 where the lesions typically have a larger magnitude along the 3rd

component. Sound enamel scans typically have a lower 3rd component due to a

smaller, but not negligible, level of asymmetry.

However, it is naive to try and relate a speci�c principal component to a mea-

surement that is normally used for comparing scans from the FOCOM, such as

FWHM or asymmetry. This is because the method of using PCA compares the

FOCOM scans is based upon the mathematical correlations in the scans as if

they were a one dimensional data set with arbitary units; the algorithm doesn't

know that the data is voltage measurements which may take on a Gaussian ap-

pearance. Therefore, while it is possible to state anecdotal relationships between

the components and 'visual' attributes, the true relation is hidden much deeper

in the samples.
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6.4.2 Test scan set

As shown in Figure 6.3, the second set of 'sound' enamel FOCOM scans lie to the

right of the reference set. This was unexpected as it was thought that they would

lie to the left of the mirror scans due to the mirror scan being the hypothetical

resolution limit of the system. AWilcox test shows that there is a small signi�cant

di�erence in the weighting of the 1st component between the reference sound

scan and the test sound scan (U=10, p<0.002). It is thought that this change

in position is due to the fact that the measurements were recorded on di�erent

occasions. However, it was shown above that the 2nd principal component holds

more signi�cance when di�erentiating between sound and lesioned scans.

As expected the lesion scans lie in a much more negative position along the

2nd principal component in Figure 6.3. There is a very large signi�cant di�erence

between the 2nd component weighting of the test lesion scans and the original

reference sound scans (U=139, P<0.0001). There is also a very large signi�cant

di�erence between the 2nd components of the test sound scans and test lesion

scans (U=407, p<0.0001). This shows us that the method is able to di�erentiate

between sound and lesioned enamel when using a reference set built up from

previously taken scans.

In order to calculate the sensitivity and speci�city of this technique, the 2nd

principal component was used. A threshold of -5 was chosen whereby any scans

with a 2nd principal component weighting of less than this were assumed to be

diagnosed as coming from sound enamel. Those scans that had a larger 2nd

principal component weighting than this were said to be diagnosed as lesioned

enamel. This was compared to the visual inspection notes of the tooth surface in

order to calculate the percentages of false positive and false negative diagnoses.

This gave the sensitivity of the technique to be 0.96, with 22 out of 23 sound

enamel scans correctly identi�ed. The sensitivity was found to be 0.9, with 26

out of 29 lesion scans correctly identi�ed.
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The current commonplace methods for the detection of dental disease have

been found to have lower sensitivity's than found here, with the dental explorer

technique being found to have a sensitivity of 0.39-0.59 (McComb and Tam, 2001)

and X-rays found to have a sensitivity of 0.5 (Selwitz et al. 2007). However, X-

rays do have a similar speci�city of 0.8 (Selwitz et al., 2007). In regards to

an emerging optical technique, the �gures for the FOCOM device are higher

than those that have been found for the QLF (sensitivity=0.68, speci�city=0.7)

technique (Pretty, 2006).

6.5 Conclusions

By developing a FOCOM with miniature lenses, it has been shown that it is

possible to detect dental caries by recording depth pro�les of areas of enamel and

classifying, or diagnosing, these using principal component analysis. Sensitivity

of 0.96 and speci�city of 0.9 have been calculated for this method by choosing a

threshold of -5 along the 2nd principal component.

This has immediate applications in detecting interproximal caries where visual

observation is di�cult due to the tight spacings between teeth. In such cases,

radiography is the prefered method of diagnosis. The FOCOM system would

allow the characterisation of the inter-proximal surface in to sound or lesioned

without the use of ionising radiation.

Such a system could be used by a dentist to make a more quantitative clinical

assessment as to whether an area of enamel is sound or not. If found to be

outside the area in FOCOM-space of the sound reference scans, the FOCOM tool

can then be used to make a measurement on the lesion to determine it's size

and activity as demonstrated in previous work (Rousseau et al., 2007). Further

work is now under way to miniaturise the scan head further, including optics to

increase the e�ective NA of the system, in order to produce a hand held scanning
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device for use in clinical trials.
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7.1 Introduction

In the previous chapters, optical interactions with dental materials have been used

to detect tooth decay. However, as good as the resolutions provided by microscopy

are, the technique does not have the depth of �eld needed to accurately monitor

dental erosion.

As stated in Chapter 2, one of the main problems of monitoring dental erosion

is the lack of a reference point in the surface of the tooth. Ultrasound solves

this problem by allowing depth pro�les to be recorded up to depths of several

millimetres, with a reference point arising in the form of the enamel-dentine

junction.

In order to understand how this works, this chapter will introduce the concepts

of ultrasonic waves, and in particular their propagation through and interactions

with dental materials. This will be useful for the subsequent chapter where ul-

trasound is applied as a technology for the detection of dental disease.

7.2 Ultrasonic waves

A wave, by de�nition, is the transfer of energy without the transfer of mass.

In the case of mechanical waves, it is the motion of particles in the medium

that propagate the wave. The particles themselves do not actually propagate,

they merely oscillate around their location. There are two classes of mechanical

waves, transverse where the particles oscillate perpendicularly to the direction

of the wave propagation and longitudinal where the particles oscillate parallel to

the direction of the wave propagation.

In materials, the longitudinal oscillation of particles creates a pressure wave

due to subsequent compressions and expansions of the material (as shown in

Figure 7.1). Sound is a classic example of a pressure wave propagating through

a medium (most commonly air) at a frequency that the human ear can detect.
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Figure 7.1: Longitudinal pressure wave in a material

Acoustic waves above the limit of human hearing are said to be 'ultrasonic' and

20kHz is commonly taken as the cut-o� frequency for audible waves.

7.2.1 Ultrasonic propagation

Ultrasound travels through a medium as a series of compressions and expansions.

The speed at which these actions can happen is dictated by the structure of the

medium. The wavelength of a sinusoidal ultrasonic wave is the distance between

a point of maximum pressure and an adjacent point of maximum pressure. It is

related to the velocity and frequency of the wave as

c = fλ (7.1)

The wave velocity depends on the compressibility of the medium (assuming it is

isotropic), a property known as Young's Modulus, Y,

c =

√
Y

ρ
(7.2)
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Where ρ is the density of the medium. It is important when considering diag-

nostic applications, where the wavelength partially dictates the resolution of an

ultrasonic measurement system, to take into account that the constant velocity of

ultrasound in an isotropic medium relates the wavelength to the frequency. For

a speci�c material a higher frequency means a shorter wavelength and, as will be

discussed later, leads to a higher resolution.

As longitudinal waves propagate through objects, it is common that they meet

boundaries of di�erent materials where the e�ects of re�ection and/or transmis-

sion can occur. These e�ects are due to the di�erence in the properties of the

materials leading to the concept of acoustic impedance. Acoustic impedance (Z)

can be thought of as a resistance to 'carrying the wave' by the material and is

de�ned as the product of the material density and the longitudinal wave velocity,

Z = ρc (7.3)

Since the acoustic impedance of a material governs the propagation of the ultra-

sound wave, the boundary between two materials of di�erent acoustic impedance

is very important. The Fresnel equation for intensity of re�ection coe�cients is

written

R =

(
Z1 − Z2

Z1 + Z2

)2

(7.4)

where R is the re�ection coe�cient, and Z1 and Z2 are the incident and subse-

quent materials' acoustic impedances. From this the amount of ultrasound energy

re�ected from (or transmitted through) a boundary can be calculated.

7.2.2 Ultrasonic pulses

Figure 7.1 shows a continuous pressure wave through a material, however, for

ultrasonic imaging applications it is a pulsed wave that is commonly used. In

order to understand how a pulsed ultrasonic wave may occur, consider a block of
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rubber attached to a rigid frame at each end. If one were to pinch one area of the

rubber and compress it, the rubber surrounding the pinched area would stretch

due to the whole volume rubber being �xed in size by the rigid frame.

This causes an area of compression (high pressure) and surrounding expansion

(low pressure). The elastic nature of rubber means that once the pressure is

removed from the pinched area it will expand back to its normal size. However,

it may over expand slightly in this re�ex action, causing the surrounding area

to compress. This compression/expansion action may repeat itself through the

rubber causing a pressure wave to propagate away from the original site of the

pinch.

These equivalent ultrasonic pulses are very useful for imaging because as a

single pulse propagates through a medium there will be re�ections and trans-

missions, due to di�erent objects made of di�erent materials, producing wavelets

that can be recorded. By measuring the temporal separation of these wavelets

and using the simple relationship between speed, distance and time, a linear map,

known as an A- scan, of these objects can be created. After a brief discussion

of how these ultrasound pulses are created, a generic ultrasound system will be

described which could be used to create such A - scans.

7.3 Imaging considerations

Before introducing the methods of generating ultrasound and its applications, it

is important to discuss the parameters that relate a useful ultrasound system to

its application, and how these come about in a practical manner. The parameters

to be discussed are axial and lateral resolutions and signal to noise levels.
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Figure 7.2: Axial resolution of an ultrasound transducer, adapted from Cobbold
(2007)

7.3.1 Resolution

Generally speaking the resolution of an ultrasound system depends on how small

the beam or pulse size is in relation to the object that is to be measured. The

lateral resolution of an ultrasound system is dependent on the width of the beam,

i.e., what is the size of the area over which the ultrasound energy is active. This

is related to the physical dimensions of the source of the ultrasound and to the

operating frequency of the ultrasound.

In terms of the axial resolution (the minimum resolvable axial separation

of objects (Cobbold, 2007)), this is similar to the Rayleigh criterion that was

discussed in the previous chapter on microscopy whereby the ability to distinguish

two closely placed objects was reliant on the beam properties. This concept is

shown in Figure 7.2 where a transducer at time to emits a pulse of ultrasound of

period T (seconds). There are two objects at position x and y, which re�ect this

pulse. The recorded pulse-echo trace is displayed below, where the return pulses

from the objects can be seen to occur at 2x
c
and 2y

c
.

It is said that these two objects can be resolved if the di�erence between these
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two times is greater than zero:

δt =
2x

c
+ T − 2y

c
> 0 (7.5)

If these temporal displacements are converted into distances, then one can see

that under this assumption, these objects must be separated by a distance that

is less than half the wavelength (λ = c
f

= cT ) of the pulse, as shown by

2x+ cT − 2y > 0
λ

2
< (y − x) (7.6)

7.3.2 Signal to noise ratio

The signal to noise ratio (SNR) of an ultrasonic system is the ratio of the received

signal amplitude to the background noise levels (Cobbold, 2007). It is very im-

portant to maximise the SNR of an ultrasonic measurement system because, if

the SNR is too low, useful information can be lost in the background noise of the

recorded data. The SNR can be stated as:

SNR =
Maximum instantaneous Signal Amplitude2

Noise Power
(7.7)

Under the assumption that the speckle noise can be neglected, and that the

background noise is white over the bandwidth frequency, δf , then it is possible

to show a relation between the transducer energy and SNR. The energy of a

sinusoidal wave is E = 1
2
TA2, where T is the period of the wave, and if the noise

power density is said to be N, then through substitution into (7.7) we get

SNR =
2E

TNδf
(7.8)

However, for accurate signal detection, the bandwidth of the system should

be twice the operating frequency, and so a simple relation between the energy of
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the signal to the noise density of the receiving electronics, given by:

SNR =
E

N
(7.9)

Therefore, one can see that in order to increase the SNR, the useful energy of

the signal must be maximised, while keeping the noise density of the receiving

electronics at a minimum.

7.4 Transducers and the generation of ultrasound

Ultrasound waves are just high frequency sound waves and as such the generation

of ultrasound is quite similar to the generation of sound. For low-frequency ultra-

sound, conventional speakers can be used, or even whistles (for example the high

pitched whistles used for training dogs). For imaging applications, higher fre-

quencies are desired for higher resolutions and di�erent techniques are employed.

Most modern ultrasound transducers employ materials which exhibit piezoelec-

tric properties. A material is piezoelectric if it shows a relationship between stress

and electric �eld. These materials can either produce an electric �eld under the

in�uence of stress and strain, or change their dimensions under the in�uence of

an electric �eld.

In order to produce ultrasound, the material is connected to a signal generator

which varies the electric �eld across the material. The direct relationship between

�eld and stress mean that the dimensions oscillate at the same frequency as the

generator. By choosing the frequency and orientation of the motion carefully, the

material can be made to disrupt its surrounding medium at ultrasonic frequencies

and thus emit ultrasound.

The �rst materials demonstrated to be piezoelectric were crystals, notably

quartz and Rochelle Salt, discovered in the late 19th century by Curie brothers.

Nowadays however polymers and ceramics are common materials for transducers,
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Figure 7.3: Focussing of an ultrasound beam using a) curved active face and b)
by using a multiÂelement array

such as PVDF and PZT.

A transducer can be made to focus an ultrasound beam in three ways, �rstly

with a curved active face (Figure 7.3a), secondly by using an acoustic lens, and

�nally by incorporating several individual transducers into an array as shown in

Figure 7.3b. In the former, the curved active face produces a curved wave front

which converges to a point after a propagation distance. The focal distance of

the transducer depends on the diameter and curvature of the active face. In the

following chapter a transducer making use of this focussing technique shall be

demonstrated for investigating dental samples.

The latter focussing technique of using an ultrasound array is much more

complicated and requires the elements to produce their pulses of ultrasound in a

phased manner in order to produce a time delay between wavefronts. In Figure

7.3b, elements 1 and 7 have been activated �rst, followed by elements 2 and

6, then 3 and 5 and �nally the central element 4. The focussing arises by the

resultant wavelets producing a curved wave front which converges to a point, as

shown in Figure 7.3b. In much the same way as this focusing, an ultrasound array

can also be used in order to steer an ultrasound beam in a speci�c direction.
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7.4.1 Ultrasound system

Figure 7.4 shows the two common ultrasound system set-ups. In the �rst, there

are two transducers where one transmits the ultrasound and the second receives

it. This is known as a through transmission set up. The second arrangement,

as shown in Figure 7.4b uses only one transducer whereby the transducer after

transmitting the ultrasonic wave, switches to receiving circuitry and picks up

any re�ected signal. This is known as a �Pulse/Echo� arrangement. The time of

arrival between the echoes and the velocity of sound in the material can be used

to determine distances to the objects causing the echoes. This allows ultrasound

to be used as a non-invasive imaging and measuring tool.

7.5 Ultrasound as a diagnostic tool

As is the case with many technologies, ultrasound emerged as a useful tool from

research carried out during wartime. Paul Langevin is widely credited as the

father of the ultrasonics �eld with his pioneering work into echolocation. Through

his work, he demonstrated ultrasound as a tool for locating submerged submarines

(Cheeke, 2002) and also showed it as a method for probing materials (Hendee

and Ritenour, 2002). However, it would not be until the Second world war that

Langevin's work would prove to be a useful and practical solution.

In the years between the two world wars, the Russian scientist Sokolov demon-

strated ultrasound as a tool for non-destructive testing applications (Hendee and

Ritenour, 2002). It was also around this time that ultrasound was being used as

therapeutic aid for cancers and physical therapy which was enabled by the era's

work into the development of high intensity sources (Cheeke, 2002).

The �rst example of ultrasound being used for a diagnostic medical purpose

was in 1953 at MIT, where engineers showed that the gall bladder was able

to be detected using a pulsed ultrasound system (Ludwig and Struthers, 1949).
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(a) Through transmission ultrasound

(b) Pulse-echo ultrasound

Figure 7.4: Modes of operation of an ultrasound system, a) pulse-echo and b)
through-transmission
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1954 saw work being carried out in Sweden where researchers used an ultrasound

system to monitor heart activity thus creating the �eld of echo-cardiology (Edler

and Hertz, 2004).

However, one of the earliest and most important papers in the �eld of ultra-

sonography came out of Scotland. In 1958 engineers at Babcock, led by clinician

Ian Donald (Donald et al., 1958) placed a bag of butchers meat underwater and

showed that an ultrasound system was capable of visualising the bones inside

the meat. This was followed up with more clinical applications (Donald and

Brown, 1961) where interfaces between body tissues were imaged in-vivo, and

such techniques are now common-place in hospitals worldwide.

With the improvement in technology since the early days of ultrasonography

in medicine, the number of di�erent applications has increased, the most well

known being the imaging of the foetus in order to monitor its growth. Other

applications include Doppler ultrasound for monitoring blood �ow (Aaslid et al.,

2009) and for monitoring of the placement of spinal injection needles (Galiano

et al., 2005). The vast number of applications of ultrasound in medicine is outside

the scope of this chapter. However, any textbook on biomedical ultrasound will

serve as a good reference such as that of (Cheeke, 2002) and (Cobbold, 2007).

In order to appreciate the di�culties in applying ultrasound to dental materi-

als, it is helpful to discuss the behaviour of ultrasound waves in these constituent

materials. Through this discussion, an appreciation should arise that the ob-

servation of the internal structures of teeth has more similarities to industrial

ultrasound than conventional biomedical ultrasound.

7.6 Ultrasound behaviour in dental materials

The nature of the materials in teeth raise issues in transfering the technique

from conventional biological applications to dentistry. One of the most obvious
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di�erences in dental materials to conventional biological tissues is that of size.

Teeth are typically much smaller than the usual targets in the medical ultrasound

�eld, such as foetuses and cancer tumours. Therefore consideration should be

made that higher resolutions are required in order to provide useful measurements.

It should also be appreciated that due to the hardness of the enamel and den-

tine, much higher velocities of ultrasound occur. Biological applications typically

use a �gure of 1540ms−1 for the velocity of ultrasound, whereas in the dental tis-

sues the velocities are much higher (venamel=6500ms−1, vdentine=4500ms−1) (Ng

et al., 1989).

However, one of the main problems in applying ultrasound to dental materials

is that of signal amplitude reduction due to acoustic impedance. With the con-

ventional tissue (Z=1.5MRayl), an ultrasound beam propagating from source and

through a standard coupling agent (Z=1.48 MRayl ) is incident on a waterlike-

tissue boundary. At this boundary the re�ection co-e�cient can be calculated

using the Fresnel's expression (Equation 7.4) to be 0.05%, meaning that 99.995%

of the ultrasound energy is transferred into the sample. Compare this to the den-

tistry situation whereby the acoustic impedance of enamel is much higher (Z=17

MRayl, taken from (Ng et al., 1989) than standard coupling agents, and it can

be calculated that only 29.5% of the ultrasound energy is transferred in to the

sample.

In order to record an A-scan from an ultrasound sample, one must be able

to record the pulse that has been re�ected o� internal structure and exited the

sample. In conventional biological ultrasound imaging, di�erences in acoustic

impedence between soft tissues result in only 5% of ultrasound energy being

re�ected to the detector. In the case of dental ultrasound, the enamel-dentine-

junction (EDJ) will re�ect around 8% the pressure wave amplitude.

From an application's viewpoint, the di�erence is that there are currently gel-

like coupling agents that bridge the gap between the transducer and soft tissue.
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This allows greater transfer of energy in to conventional soft targets, than with a

dental target where most energy is lost before entering through re�ection at the

surface of the hard enamel. There will be a short discussion on some research in

to coupling agents for the dental application in the following section on previous

work carried out in dental ultrasound.

The other loss mechanism for ultrasound is that of attenuation, however, this

e�ect is much lower in dental tissues than biological tissues due to the ordered

microstructure of the dental materials (compared to the non-homogenous tissue

structure). Also, the e�ect of attenuation is a function of depth, and the dimen-

sions of a tooth are generally smaller than that of conventional biological targets

so the e�ect is reduced.

7.7 Ultrasound as a diagnostic technique in den-

tistry

7.7.1 Introduction

Although ultrasound has been explored for diagnostic applications in medicine

since the mid 1950s, it has not developed into a mature diagnostic technique

in dentistry. In the early 1960's it was shown that dental structures could be

observed using ultrasound. However, further work has been sporadic despite

ultrasound images having been utilised in both the longitudinal and transverse

modes for probing the inner structures of teeth.

The following is a review of ultrasound as a diagnostic technique in dentistry,

and speci�cally observing the internal structures of the actual tooth. For a more

complete review including ultrasound as a tool for cleaning and also diagnosing

periodontal disease, (Ghorayeb et al., 2008) is a useful reference.
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7.7.2 Early work

The �rst ultrasound investigations into dental structures were in the early 1960s

when Baum used a 15 MHz transducer to produce a B-scan image of the jaw,

allowing them to image the pulp chambers of some of the teeth (Baum et al.,

1963). Such images were crude due to the technology available at the time, but

did show promise.

The ground breaking work by Lees and Barber in 1968 reduced the frequency

back to 4 MHz, but showed that is was possible to distinguish between the front

face of the tooth and the enamel dentine junction in their recorded A-scans (Lees

and Barber, 1968). The resolution of these experiments was very low, and in

contrast to the paper by Baum, who stated that frequencies above 30 MHz should

be used for useful measurements (Baum et al., 1963). While Baum used an

underwater scanning technique using a custom ophthalmic ultrasound device,

Barber and Lees used a thin rod of aluminium as the coupling medium and a

custom PZT transducer.

A further and more in depth report by Barber et al expanded their investiga-

tion into pulse echo measurements in human, canine and bovine incisors (Barber

et al., 1969). This work was carried out with a resolution of 0.5mm, although the

authors believed that layers of around 0.3mm in thickness might be visible. In

contrast to the work of Baum, Barber et al found no di�erence in the recorded

echo signals between ex vivo and in vivo teeth.

Most of the early work considered indirect coupling through media such as

water(Baum et al., 1963), aluminium rods (Lees and Barber, 1968; Barber et al.,

1969) and even mercury but one of the major breakthroughs of later work was that

the data was able to be collected by direct coupling in some cases without surface

preparation. This has major implications where diagnostic clinical applications

are to be considered.

The work by Barber et al (1969) also presented the �rst velocity measurements
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of ultrasound in dental tissues, giving the velocity of sound to be 6250ms−1

(in human enamel) and 3500ms−1 in dentine (Barber et al., 1969). The use

of ultrasound as a method of determining the properties of enamel (both healthy

and diseased) was furthered in a report by Peck et al who introduced scanning

acoustic microscopy (SAM) as a method (Peck et al., 1989). This is a destructive

technique, but invaluable for collecting parameters that would be used in later

work.

7.7.3 Mid-work

Much of the work published in the mid 1980's to 90's concerned the material

properties of dental tissue and ultrasound propagation. Out of this period, one of

the most cited papers is that of Ng et al. (1989)â which concerned the velocity

of ultrasonic waves in dental tissue. In this paper, the velocity of ultrasound in

enamel was found to be 6500 (±190)ms−1 and 4050 (±30)ms−1 in dentine (Ng

et al., 1989).

The velocities that were reported in this paper agreed closely with those by

Barber et al. (1969), and later work by Maev et al. (2002). An earlier paper

by Maev's group on the changes of the enamel through demineralisation showed

that di�erent acoustic impedances (measured values of Z were shown to vary by

around 57%) arise due to demineralisation, pointing towards a technique for the

detection of caries (Ng et al., 1989) with a later conference paper detailing the

technique (Ng et al., 1993).

The work carried out by Lost's group used velocity information as a method

of characterising dental tissues, producing two-dimensional velocity charts that

enabled the distinguishing of enamel and dentine (Lost et al., 1992; John et al.,

1994). These results also showed that there was variation in the velocity of

ultrasound in dentine depending on how deep in the dentine it was observed

(Lost et al., 1992). This �nding would be investigated in further work by this
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group into the anisotropy of dental materials for ultrasound propagation (John,

2004) where they found that the direction of the incident ultrasound was very

important, but that the micro-structure of the enamel was too small to produce

appreciable di�raction e�ects in images.

Mezawa et al used a similar technique to Lost et al in order to characterise

teeth, noting that ultrasound provided a good non-destructive technique for in-

vestigating the thickness of tooth enamel (Mezawa et al., 1999). Through this

work they investigated the relationship between the hardness of the tooth and

its acoustic properties, such as degree of calci�cation, distribution of dentinal

tubules, and density of the dentin matrix (Mezawa et al., 1999).

Also around this time, Bab et al developed an ultrasonic caries detector (UCD)

based on surface wave interactions around caries lesions (Bab and Feuerstein,

1999). This device was later shown to have a higher sensitivity than radiographs,

but a lower speci�city (Matalon et al., 2007). This was in contrast to an earlier

study which showed that the device had a higher speci�city during in-vitro studies

(Matalon et al., 2003), with the decrease thought to be due to moisture in the

oral cavity.

In an example of the intra-disciplinary nature of bringing ultrasound to diag-

nostic dentistry, one paper from 1996 reported on its use from an archeological

viewpoint (Yang, 1996). In this report, it was noted that ultrasound provided an

excellent non-destructive technique for classifying teeth.

7.8 Current developments

By the turn of the century the acoustic microscope had also been shown to be use-

ful for measuring enamel thickness (Maev et al., 2000). The technique, however,

still required sectioning as it was based on the two-dimensional velocity diagrams

produced earlier. However, by 2002, Maev was able to show that,in some cases,
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surface preparation was not needed for detecting caries and other properties of

dental tissues with their microscope (Maev et al., 2002).

Later, the same group would report in a book chapter that a 50 MHz acoustic

scanning microscope would be able to accurately measure the thickness of enamel

and dentine, and also show subsurface signs of disease (Denisova et al., 2007).

However, in the book chapter, inadequate statements of methodology is given

and as such the analysis of some of the presented B-scans is questionable. Images

of bisected teeth are presented without proper scale bars, and as a result, it's

di�cult to compare the temporal B-scan data to the thickness of the enamel

shown.

The Maev group went on to publish work using the 50 MHz system to measure

the adhesion of restorations at the cemento-dentine junction (Denisova et al.,

2009). This paper featured work presented in Denisova et al. (2007) but with

an expanded description of methodology. With the 50 MHz probe, a resolution

of 0.07mm was achieved. The probe was used to record C-scans of the surface

of a tooth with an underlying restoration. Poor adhesion showed up as a larger

re�ection in the C-scans (due to an acoustic impedance mismatch across the

boundary), with close agreement with microscope images.

The early 21st century saw a large number of papers published on the clinical

applications of ultrasound in dentistry. Huysmans showed that ultrasound was

a good technique for monitoring enamel thickness with little surface preparation

(Huysmans and Thijssen, 2000). This work was carried out using a 15 MHz

commercial ultrasound transducer producing a 0.4mm resolution. The ultrasound

measurements were compared to microscope measurements with good agreement

(p=0.9), with good reproducibility between examiners shown in a later paper by

the same group(Louwerse et al., 2004). Furthermore, with the resolution available

at 15 MHz, they estimated that it should be possible to diagnose dental erosion

within 1 to 1.5 years in children from the �rst measurement and that increasing



CHAPTER 7. ULTRASOUND AND DENTISTRY 162

resolution would improve this(Huysmans and Thijssen, 2000).

Echodentography was the name coined by Ghorayeb in 2002 for observing the

internal structures of teeth with ultrasound (Ghorayeb and Valle, 2002). This

work used a 10 MHz ultrasound probe successfully to verify PSpice models of

teeth from earlier work by the group. One of the more important parts of this

paper examined the safety of ultrasound in diagnostic dentistry, where they found

that the non-complicated aspect of the setup and the inherent non-ionising nature

of ultrasound were in harmony with FDA guidelines (Ghorayeb and Valle, 2002).

The dental ultrasound group at UCLA published a number of interesting

papers on recording B-scans of teeth for quantitative measurement (Culjat et al.,

2003) and crack detection (Culjat et al., 2005). In the former, a 10 MHz probe

was used to record a circumference scan of a tooth, showing the EDJ in 360

degrees, which showed very good agreement to the bisected tooth (Culjat et al.,

2003). The coupling agent used in this experiment was water. However the

group also undertook some work on a novel couplant based on solder for dental

applications (Culjat et al., 2005). This material allows a better matching of the

acoustic impedance of the transducer to the tooth. Studies with mice also showed

that the couplant has a low level of toxicity (Culjat et al., 2005).

A Turkish group of dentists also attempted to use ultrasound for the moni-

toring of dental erosion with limited success (Bozkurt et al., 2005). An industrial

transducer was used to measure the thickness of an area of the tooth's enamel

before being ground away with abrasive paper. The measurement was then re-

peated and veri�ed against a sectioned image taken with a polarised microscope.

The technique was also tested for intra-examiner correlation, in which the mea-

surements were repeated by a second examiner. The value for this correlation

was found to be 0.479 (p>0.050). The authors of the paper were mostly practis-

ing dentists, and stated that this moderate correlation was due to the repeated

readings on the device not being �the exact same numbers�. This suggests there
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is an issue of non-technical users �nding di�culty in using a commercial probe

designed for another purpose, in this case the airline industry (Bozkurt et al.,

2005).

This group also turned attention to detecting caries with their ultrasound

system. They found that an 11 MHz commercial ultrasound thickness gauge

(Novascope, Israel) was capable of an 86% speci�city and an 88% sensitivity for

detecting white spot lesions (Yanikoglu et al., 2000). This thickness gauge had a

1.5mm circular contact face, the small size being found to be useful for recording

readings on curved surfaces with no preparation, using a glycerine coupling agent.

A later paper also showed that the ultrasound technique had 'positive' correlation

between examiners (Tagtekin et al., 2008).

7.9 Summary

The literature has shown that ultrasound is a plausible and safe method for the

monitoring of enamel thickness, which has implications for the monitoring of den-

tal erosion. Limited data also exists on the use of ultrasound for diagnosing dental

caries. However, the use of this is more complex due to the size of early caries

lesions limiting the detection in the pulse-echo mode. For caries detection, the

acoustic properties of the dental materials must be considered and the amplitude

of the return signal considered.

From the literature one can see the obvious advantages of the high frequencies

available through SAM. However, the technique itself is much more complex than

that of conventional pulse-echo ultrasound in terms of sample preparation. Where

sample preparation has been reduced, the system is still a long way from being

miniaturised for use in the oral cavity.

The research also shows that any ultrasound device that is to be made avail-

able to the dental practitioner should have this application in mind. It has been
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shown that there is only a moderate agreement between examiners using the

ultrasound technique, and it is the belief of this writer that this is because of

non-technical users.

The following chapter reports on work on a novel miniature focused high

frequency ultrasound (35 MHz) transducer primarily for the diagnosis of dental

erosion. The aim with this transducer was to bridge the gap between the previous

lower frequency work and the SAM work, with a view to add more quanti�able

results to the �eld.
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8.1 Introduction

As mentioned in Chapter 2, acid erosion is the irreversible loss of dental material

due to acidic environments, and currently there are no quantitative methods for

monitoring it. This is due to the lack of suitable reference points on the tooth

surface. If one considers acid erosion as a simple layer thickness problem (pro-

gressive thinning of the enamel layer), then the possibilities of using ultrasound

from its successes in the �eld of NDT are apparent.

This is because it allows the use of the enamel-dentine junction as a reference

point. Ultrasound also has an advantage over the optical techniques discussed

in the previous chapters, because, while having better axial resolutions, they are

unable to image deep enough to be of use for quantitatively measuring enamel

thickness.

In this chapter a 35 MHz focussed ultrasound transducer shall be utilised to

produce a B-scan of a specially prepared dental sample in order that a number of

thickness measurements be recorded. The sample is prepared in such a way that

it exhibits an enamel layer that becomes progressively thinner along the scan line.

It is designed in this way to simulate the progressive thinning of enamel through

erosion. These measurements will then be compared against a gold standard

technique from dentistry.

The transducer will then also be used to two imaging applications. Firstly, a

three dimensional B-scan will be recorded to assess the performance of ultrasound

for recording 3D representations of the tooth. And �nally, the transducer will also

be used to record a B-scan across a caries lesion in order to assess its suitability

for this application.
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8.2 High frequency transducer and advantages

The axial resolution of an ultrasound system increases proportionally with the

centre frequency of the system if the relative bandwidth remains constant. There-

fore, by using high frequency ultrasound transducers dental structures should be

more clearly resolved. However, this comes at a cost of ultrasonic attenuation,

which is also proportional to frequency. As mentioned in the previous chapter,

the early dental ultrasound experiments were based on a 4 MHz transducer (Lees

and Barber, 1968) while more recent published results have increased the oper-

ating frequency to between 10 and 15 MHz (Culjat et al., 2003; Ghorayeb and

Valle, 2002; Huysmans and Thijssen, 2000).

The layer of incisor enamel is at most 1.5 mm thick and therefore it is possible

to estimate the frequency required to observe a variation in thickness of 10%, for

example during early decay or acid erosion. By taking the velocity of sound in

enamel to be 6500 ms−1(Ng et al., 1989), it can be calculated that such a variation

requires a minimum frequency of around 22 MHz:

The transducer that is used for this study was measured to operate at a centre

frequency of approximately 35 MHz.

By using a frequency of 35 MHz the axial resolution in enamel is around

180µm. This is a very signi�cant improvement on previous work, in particular by

Louwerse et al. (2004), who found that the limiting factor in their investigation

was the 0.5 mm resolution of their system which operated at 15 MHz.

The transducer, shown in Figure 8.1, used for this investigation is a novel sin-

gle element focused transducer with a centre frequency of 35 MHz as noted above,

and a -6 dB bandwidth of 24 MHz (MacLennan et al., 2007). The transducer

was manufactured with a 1-3 connectivity PZT piezoceramic - polymer composite

(Button et al., 2005), the functional advantages of which are widely recognised

(Abrar et al., 2004). The present device had a curved active face causing focusing

without the need for a lens. The transducer was built into an SMA connector
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Figure 8.1: Diagram of high frequency focused transducer used in this investiga-
tion

and has an aperture diameter of around 1.6 mm.

Similar transducers are manufactured using PVDF but these tend to have low

capacitance and are thus not well matched to conventional pre-ampli�ers which

have a high input capacitance, making the combination unsuitable for high fre-

quency measurements (Cannata et al., 2006). Furthermore, PVDF has a very

low thickness mode electromechanical coupling coe�cient compared with piezo-

composite and the transducer utilised here thus also has much higher sensitivity

(MacLennan et al., 2007).

The transducer utilised here has a focal length of 6.5mm, with a theoretical

focal spot size of 110µm in enamel. When considering that the dimensions of the

microstructure of enamel are of the order of 4µm, it is assumed that this allows a

high degree of localisation without distortion from scattering e�ects (John, 2006).

In the present investigation, the transducer was used to record a B-scan of

an enamel sample in a pulse-echo con�guration. This result was then compared

with a series of x10 magni�cation images produced by a serial- grinding-imaging

(SGI) technique (Longbottom, 2003).
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Figure 8.2: Schematic of high frequency ultrasound scan system

8.3 Experimental method

The dental sample was mounted on a two-dimensional goniometer to allow ad-

justment and optimisation of the angle of incidence of the ultrasound, as shown

in Figure 8.2. The stage and sample were then placed in a water bath located

on a one-dimensional translation stage. This allowed the sample to be moved

along a line vector and a B-scan to be recorded by recording an A-scan at each

position along the scan. The focused high-frequency transducer was attached to

a rigid aluminium support and was adjusted in height so that the enamel surface

lay within the focusing zone of the transducer.

The transducer was driven by a DPR500 pulser-receiver (JSR Ultrasonics,

New York, USA) which provided a spike excitation of amplitude -210 V with
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a +80 V overshoot before returning to zero. The pulser-receiver also provided

a parallel damping resistor of 100Ω and a band pass �lter with cut-o� frequen-

cies of 5 and 300 MHz. A PC controlled the translation stages (three orthogo-

nally arranged M405-DG translation stages (Physik Instrument, Karlsruhe/Palm-

bach Germany) through a serial controller (C862.10, also by Physik Instrument).

The PC also recorded the pulse-echo signal with a PC C8500 oscilloscope card

(Gagescope, Lockport, USA) as shown in Figure 8.2.

The scanning system translation stage had a minimum programmable incre-

ment of 8.5 nm. However, the reproducibility in position was speci�ed to be

limited to 100 nm. Control of the system was achieved through a MATLAB

script (The Mathworks Ltd, Cambridge, UK), with the translation stage moved

in increments of 70µm, much larger than the positional reproducibility and more

than satisfying the Nyquist spatial sampling limits for the transducer's lateral

spatial resolution (Bushberg et al., 2003).

In order to verify the resolution and operating characteristics of the trans-

ducer, the scanning system was �rst used to produce a B-scan of a set of sub-

merged tungsten wires, presented in Figure 8.3. These wires had a diameter of

5µm and were positioned so that each was at an increasing distance away from

the transducer, starting at a distance less than the focal distance. The data was

then processed so that it's intensity values were normalised to unsigned 8bit res-

olution (values of 0 to 255), and then displayed as pixel intensities. Figure 8.3

indicates that the transducer is functioning as expected, with an axial resolution

of better than 100µm and a lateral resolution better than 250µm. For the dental

investigation, the previously discussed complexities of the tooth were reduced by

preparing an enamel sample which contained only one layer each of enamel and

dentine as shown in Figure 8.4. The enamel layer was then polished and the sam-

ple was encased in epoxy, with an area of the enamel surface exposed as shown in

Figure 8.4. This allowed easy mounting to the scanning system. The tooth, an
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Figure 8.3: Tungsten wire scanning showing focussed ultrasound transducer per-
formance
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upper central incisor, had been collected (with the patient's consent) and stored

in thymolised physiological saline solution.

3D Imaging

After a B-scan had been collected for the erosion measuring work, the scan sys-

tem was then set to record multiple B-scans by also scanning in the orthogonal

direction. This produced a three dimensional data set which was used in the

imaging program ImageJ to produce a three-dimensional representation of the

dental sample(Hughes et al., 2007).

The B-scans were recorded in the XY plane with a step size of 70µm, and

adjacent B-scans recorded in steps of 70 µm. The total area scanned was 98 mm2

(14 mm in the primary and 7 mm secondary scan direction)

After data collection, each B-scan was manually visually inspected �rstly for

the dental sample, and secondly for the EDJ. In each B-scan, the enamel surface

was shaded in red, and the EDJ was shaded in blue. ImageJ then produced a

rotating projection of the image data in RGB, showing the morphology of the

enamel surface relative to the EDJ in the surrounding epoxy.

8.3.1 Signal processing

After the collection of the scan data, they were enhanced with signal process-

ing algorithms implemented with the Scilab mathematical program (1989-2007.

INRIA ENPC). The individual A-scans were �rst processed to remove noise by

applying a high pass digital �lter with a cut-o� frequency of 5 MHz. Subsequently

a moving average �lter was applied,

y(i) =
1

M

N−M∑
j=0

x(i+ j) (8.1)

For this, a value of M = 5 was chosen due to the high resolution requirement
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Figure 8.4: Composite photomicrograph of the dental sample showing enamel
dentine junction end on (a) and the schematic of the dental sample (b). The
dotted line in b) indicates the direction of the b-scan.



CHAPTER 8. HIGH FREQUENCYULTRASOUNDANDDENTAL EROSION181

of the present work: if a higher value of M is chosen a larger temporal section

of the A-scan is averaged which causes any oscillating signal present within the

window de�ned by M to tend to zero. Large values of M are thus e�ective for

slowly-varying signals where the period of the signal is greater than M. However,

with high-frequency signals this is not the case.

The widths of individual peaks in the present scan data were measured to be

around 20ns, corresponding to a frequency of 50 MHz and to M = 10 (fsampling =

500MHz ). Therefore, for the most suitable temporal resolution, M = 5 was

chosen. This leads to a theoretical 40% reduction in the noise levels.

Trigger jitter and tilting of the �at enamel surface in the B-scan were corrected

using an algorithm based on maximisation of correlation between neighbouring

A-scans. This algorithm works by shifting an A-scan successively in time and

calculating the correlation between the A-scan with that time shift and its neigh-

bour. The A-scan is then permanently shifted to the position in which the highest

correlation is recorded, and the process repeated until it has been applied to all

the A-scans. This is a useful technique in that it allows easier analysis and com-

parison of the shape of underlying layers with a straight reference plane without

a�ecting any underlying properties of the data.

8.3.2 B-scan and Water fall plots

In order to visualise the ultrasound data in two dimensions, two plots are used.

The more common of these is the B-scan image, as shown in Figure 8.3. In this

image, each column of pixels is an individual A-scan that has been recti�ed and

plotted as a gray scale pixel intensity value.

A less common method of visualising the same data is the waterfall plot. In

this type of plot, each A-scan is plotted as a line o�set along the x-axis (or y-

axis dependent on the orientation of the plot) with a value prescribed by the

position of the transducer at the recording of the A-scan. Waterfall plots are
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used because it is sometimes easier to pick out features that the human eye may

miss with limited contrast in B-scan images. An example of a waterfall plot is

shown in Figure 8.8 in the results section.

8.3.3 Sequential Grind and Image technique

The SGI technique (Longbottom 2003)â used for comparison with the ultrasound

measurements involves placing the sample in a custom-made jig, photographing

the `face' of the sample with a digital camera (at x10 magni�cation) and subse-

quently grinding a speci�ed thickness of material from the surface using a PM5

machine (Logitech, Glasgow, UK); the jig is then repositioned in the camera

set-up and re-photographed and the sequence repeated until the sample is com-

pletely ground away. In the present study this provided a series of standardised

photographs at 100 µm intervals through the sample. The cut face in this case

was chosen to show the enamel and dentine thickness from the incisal end of the

sample to the cervical end.

The images were analysed using software which allows the placing of a grid of

known dimensions onto the individual images below the enamel/dentine, so that a

trained operator can place measurement points on the outer surface of the enamel

and the corresponding point, vertically in the image, on the EDJ at speci�c

intervals laterally along the image of the sample. The software automatically

computes the length of the straight line between the two points corresponding to

the thickness of the enamel. Reproducibility studies were carried out to determine

the extent of the errors involved in this technique.

The distance of the lateral edge of the sample from the edge of the resin block

was known, as was the position and width of the scan beam in relation to the

lateral edge of the sample. Hence the SGI measurements corresponding to the

volume of the sample scanned with the ultrasound beam could be identi�ed for

comparison purposes.
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8.3.4 Thickness from A-scan data

In order to measure the thickness of the enamel layer from the ultrasound mea-

surements each A-scan was characterised separately. A simple approach is to use

venamel(tdentin− tenamel), where tdentine and tenamel are the times of arrival of re�ec-

tions back at the transducer from the dentine and enamel respectively. However,

a more accurate method is to use the transducer as a common frame of reference

and calculate the distances from the transducer to both the enamel and dentine

layers separately. The thickness of the enamel can then be calculated by the

di�erence between these distances.

As expected, the pulse shapes recorded from the transducer were not ideal

impulses, and therefore a decision was made to use the centre point of each

pulse as the location of the boundary between two media. A spreadsheet was

created which contained the values for the front face pulse start time, front face

pulse end time, EDJ pulse start time, and EDJ pulse end time. A calculated

column was then produced which held the time locations of centre points of

the pulses. Each centre point time value was then converted to a distance in

the transducer's frame of reference. The thickness of the enamel layer was then

calculated to be the distance between the centres of the front face and EDJ

pulse. The enamel layer was assumed to have a linearly decreasing thickness

and therefore a linear trend line was �tted to the data, with this linear trend

line compared to the SGI measurements. This approach was adopted due to the

oversampling of the ultrasound spatial measurements and to reduce errors due to

outliers in the ultrasound measurement data.

The comparison between the SGI and ultrasound measurements was per-

formed using the open source R statistical programming language (http://www.r-

project.org/). A Pearson pairwise correlation was calculated between the SGI and

ultrasound trend line data points with 3 digits of precision.
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8.3.5 Caries investigation methodology

In order to test the ultrasound transducer as a possible method of detecting dental

caries, a series of B-scans was recorded in order to see if it was possible to observe

a white spot lesion in an ultrasound image. As this investigation was carried out

at a later date to the erosion data, the scan system, while the same in principle,

had some altered components.

Namely, the stages had been replaced by Shot C-602 (Sigma-Koki ) translation

stages (providing 100µm reproducibility position), and the data acquisition was

now handled by a USB oscilloscope (Picoscope, sampling at 2ns intervals). Due

to these changes, the control software was re-written using Labview to make use

of high speed USB data access.

The data output from the scan system was still stored in the same format as

text �les with comma separated values so that the original Scilab scripts were

able to be used for subsequent data processing. This was limited to using the

moving average �lter as discussed before and a function for creating the water

fall plots.

As shown in Figure 8.5a, the transducer was scanned linearly from the root

to the crown to create b-scans of the tooth at di�erent locations. Figure 8.5b

presents a simpli�ed map of where the three B-scans of this study were recorded

from a molar exhibiting a white spot lesion which had been extracted for clinical

reasons and stored in Thymol. Each B-scan was recorded over a distance of 4 cm,

with a step size of 80µm. By including as much of the tooth as possible in the

B-scan, it made the interpretation of the B-scan in relation to the actual tooth

much easier. Each B-scan was thus composed of 500 A-scans.

Unprepared dental samples were used in order to keep the investigation as

close to the real situation as possible. The tooth that was chosen had the lesion

in a place such that there was su�cient �at enamel either side of the lesion that

the lesion and the healthy enamel closely surrounding it would remain in focus
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Figure 8.5: Schematic showing orientation of transducer to caries scan sample,
and location of each b-scan (numbered 1,2,3).

during the scan.

8.4 Results and Discussion

To try and keep the discussion of the results in this chapter clear, this results and

discussion section has been split up so that the enamel erosion data is discussed

separately from the caries data. After this has taken place, the two sets of data

shall be compared in a �nal conclusion section.

8.4.1 Enamel Thickness Results

Figure 8.6 shows a typical A-scan recorded for the enamel sample. The A-scan

clearly shows the front face of the sample (FF), and also the enamel-dentine

junction (EDJ). The time di�erence between these locations is 160 ns, which

corresponds to a spatial distance of 0.52 mm, assuming a speed of sound of

6500ms1(Ng et al., 1989).

The output from the B-scanning, prior to processing, is presented in Figure
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Figure 8.6: Ultrasonic A-scan of dental sample showing front face and enamel
dentin junction (EDJ) re�ections

8.7, with the processed image shown in Figure8.8. In order to aid understanding

of the images, an annotated version of Figure 8.8 is given in Figure 8.9. The

major improvement caused by the processing can be seen in the orientation of

the imaged region in Figure 8.8, and also in the region between the FF and EDJ

where the noise level has been much reduced. This makes it easier to observe the

changing distance between the FF and EDJ, or in physical terms, the change in

the thickness of the enamel layer.

It can be seen that the EDJ appears only around 2 mm into the waterfall

plot shown in Figure 8.8. However, in Figure 8.4, the dentine layer is of the same

length as the enamel. The discrepancy is believed to exist for two reasons, �rstly

the angular alignment of the transducer probe relative to the enamel sample and

secondly the angular alignment of the dentine layer relative to the enamel layer.

Both these e�ects cause problems with e�ective echogenicity and the return path

of the ultrasound from the EDJ to the transducer. Therefore enamel thickness

measurements can only be recorded from a distance of 0.5 mm inside the enamel
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Figure 8.7: Raw data waterfall plot of dental erosion sample.
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Figure 8.8: Waterfall plot of dental erosion sample after correlation shifting.
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Figure 8.9: Annotated b-scan image of erosion sample.
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surface along the B-scan vector.

From the results in Figure 8.10a, the enamel thickness can be seen to decrease

along the B-scan vector. This observed decrease in enamel thickness is veri�ed

with the results of the SGI method (Pearson correlation value of 0.894 with

con�dence window of 1%) as shown in Figure 8.10b. The correlation plot is

displayed as an inset in Figure 8.10b), indicating a positive correlation.

The error in the ultrasound measurements has been taken to be ±90µm on

account of the uncertainty in the wavelength of sound in enamel. It has previously

been reported in the literature that enamel is an anisotropic material (John, 2005)

and therefore the velocity of sound in enamel is not constant (Maev et al., 2002;

John, 2006; Ng et al., 1989). This could also explain the deviations from the

trend line because a constant velocity of sound was assumed in this study.

The work carried out by Huysmans and Thijssen (2000) found a Pearson

correlation value of 0.9 for enamel thickness measurements to a histological gold

standard (Huysmans and Thijssen, 2000). While the histological method was

similar to that presented here, with the samples sliced and then a microscope

used to measure the thickness, the ultrasound setup was di�erent. Huysmans

and Thijssen used a commercially available industrial thickness gauge with a

contact probe which is sold as a proprietary unit, compared to the system here

which is a novel system using laboratory equipment.

Whereas in this study the SGI measurements were compared to the ultrasonic

trend data, the previous work compared thickness measurements in the same area.

The diameter of the active face of the contact probe, after the delay line, was

reported to be 2 mm. When considering that the surface of a tooth is no more

than approximately 2cm2 , this appears to be large for this purpose. The system

presented here used a focused ultrasonic beam which was incident on the enamel

surface with a lateral resolution of 250µm. This will clearly allow a more localised

thickness measurement to take place.
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(a) Thickness measurements

(b) Thickness measurements

Figure 8.10: Ultrasonic thickness measurements from b-scan data (a) and sub-
sequent veri�cation against the SGI method (b). Inset image in (b) shows the
correlation relationship between the two techniques.
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8.4.2 3D imaging results

Figure 8.11 shows a rendering of the three dimensional ultrasound scan of the

dental sample. One can see the red enamel surface above the blue EDJ and

the relative morphology. The rendering has been carried out using maximum

projection algorithm and therefore the surrounding epoxy makes the image fairly

noisy.

The data was collected using a sample scanning method, whereby the sample

stage was moved for every data point. THis is a slow process that would have

to be sped up if it were to be used in a dental clinic. Multiple element arrays as

discussed in the previous chapter can allow imaging without sample scanning by

scanning the beam instead. This is a direction that future improvements to the

technique could take.

8.4.3 Caries results

Attention shall now be turned to the results of the investigation into using the

same high frequency transducer to observe dental caries. Figures 8.12,8.13 and

8.14 presents the three grey scale B-scans that were recorded over three di�erent

locations on the tooth.

The resolution acheivable with the high frequency ultrasound is around 100µm

and therefore it is thought that quantitative measurements (thickness and/or

depth) of an early carious lesion is unobtainable. Therefore, the measurements

presented here are given a qualitative analysis with a view to discussing indirect

observations that may lead to a diagnosis of an early carious lesion.

The B-scan presented in Figure 8.12 is of an area of the tooth that had no

caries visible on the surface. The crown of the tooth is to the right of the image,

and it is at this level that the focus of the transducer was positioned. This means

that there is a stronger return amplitude from this area in the B-scan image, and

also appearance of the underlying enamel dentine junction (EDJ) in the pixel



CHAPTER 8. HIGH FREQUENCYULTRASOUNDANDDENTAL EROSION193

Figure 8.11: Three dimensional image of dental sample recorded using ultrasound.
Image shows two views orthogonal to each other.
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(a) Sound enamel b-scan

(b) Sound enamel intensity pro�le

Figure 8.12: Ultrasonic B-scan (a) recorded at location '1' of sample depicted in
Figure 8.5. Red dotted line shows location of pixel intensity pro�le shown in (b)



CHAPTER 8. HIGH FREQUENCYULTRASOUNDANDDENTAL EROSION195

(a) Sound enamel b-scan

(b) Sound enamel intensity pro�le

Figure 8.13: Ultrasonic B-scan (a) recorded at location '2' of sample depicted in
Figure 8.5. Red dotted line shows location of pixel intensity pro�le shown in (b)
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(a) Sound enamel b-scan

(b) Sound enamel intensity pro�le

Figure 8.14: Ultrasonic B-scan (a) recorded at location '3' of sample depicted in
Figure 8.5. Red dotted line shows location of pixel intensity pro�le shown in (b)
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intensity pro�le, Figure 8.12b.

Figure 8.13a shows a recorded B-scan from an enamel surface containing a

section of white spot lesion. Again, the EDJ is visible in the pixel intensity pro�le

of the B-scan, Figure 8.13b, but at a much reduced amplitude. The recorded

signal from the surface containing the lesion is much more reduced in width than

of the same area in Figure 8.12a; it is thought that this is due to the lesion

causing a rough surface, which scatters the re�ected ultrasound away from the

detector. This is also the reason for the reduced signal from the EDJ in 8.13b. The

resolution of the ultrasound system, as previously stated is too low to quantify

the lesion, and therefore detection of early stage white spot lesions would rely on

indirect observations such as these.

The reduction in amplitude shown in Figure 8.13b is thought to be due to

the white spot lesion and not to the rotation of the surface because the area of

enamel marked is of a similar tilt to that of the lesion and has a larger re�ection

amplitude. These images imply that an area of dental caries could be detected by

imaging a suspected area and comparing it with the surrounding area for changes

in re�ected intensity pro�le for both the surface and the EDJ re�ections.

It is possible to see some change in the re�ected pulse from from the B-

scan shown in Figure 8.13a, however, the resolution of the ultrasound (90µm at

35MHz) makes it di�cult to give a quanti�ed measurement of the thickness of the

lesion at this point. Comparing this to the FOCOM system of earlier chapters, one

can see appreciable di�erences in the techniques in terms of resolution and depth

of view. The FOCOM technique was able to resolve features with a resolution

of around 50µm, where as the ultrasound technique has a resolution of around

110µm. However, the FOCOM system had a much shorter �eld of view (<500µm)

due scattering where as the ultrasound system is able to record structures at

depths of over a millimetre.

In order to be sure of the location of the white spot lesion, a B-scan was
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recorded that imaged the area of the white spot lesion at which the surface has

been destroyed and a cavity had formed (as shown in Figure 8.14a). In this

Figure, one can see the re�ection from the base of the cavitation (which occurs

at a later time to the surface re�ections in Figures 8.12 and 8.13), and also the

absence of a secondary EDJ peak. The re�ection from the base of cavitation takes

the form of a double peak. This is more clearly seen in the A-scan presented in

Figure 8.14b than the b-scan because of the normalised contrast scale used in the

b-scan. In the abscence of sectioning the sample to visually inspect the cavity, it

can only be speculated at the source of this layered structure. It could be due to

debri from the surface collapsing lying at the base of the cavity, or a subsurface

fault. The depth of the cavity rules out this being the EDJ.

One can see from Figure 8.14b that the depth of the cavity is around 1mm,

and by using Figure 8.12a, to see that the EDJ was located around 250µm below

the surface of the enamel, one can assume that the small pre-re�ection in 8.14b is

an artifact of the scanning process where by the edges of the cavity are showing

up in the A-scans. This occurs if the size of hte cavity is less than the ultrasound

beam diameter.

8.5 Conclusions

The results presented in this chapter demonstrate ultrasonic thickness measure-

ments of enamel via identi�cation of the EDJ with an accuracy corresponding

to within 50µm of SGI measurements on the same sample. This accuracy is

approximately 10% of the enamel thickness in most cases. In comparison with

current non-destructive methods of monitoring erosion, such as dental explorers,

and X-ray radiographs, these results show promise for the use of ultrasound as

an erosion monitoring technique.

Ultrasound has been shown to be a non-invasive method for observing the
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internel structures of tooth. This chapter presented a simple three dimesional

rendering of the enamel dentine junction under the enamel surface. From these

results it can be concluded that by re�ning the technique, fractures and cracks

in the EDJ could be visualised using ultrasound. However, issues such as speed

of collection and signal to noise ratio have to be addressed before the technique

could be used in the dental clinic.

The preliminary results for the caries lesion investigation also show promise,

however, the main drawback to using a single element transducer for this purpose

is the length of time it takes to produce a scan. This is because the transducer

has to be manually moved in order to scan an area, which also raises problems

in creating a miniature scan head suitable for the oral cavity.

With these limitations in mind, work is now under way to adapt research into

high frequency ultrasonic arrays made from the same type of piezocomposite for

dental applications. This will open up the opportunity to create an ultrasound

probe that could image an area of the tooth around a suspect carious lesion,

and without moving the probe allow comparison with the surrounding healthy

enamel.
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The aim of this work was to investigate optical and ultrasonic methods for

the detection of dental disease. In this chapter the various outcomes of the work

shall be discussed, with an outlook to the further work that has emerged.

Before discussing the resarch outcomes, it is useful to compare the optical and

ultrasound techniques against the hypothetical ideal device disccused in Chapter

2. This will help to gain a better feel for where the further work should lead from

the current state of the art.

As mentioned in Chapter 2, the relative small size of the tooth gives rise to

the need for high imaging resolutions for detecting disease. A value of around

50µm was given as being useful. The optical methods investigated in this work

in their current forms have resolutions of around 50-60µm, and therefore are still

lower than desired. However, it has been shown in Chapter 4 that the resolutions

could be raised to more useful values with di�erent setups. By incorporating a

more complex lens system to the aspheric lens system, sub-10µm resolutions can

be obtained allowing measurement and quanti�cation of the early caries lesions.

At the current frequencies reported here, Ultrasound has an axial resolution

limit of 180µm meaning that it is even more unsuitable for measuring the thick-

ness of early caries lesions, however, as was shown, ultrasound can be used to

detect caries lesions by looking at the re�ection intensities rather than temporal

information.

When considering the detection or diagnosis of dental erosion, the results

presented in this thesis point towards ultrasound being more capable than the

optical technique. This comes down to the issue of depth of �eld. The reference

point used for measurement (Enamel Dentine Junction) can be several hundred

microns up to a millimeter in depth. As shown in Chapter 4, as axial resolutions

are increased with the optical systems, the focal length drops. This gives a limit

on how deep (in the hypothetical absence of scattering) a device could scan.

However, with scattering, the e�ective depth of �eld at the 808nm wavelength is
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reduced to less than 200 µm.

However, ultrasound is very much capable of penetrating deep in to the tooth

and, as shown in Chapter 8, the enamel dentine junction can be used as a source

of temporal data for measurement.

Thus, it is the belief of the author that ultrasound is the prefered modality for

diagnosing dental erosion, whereas the optical method is more suitable for dental

caries.

Both techniques were designed with access to the oral cavity in mind. The

optical system comprised of an aspheric lens handpeice with a diameter of 5mm,

and the active unit of the ultrasound system was an SMA connector of less than

a centimeter in diameter. However, when it comes to maneuverability the optical

technique is possibly more useful. This is because it is easier to 'bend' a light

beam by way of mirrors, than it is an ultrasound wave. Therefore, for measuring

teeth at the rear of the mouth, it would be easier to envisage an optical handpeice.

Both techniques are standalone in that they only use their own sources and

the intrinsic properties of the tooth to make a measurement. In the case of

the optical method, the source being the 808nm laser and intrinsic properties

being the ordered (and in case of lesions, unordered) tubular structure of enamel

and dentine for scattering. With ultrasound, the active face of the transducer

produces the high frequency ultrasound which interacts with the sold enamel and

dentine material.

From the point of view of patient comfort, this is helpful because there is no

pre-treatment neccessary to make a measurement (which reduces in clinic time,

especially of concern for more nervous patients).

It can be assumed that the majority of end-users (the dental clinicians) for

either technique will not have expert knowledge of interpretting FOCOM or Ul-

trasound A-scans. Therefore, principle component analysis was introduced as a

method of teaching the computer to interpret FOCOM a-scans in order to make
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a diagnosis. The end-user would not have to have knowledge of principle com-

ponent, as it would be intended to use the technique as a 'black-box' unit which

takes the scan and presents a user-friendly interface on the computer.

In terms of the erosion data, ultrasonic thickness gauges are commerically

available for material characerisation. It is therefore not di�cult to imagine a

high frequency ultrasonic thickness gauge set-up for measuring the thickness of

the enamel layer. Such a device would present the clinican with a quanti�ed value

which would be used to monitor the erosion over time. As a further extension of

this, a PCA algorithm could be included to characterise the re�ection signal as a

way of diagnosing dental caries.

9.1 Research Outcomes

1. Computer simulation into the propagation of rays through GRIN lenses,

showing the dependence of �bre grin spacing on resolution for a confocal

application. Ultimately, the outcome of this part of the investigation showed

that while GRIN lenses could be used for confocal applications, the reso-

lution that was obtainable ( 50µm) was not su�ciently high for the dental

application. It was thus shown that aspheric lenses would be more suitable

for this application due to their hypothetical higher resolution ( 20µm) and

the ability of incorporating an optical chopper for imcreasing the signal to

noise ratio.

2. Principal component analysis is a method of clustering one dimensional

�bre optic confocal microscope (FOCOM) scan data dependent on features.

While the use of principal component analysis is widespread, this work

presented its �rst use with FOCOM data. By using principal component

analysis, it is possible to allow a computer to 'recognise' forms of FOCOM

data which has applications where it is required that there is a reduced



CHAPTER 9. CONCLUSIONS AND FURTHER WORK 207

emphasis on the user to interpret the recorded raw data.

3. The development of a �bre optic confocal microscope system utilising minia-

ture lenses for the detection of dental caries (Hughes et al., 2009c). The

combination of the FOCOM system and principal component analysis has

given rise to a miniature optic system which can distinguish between areas

of sound enamel and areas of lesioned enamel with sensitivity of 0.96 and

speci�city of 0.9.

4. This work also demonstrated a novel high frequency focussed ultrasound

transducer as being suitable for measuring the thickness of the enamel layer

to within 10% of the total enamel layer thickness, with applications in

monitoring dental erosion (Hughes et al., 2009a). The technique was similar

in resolution to scanning acoustic microscopy, but had the advantage in that

no surface preparation was required.

5. The transducer was used to create, while crude, the �rst three dimensional

ultrasound images of the internal structures of the tooth (Hughes et al.,

2007).

6. Furthermore, the same high frequency ultrasound probe has been shown to

be useful for the imaging of caries lesions (Hughes et al., 2009b). Compari-

son of the re�ected signals from areas of sound enamel to that with a white

spot lesion, di�erences in the shape and amplitude of the returned sur-

face and EDJ re�ections allow discrimination between healthy and diseased

tissue.

9.2 Further developments

1. One of the main aims of this work from the start was to produce a �bre

optic confocal microscope for use inside the oral cavity. While this work
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has shown that it is possible to use a FOCOM system that incorporates

miniature aspheric lenses for the detection of lesioned surfaces, the axial

scanning motion is provided by a bulky piezoelectric stage.

Work was carried out into using a miniature stage (PI-635, Physike Instru-

ments) that was intended for mobile phone camera autofocus applications.

The small size and DC powered nature of the stage made it very attractive

for this application.

A prototype hand-held FOCOM system was built, but it was found that

the translation stage su�ered from a number of problems. The major is-

sue was that the motion su�ered from a lot of jitter, and this meant that

depth pro�les were inaccurate. The translation stage also had no method

of recording the position of the stage at a certain time, and therefore with

the jitter problem, this lead to poor reproducibility of scans.

If these problems were overcome, using the same translation stage or using

another scanning method (such as �bre scanning), then it is the authors

belief that a commercially viable FOCOM system could be realised.

2. The ultrasonic portion of this body of work was carried out over a shorter

length of time in comparison to the FOCOM work, and therefore there

are many directions to progress with the work. The main focus of the

future work is into array transducers made from the same material as the

transducer used in this study. With these arrays, it is hoped that a system

can be built that can produce B-scan images of a tooth without the need for

moving the sample or transducer (as shown in conventional imaging with

arrays).

The current state of the art transducers from the group operate at around

50 MHz, which would result in higher resolution thickness measurements

( 65µm). Such a transducer would be able to record more high quality three
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dimensional images than those previously reported by this group (D.A.

Hughes et al. 2007)â , without the need for moving the transducer.

3. As well as producing three dimensional B-scan images with the array tech-

nology, the early results shown in this thesis into using the transducer

to image caries lesion provides another application. While the resolution

would still not be high enough to quantitatively measure the thickness of an

early caries lesion, the acoustic impedance mismatch of healthy and lesioned

enamel would allow detection to take place.

4. Ultimately, one of the main issues that needs to be resolved before ul-

trasound can be a clinical diagnostic tool is one of coupling. In all the

experimental work reported in this thesis, water was used as the coupling

medium. While water is a non-toxic and conformable material for this pur-

pose, there are issues with how one might apply it in a clinical environment.

A strong contender for this application may be the use of gel pads which

could interface the transducer to the tooth.
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Chapter 10

Appendix 1: GRIN simulation C

code

#include <iostream>

#include <fstream>

#include <cmath>

using namespace std ;

f loat g=.327; // gradient constant mm−2

f loat L ; // length of GRIN mm

f loat n0=1.592; // re f rac t i ve index at opt ic axis

f loat dz ; // z step increments

f loat constant ; // for quicker ca lcu la t ion

f loat n2x ( f loat x )

{

//square of re f rac t i ve index at point x away from optic axis

f loat nx ;

nx=n0∗(1−((pow(x , 2 )∗ g ) / ( 2 ) ) ) ;

//cout<<nx<<"\n";

return pow(nx , 2 ) ;

} ;

f loat D( f loat x )

{

f loat r e s u l t ;

r e s u l t=constant ∗ ( (pow(x , 3 )∗pow(g ,2))−2∗x∗g ) ;

return r e s u l t ;

} ;

211



CHAPTER 10. APPENDIX 1: GRIN SIMULATION C CODE 212

int main ( )

{

int i , t o t a lEn t r i e s , ray ;

f loat A,B,C, rootg , fp , ray1 ;

f loat x0 , t0 , x , t , xn1 , tn1 ;

f loat FGD, NA_fibre ;

f loat ex i tAng le ;

char ∗ f i l ename = new char [ 3 0 ] ;

f loat ∗rayData ;

cout<<" - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -\ n - -  G R I N  l e n s  ray  p a t h  - -  \ n " ;

cout<<" - -  D a v i d  Hughes ,  2 0 0 8  - -\ n - - - - - - - - - - - - - - - - - - - - - - - - - - - -\ n \ n " ;

cout<<" G r a d i e n t  i n d e x  c o n s t a n t  ( A )  :  " ;

c in>>rootg ;

g=rootg ∗ rootg ;

cout<<" R e f r a c t i v e  i n d e x  at  o p t i c a l  axis ,  n0  :  " ;

n0=1.592;

cout<<" L e n g t h  of  G r i n  L e n s  :  " ;

c in>>L ;

cout<<" z  s t e p  i n c r e m e n t s  :  " ;

dz=0.05; // z step increments

cout<<" - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -\ n " ;

cout<<" F i l e n a m e  : " ;

c in>>f i l ename ;

cout<<" C o n s t a n t  : "<<constant ;

cout<<" \ n F G D : " ;

c in>>FGD;

NA_fibre=0.13;

t0=as in (NA_fibre ) ;

t o t a lEn t r i e s=( int ) ( (FGD+L)/ dz ) ;

rayData = new f loat [ 5∗ t o t a lEn t r i e s ] ;

f s t ream f ;

f . open ( f i l ename , i o s : : out ) ;

for ( ray=1; ray<=5; ray++)

{

x=0;

x0=0;

t0=ray ∗( a s in (NA_fibre ) / 5 ) ;

constant =pow(n0 , 2 ) / ( 2 . 0∗ n2x ( x0 )∗pow( cos ( t0 ) , 2 ) ) ;

for ( i =0; i <(FGD/dz ) ; i++)

{

x=( i ∗dz )∗ s i n ( t0 ) ;

//f<<(dz∗ i)<<" "<<x<<" "<<t0<<"\n";

rayData [ ( ( ray−1)∗ t o t a lEn t r i e s )+ i ]=x ;

x0=x ;

} ;

t0=as in ( s i n ( t0 )/ sq r t ( n2x ( x0 ) ) ) ;

x=x0 ;

t=t0 ;
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for ( i =0; i <(L/dz ) ; i++)

{

rayData [ ( ( ray−1)∗ t o t a lEn t r i e s )+( i+( int ) (FGD/dz )) ]=x ;

A=dz∗D(x ) ;

B=dz∗D(x+((dz /2 .0 )∗ t )+( (1 . 0/8 . 0 )∗ dz∗A) ) ;

C=dz∗D(x+(dz∗ t )+( (1 . 0/2 . 0 )∗ dz∗B) ) ;

xn1=x+dz ∗( t +(1 .0/6 .0 )∗ (A+2.0∗B) ) ;

tn1=t +(1 .0/6 .0 )∗ (A+(4.0∗B)+C) ;

x=xn1 ;

t=tn1 ;

xn1=0;

tn1=0;

} ;

ex i tAng le=as in ( sq r t ( n2x (x ))∗ s i n ( t ) ) ;

cout<<" Ray  "<<ray<<"  f i n a l  a n g l e  is  " ;

cout<<t<<"  at  p o s i t i o n  "<<x<<" ,  E x i t  A n g l e  is  " ;

cout<<exitAngle<<" .  F o c a l  P o i n t  is  "<<x/tan ( abs ( ex i tAngle ))<<" \ n " ;

i f ( ray==1) ray1=x/tan ( abs ( ex i tAngle ) ) ;

i f ( ray==3) fp=x/tan ( abs ( ex i tAngle ) ) ;

} ;

cout<<" f o c a l  l e n g t h :  "<<fp<<" ,  s p r e a d  : "<<ray1−(x/ tan ( abs ( ex i tAng le )))<<" / n " ;

for ( i =0; i<t o t a lEn t r i e s ; i++)

{

f<<i ∗dz<<"  "<<rayData [ i ] ;

f<<"  "<<rayData [ i+t o t a lEn t r i e s ] ;

f<<"  "<<rayData [ i+2∗ t o t a lEn t r i e s ] ;

f<<"  "<<rayData [ i+3∗ t o t a lEn t r i e s ] ;

; f<<"  "<<rayData [ i+4∗ t o t a lEn t r i e s ]<<" \ n " ;

} ;

f . c l o s e ( ) ;

return 0 ;

} ;
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