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Abstract
Molar incisor hypomineralisation (MIH) is a qualitative developmental defect in
enamel, defined as hypomineralisation of systemic origin affecting first permanent
molars and less frequently associated with permanent central incisors. It’s prevalence
worldwide ranges from 2.4-40%. MIH poses challenges to both patients and clinicians,
and a burden on global health. Therefore, prompt diagnosis and treatment is crucial to
prevent its complications.
The current diagnostic measures are clinical visual examination by means of indices,
and radiographic examination. However, current diagnostic tools are subject to
limitations, bias and drawbacks, therefore there is a need for better diagnostic tools to
determine the extent and depth of MIH lesions to determine the tooth’s prognosis.
The aim of this study is to expand the use of Optical Coherence Tomography (OCT)
imaging in dentistry, using it as a routine clinical diagnostic tool in MIH, and to
compare the results with conventional clinical methods i.e. radiographs and clinical
indices. In addition, to define some markers in the OCT scan and scattering profile
intensity plots for both sound and MIH affected teeth, to help aid in their diagnosis.
The major outcome of this study to date came from observing and comparing the OCT
scattering intensity profiles for both control and MIH lesions. These were investigated
in greater detail and different empirical markers were extracted to stereotype each
defect. This led us to establish scattering fingerprints for each type of MIH lesion. A
multi-assessors analysis followed by a kappa analysis was done to evaluate the
selectivity and accurateness of our makers. In addition, evaluating the lesion as a
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whole, progressing it from a 2D to a 3D perspective which helps interpret the data
easier.
In conclusion, OCT has been recognised to be a safe and useful diagnostic method
when studying MIH lesions, providing an understanding of the lesion in terms of depth
and extent, therefore helping in predicting the lesion’s prognosis, which is not found in
conventional methods. In addition, OCT helps to differentiate between MIH and sound
teeth, and additionally between different types of MIH lesions.
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Impact statement
Molar incisor hypomineralisation (MIH) is a common condition causing substantial pain
to children, distress to their parents, and a large burden on health care systems
around the world (Figure 1). It is predicted that the cost of treatment is potentially the
same as the national expenditure on leading cancers. It is one of the more common
pandemic health problems in the world, and it can be effectively controlled by early
diagnosis, followed by appropriate treatment. Continuing research and development
are needed to prevent and manage this important international health problem.

Figure 1 Showing the relative impacts; prevalence, social and family costs of different
dental

defects,

with

MIH

being

the

highest

(taken

from

the

http://thed3group.org/).

Prevalence of MIH ranges from 2.4-40% worldwide, with an increasing incidence.
Recent meta-analysis found that the mean global prevalence is approximately 13%
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with 878 million people affected, and 4.8 million cases per year requiring treatment
(Schneider, P.M. and Silva, M., 2018).

MIH can be diagnosed both clinically and radiographically, however with limitations.
Radiographs not only possess radiation and ionisation defects, but also can be
frightening for children who may not be able to tolerate intra-oral films. Therefore a
more child friendly, and smaller equipment to scan the teeth without any deterministic
defects should be used.
I have presented my research to colleagues and professors in our institute, and
proposed a calibration exercise on how to correctly use indices to report MIH lesions
(appendix 5). This research was also presented as a poster in the International Dental
Association of Research (IADR) in London, United Kingdom 2018, where researches
from all over the world attend, interact and exchange new knowledge (Appendix 6).
This research can be a starting point for brining the OCT scanner to the dental clinical
chair, as a routine diagnostic tool. Furthermore, the markers we have extracted can be
further studied and used as a future research scholarship, to be populated and used
within a larger sample size, and to confirm these markers; consequently this can be
taken globally as a new index for MIH categorisation. In addition, automate these
markers, and make diagnosis of MIH as a 3-D entity instead of characterising it
subjectively using 2-d x-rays.
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Introduction
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Introduction:
Statement of problem:
Enamel is the strongest tissue in the human’s body. It is composed of more than 95%
hydroxyapatite, with the remaining being water and organic material, which makes it
highly mineralised (Avery 2002). Its formation can be affected by genetic,
environmental or systemic disturbances, leading to enamel defects.
The most common enamel defect is Molar Incisor Hypomineralisation (MIH), and due
to its high prevalence and burden of disease, the lifelong implications and cost to the
general community is significant. Therefore the diagnosis and management of MIH is
of high importance, especially in the early mixed dentition period, around 6-8 years,
due to the limitations in patient co-operation and the diagnostic methods that are not
accurate enough to determine the extent of the lesion into enamel.
In this study, our main objective is to expand the use of optical coherence tomography
(OCT) as an imaging technique for MIH teeth, brining it to the dental chair. In addition
to explore MIH in terms of the type of defect and ultrastructure characteristics, and
compare it with clinical and radiographic imaging of teeth. Furthermore, to generate
markers as fingerprints to stereotype each type of defect, to aid in the diagnosis of
MIH.
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CHAPTER 2
Review of Literature
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Review of the Literature
2.1 Enamel
Enamel is the (white) visible part of the tooth’s crown, which acts as a solid
barrier, covering and protecting the dentine and pulp. It is a highly mineralised,
and translucent material with well-arranged, packed hydroxyapatite crystals, and
is considered the hardest tissue in the human body (Margolis et al., 2006).
Human enamel varies in thickness over the surface of the tooth, often thickest at
the cusp, up to 2.5 mm, and thinnest around the cervical, approximately 1.3mm
(Nanci, 2013).
2.1.1 Enamel formation:
Teeth are formed from an aggregate of ectodermal cells, called the tooth germ,
which is composed of the enamel organ, dental papilla and dental sac, as
illustrated in figure 2.1. The enamel organ gives us enamel; the dental papilla
gives rise to the pulp and dentine, and the dental sac evolves into the tooth
supporting tissues (Nanci., 2007). Therefore, the human structure of a tooth is
composed of enamel, dentine and pulp as seen in figure 2.2.

Figure 2.1 Showing histology of enamel organ and
dental papilla (Image Courtesy of Nanci, 2013)
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Figure 2.2 Image of the structure
of a human tooth (Image taken
from http://beta.classmint.com)

Tooth development starts around 6 weeks of gestation period and is divided into
stages: the initiation, bud, cap and bell stage, and finally maturation. It’s a wellorganized process and is strictly under genetic control, any disturbance results
from gene mutation. Different dental defects are categorised depending on the
type and timing of the insult.
Amelogenesis is the process of enamel formation (figure 2.3), during the
advanced bell stage of tooth development and is divided into two stages:
secretory and maturation. Around the third or fourth month of gestation, the
secretory phase occurs where ameloblasts, the cells responsible for enamel
formation, release enamel proteins, which are then mineralised by the enzyme
alkaline

phosphatase

(Fehrenbach

et.

al.,

2015).

The

proteins

are amelogenins, ameloblastins, enamelins, and tuftelins. Primarily the enamel is
secreted as a partially mineralised organic matrix, which comprises only 30% of
mineral with the residue being organic material and water (Robinson et al., 1995).
The enamel minerals in this stage are elongated and thin in shape (Margolis et
al., 2006). Following the partial mineralisation, the maturation stage occurs where
the ameloblasts remove these proteins from the enamel matrix by proteases such
as matrix metalloproteinase-20 in order to finalize the mineralisation. After the

	
  

27	
  

ameloblasts have transported these proteins out of enamel, it is considered fully
mineralised and enough space is made for the enamel minerals to expand in
thickness and width (Fehrenbach et. al., 2015).

Figure 2.3 Image showing the
stages of tooth development,
(taken from Essentials of Oral
Histology and Embryology, Ed:
James Avery, 2nd edition).

	
  
	
  
Any disturbances during the phase of enamel matrix formation may lead to a
quantitative or morphological defect i.e. hypoplasia. On the other hand, if the
disturbance occurs in the mineralisation phase, the enamel may have a
qualitative defect, i.e. hypo mineralised. (Martinović et al., 2015).
There

are

three

main

developmental

defects

of

enamel;

hypoplasia,

hypocalcification and hypomaturation. Hypoplastic enamel occurs when the
enamel layer is not formed into normal thickness. Therefore, clinically the
affected tooth appears smaller in size with a smooth or pitting surface and thin
but normal enamel (figure 2.4). In hypocalcification, the affected tooth is normal in
size and shape however, the color of the enamel ranges from a yellow to brown
discoloration due to poor mineralisation process of the enamel matrix (figure 2.5).
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The enamel is also very soft and fragile when hypomineralised. On the other
hand, hypomature teeth present with normal size and shape with mottled enamel
and white to yellow opacities (figure 2.6). Sometimes there are combinations of
defect occuring in a single tooth.
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Figure 2.4 Showing a picture of a
dentition

affected

with

enamel

hypoplasia (image courtesy of Aine,
L., et al., 1990)

	
  
Figure 2.5 Showing a picture of a
dentition

affected

with

enamel

hypocalcification image courtesy of
Student dentaire

Figure 2.6 Showing a picture of a
dentition

affected

with

enamel

hypomaturation (Image courtesy of
Omar, S.I., 2013.
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2.1.2 Composition of enamel
Enamel is composed of both inorganic and organic material. The main inorganic
mineral is hydroxyapatite along with some trace elements. Hydroxyapatite is
a crystalline calcium phosphate (Ca10(PO4)6(OH)2) crystal, comprising more than
95% of the enamels volume (Staines et al., 1981). The crystals are neatly
ordered and closely packed, directed from the enamel dentine junction (EDJ) to
the occlusal surface of the tooth (Simmer and Hu, 2001).
The organic material constitutes about 1-2% of the enamel matrix, mainly
proteins and minor concentrations of proteoglycans and lipoids. The remaining
4% is water, which lies between the crystals and organic material, and its
presence is associated with the porosity of the tissue.
Enamel is similar to bone and dentine in some properties, however is considered
unique in others, as it is the only hard tissue that does not contain collagen and is
avascular with no nerve supply (Fincham et al., 2000). It does contain two unique
classes of proteins, whose roles are not fully understood but are said to be
important in the development of enamel, these are amelogenins and enamelins
(Nanci, A., 2007). Despite the fact that it has no ability of self-regeneration, it is
not a static tissue as it can go through mineralisation changes, i.e.
demineralisation and remineralisation to a certain degree (Fincham et al., 2000).
Remineralisation is a natural process that occurs in the oral cavity, it helps in
managing non-cavitated lesions, by salivary proteins and fluoride, and restores
the strength and function of tooth structure. On the other hand, demineralisation
is a chemical process where minerals are removed from the hard tissue, by
acids, and can lead to cavitation. Together, remineralisation and demineralisation
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work as a dynamic process (Li, X. et al., 2014). This is illustrated in figure 2.7
below.

Figure 2.7 The oral equilibrium
between

remineralisation

and

demineralisation (Jefferies, S.R.,
2014).
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2.1.3 Ultrastructure
Enamel is a complex material with an intricate microstructure. The main mineral
component is calcium hydroxyapatite, which has a size around 70 nm in width, 25
nm thick and extends across the full width of the enamel (Staines et al., 1981).
Millions of these crystallites conglomerate tightly and are densely packed to form
enamel rods (figure 2.8), which are the basic structural unit of enamel. An enamel
rod measures approximately 4 µm wide to 8 µm high and when viewed in cross
section is compared to a key hole, with its head pointing towards the crown and
tail towards the root (Fernandes, C.P. and Chevitarese, O., 1991).
Enamel rods give enamel its rigidity and strength, and because of their interwoven
orientation, it gives teeth the ability to withstand masticatory forces up to 20-30
pounds per tooth (Fernandes, C.P. and Chevitarese, O., 1991).

	
  
	
  
Figure 2.8 Image displaying orientation of enamel rod
(From Avery JK: Oral development and histology,
2002)
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Hunter-Schreger bands (HSBs)
Under polarised light microscopy, distinctive bands are seen in enamel prisms, which
are called ‘Hunter–Schreger bands’ (figure 2.9). These are formed by enamel rods,
which are organised in layers of varying thickness, perpendicular to each other.
These bands add strength to enamel and prevent any cracks from propagating
throughout the tooth (Nanci, 2013). In addition, these band arrangements aid in
enhancing enamel resistance to all types of tooth wear, such as attrition, erosion and
abrasion (Lynch et al., 2011).
Striae of Retzius (SoR)
These lines are considered as incremental growth lines, which are seen in normal
enamel (figure 2.9). They are seen as thick age bands, described like rings on a tree.
They present as dark lines, and signify the increments of different layers of enamel
during its apposition in crown formation (Brand, et al., 2013).

	
  
Figure 2.9 Image representing SoR and HSBs
(Lynch et al., 2010)
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2.1.4 Physical properties
It is the hardness of enamel that permits the teeth to withstand the stresses of heavy
masticatory forces (Nanci, A., 2007). Enamel is considered the hardest tissue in the
human body, as it compromises approximately 1% of water only (Chun, K.J.,et al.,
2014). Studies suggested that enamel’s hardness remains homogenous from the
outer tooth surface to the enamel dentinal junction (Gutiérrez-Salazar and ReyesGasga, 2003). However, as opposed by other studies that it is evident there is a
decrease in Hardness and Young’s modulus, in addition in between buccal and
lingual surface of permanent teeth, as a result of the changes in crystal chemistry
(Cuy et al., 2002, Braly et al., 2007).
Enamel’s hardness is said to be harder than mild steel, however a lot more brittle
(Newbrun, E. and Pigman, W., 1960). Therefore, it is not scratched upon metal
cutlery but you can chip it by trying to open a metal can with your teeth.
In relation to the physical properties of enamel, the hardness is the one most widely
studied. The values of enamel hardness have been reported either by Knoop
Hardness Number (KHN) or Vickers Hardness Number (VHN) depending on the
method used. However, the numbers obtained from both methods were not
significantly different, with an average ranging from 270 to 350 KHN, or from 250 to
360 VHN (Gutierrez-Salazar and Reyes-Gasga, 2001).
When enamel hardness was measured, sound enamel ranks as 5 on Mohs scale of
mineral hardness, compared to 4.5 for bone and 3-4 for dentine, and 83 GPa
on Young’s modulus (Staines et al., 1981).
Another important property is its high resistance to wear and abrasion. These
properties are significant as enamel is unable to self-repair or replace (Berkovitz et
al., 2009).
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2.1.5 Developmental Enamel Defects
Enamel is characterised by a lack of metabolic activity, thus when it is formed any
disturbances occurring during its development can lead to permanent defects, which
can act as records of early life events or exposures (Crombie et al., 2009).
Developmental Enamel Defect is defined as “disturbances in hard tissue matrices
and their mineralisation that arise during odontogenesis” (Vargas-Ferreira, F. and
Ardenghi, T.M., 2011). Enamel defects can occur at any stage of tooth development
and are usually associated with the development stage when the defect occurs.
They have a complex aetiology with multiple pathways, and can have several
interconnected factors (Masterson, E.E.,et al., 2017). Causes are either idiopathic,
local factors, such as trauma and infection to primary teeth, or general factors, i.e.
genetic, systemic.
Dental anomalies are categorised as affecting tooth number (supernumerary teeth
and hypodontia), size (macrodontia and microdontia), shape (peg shaped) or
structure (MIH) (Pinkham et al., 2005). The most common development enamel
defects are molar incisor hypomineralisation (MIH), Amelogenesis Imperfecta and
fluorosis (Mohd Noor, M., 2014).

2.2 Molar Incisor Hypomineralisation (MIH)
MIH is defined as ” a qualitative defect of systematic origin of the enamel, involving
one or more first permanent molar, which is frequently associated with affected
incisors ” and was first introduced in 2001 (Weerheijm et al., 2001).
The disease was presented at the European Academy of Paediatric Dentistry
(EAPD) Assembly in 2000, by four different groups of researchers who each named

	
  

36	
  

the condition differently. The four different names were as follows; ‘hypomineralised
FPMs’ (Beentjes et al., 2002), ‘idiopathic enamel hypomineralisation in FPM’ (Jälevik
et al., 2000), ‘non-fluoride hypomineralisation in FPM’ (Leppäniemi et al., 2000) and
‘cheese molars’ (Weerheijm et al., 2000). Therefore, to avoid confusion an
agreement on the name has to be reached, thus the definition was made.
A relationship as well has been found between the occurrence of hypomineralised
second primary molars (HPSM) and MIH, which is suggested that, clinically, HSPM
can be used as a predictor for MIH (Elfrink et al., 2012).

2.2.1 Epidemiology
Worldwide many prevalence studies related to MIH have now been published
(summarised in table 2.1), ranging from 2.4% to 40% (Jalevik, 2010), which may be
due to the use of different indices, criteria, examination variability, lack of
standardised methods of recording lesions and different age groups (Elfrink et
al. 2015).
Previously, diagnosis of MIH affected teeth was concealed by the presence of
carious lesions, whereas currently, MIH has become more evident as a separate
entity as caries experience decreases in many populations and clinicians’ awareness
increases (Gambetta-Tessini, K., et al., 2016). Studies regarding data about
prevalence in North America, Africa and the Middle East are very uncommon, with
the majority of studies clustered in Europe where they reported prevalence from
3.6% to 37.5%, (Jälevik, 2010.), with the prevalence in UK being 15.9% (Balmer et
al., 2012). With regards to the Middle East, only few data is found accounting for the
prevalence of MIH, however it was found to be common amongst children in Iraq
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(Ghanim et al., 2011). A study in 2008 reported that the prevalence of MIH in Hong
Kong as only 2.8%, (Cho et al., 2008) while another study in Brazil reported a
prevalence of 40.2% (Soviero et al., 2009). These variations might be due to
differences in environmental, socioeconomic status or genetic factors associated
with each population (Balmer et al., 2012).
The increase in prevalence may be due to the fact that as caries rates in the past
were higher, MIH lesions might have been concealed, and as caries levels have now
decreased; MIH lesions became a clearer entity (Ogden et al., 2007). In addition,
global awareness of the condition has increased. Meanwhile, the prevalence of MIH
is likely to be underestimated as some examiners failed to include MIH teeth with
post-eruptive break down that required atypical restorations or were extracted
(Jalevik 2010).
Another study showed that primary second molar hypomineralisation is around 9% in
Netherlands, suggesting that there is a relationship between primary second molar
hypomineralisation and MIH, thus it can be used as a predictor for permenant molars
(Elfrink et al., 2012).
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A study in 2008 found that there was no significant difference in prevalence between
males and females (Willmott et al., 2008). In addition, it was found that children with
severely affected FPMs would more likely have affected incisors (Jalevik et al.,
2001a).

Country

Prevalence

Study

Worldwide

2.4% to 40%

Jalevik, 2010

Europe

3.6% to 37.5%

Jälevik, 2010

UK

15.9%

Balmer et al., 2012

Hong Kong

2.8%

Cho et al., 2008

Brazil

40.2%

Soviero et al., 2009

Netherlands

9%

Elfrink et al., 2012

Table 2.1 Summarizing prevalence of MIH across different countries as presented in
different studies
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2.2.2 Aetiology
The exact cause of MIH is not known, and there is currently not enough evidence in
the literature to establish the aetiological factors for MIH (Crombie et. al., 2009).
Different aetiologies suggested include health problems during pregnancy and the
first few years of life, or other environmental factors (Fragelli et al., 2015).
Ameloblasts, the cells that deposit enamel, are sensitive and susceptible to very
minor changes in their environment, disrupting Amelogenesis. Disrupting factors
include increases in temperature, hypoxia, hypocalcaemia, and any changes in pH
(Allazzam et al., 2014).
MIH can occur at any time before birth, or during the first three years of life, as this is
the crucial development time for both the first permanent molars and permanent
incisors (Alaluusua, 2010). During the fourth month of intra-uterine life, the first
permanent molars start to develop and mineralisation starts at birth and continues up
to a thousand days, explained in table 2.2. As for the incisors, calcification starts at
the age of three to four months and enamel formation is complete at the age of 4-5
years old (Nanci, A., 2007). Therefore, any disturbance in this period can lead to a
hypomineralisation defect in the molars and incisors, leading to MIH (Alaluusua,
2010).
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Table 2.2 Development of first permanent molars and incisors as described by Proffit
1993

	
  
Pre-natal causes
It was thought that MIH could be related to any medical problem during pregnancy,
as it was more common in children with mothers who had problems during
pregnancy than those who were healthy (Whatling and Fearne, 2008; Lygidakis et
al., 2008). A study in 1980, demonstrated urinary infection during the last trimester
was found to be associated with MIH (Fredén et al., 1980).

Peri-natal
Any traumatic birth event, e.g. an abnormal delivery such as a Caesarean section,
can lead to metabolic changes in the formation of the enamel causing clinical defects
(Alaluusua, 2010). Hypomineralisation was more prevalent in preterm children
compared to those born after week 37, and children with low birth weight
(Prokocimer et. al., 2015). However, another study stated that there is no association
between MIH with birth prematurity or complications, low birth weight, or breastfeeding duration (Allazzam et al., 2014).
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Post-natal causes
Illness during the first four years of life have been linked to MIH (Allazzam et al.,
2014). In addition, a Greek study showed that complications during the first year of
life were clearly more common in MIH children than in those without (Lygidakis et al.,
2008). Diseases can affect enamel mineralisation either by direct influence of the
disease on the ameloblast activity, or indirectly by its complications such as hypoxia,
hypocalcaemia, fever, and/or malnutrition due to the illness (Sui et. al., 2003).
A study in 1995 showed that children with respiratory illnesses had a higher
prevalence of hypomineralised permanent molars (Van Amerongen et. al., 1995).
Respiratory diseases which result in hypoventilation and respiratory acidosis, affect
the enamel matrix pH which in turn inhibit the action of proteolytic enzymes and the
development

of

the

crystal

hydroxyapatite,

therefore

leading

to

enamel

hypomineralisation (W. Sui et. al., 2003). For example, asthma is said to have a link
with MIH. This can be due indirectly to hypoxia or respiratory acidosis, or due to the
fact that asthmatic patients require corticosteroid therapy, which in turn suppress
ameloblast activity (Pawlicki et. al., 1991). However, most children have asthma, but
not all children have MIH.
Amoxicillin use in the first year of life has been linked with a higher risk of MIH (Laisi
et al., 2009). However, the association of MIH with antibiotics use is controversial, as
antibiotics are commonly used with upper respiratory infections, so it is not possible
to confirm whether the disease or the drug itself caused MIH. This is the same case
as with fever, as it’s a common symptom associated with most childhood respiratory
infections so it is difficult to conclude if it is the illness or the fever that is causing the
defect (Allazzam et al., 2014).
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In addition, a correlation was made between exposure to high levels of dioxins and
Polychlorinated biphenyls (PCBs), which are both environmental pollutants often
formed as waste in industrial processes, to enamel formation defects. Exposure to
these environmental toxins in early childhood has been linked with hypomineralised
opacities (Alaluusua et al., 1996). It was found in Sloavenia that children living in a
PCB contaminated area had a higher prevalence of enamel defects compared to
those in a control area (Jan and Vrbič, 2000). Several animal experiments have
shown that teeth are amongst the most sensitive organs to the effects of dioxins. In
addition, a study associated prolonged breastfeeding with MIH (Alaluusua et al.,
1996) and it suggested that pollutants, such as dioxins, in breast milk, could be the
cause. On the other hand, other studies found that there was no relation between
MIH and breast-feeding, and may in fact reduce the risk of MIH (Jalevik et al., 2001a,
Whatling and Fearne, 2008). The main aetiological factors associated with MIH are
summarised in table 2.3 below.
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Author, Year

Type of Study

Cause

Pre-Natal
Whatling and Fearne, Epidemiological Study
2008; Lygidakis et al.,
2008

Any disease
pregnancy

during

Peri-Natal
Alaluusua, 2010

Systematic review

C-section

Prokocimer et. al., 2015

Cross-sectional study

Preterm baby

Prokocimer et. al., 2015

Cross-sectional study

Low birth weight

Fredén et al., 1980

Systematic review

Urinary infection

Post-Natal
Allazzam et al., 2014

Cross-sectional study

Lygidakis et al., 2008

Retrospective
clinical Illness during first year
study
of life
Experimental study
Hypoxia,
hypocalcaemia,
malnutrition, fever

W. Sui et. al., 2003

Van Amerongen et. al., Retrospective
1995
study
Pawlicki et. al., 1991
Laisi et al., 2009
Allazzam et al., 2014

first

4

clinical Respiratory disease

Experimental study

Asthma

Retrospective
clinical Amoxicillin use in first
study
year of life
Cross-sectional study
Fever

Alaluusua et al., 1996

Alaluusua et al., 1996

Illness during
years of life

Retrospective
study

Dioxins
clinical Polychlorinated
biphenyls (PCBs),

Retrospective
study

clinical Prolonged
feeding

and

breast

Table 2.3 Table summarising different studies conducted on the aetiology of MIH
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2.2.3 Clinical features
Hypomineralisation is clinically manifested as enamel opacities, which are the effect
of disturbances in the enamel’s translucency. The enamel is of normal thickness,
however the surface, which can be white, white- yellow or yellow-brown, and there is
typically, a demarcated line between the lesion and healthy enamel. Under
masticatory forces, affected teeth may exhibit loss of enamel, namely post eruptive
breakdown (PEB), as seen in figure 2.10; however, this breakdown does not tend to
affect incisors, as they are not subject to occlusal load. Clinically, this resembles
enamel hypoplasia but the difference is the margins of the MIH lesions are irregular,
whereas those in hypoplasia are smooth and rounded (Don Santos et al., 2012).

Figure 2.10 Showing a FPM with PEB,
taken from www.kidz-teeth.com
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Although MIH can affect multiple teeth, it is not considered chronological as seen in
tetracycline staining or linear enamel hypoplasia, nor does it affect the entire
dentition as seen in Amelogenesis Imperfecta. MIH lesions are usually seen on the
cusps of molars and buccal surfaces of incisors (Jalevik B, Noren JG. 2000).
Remarkably, enamel in the cervical area of the tooth usually keeps its normal
structure (Farah RA et al., 2010). MIH can also involve the second primary molars,
cusps of permanent canines and permanent second molars to a lesser extent, when
the condition is very severe (Weerheijm et al., 2003b, Lygidakis et. al., 2010).
Affected first permanent molars are not confined to a specific arch or quadrant, and
are usually asymmetrical, but lesions affecting permanent incisors showed a
predilection for the maxillary (Oliver et al., 2014). This difference might be
contributed to the differences in susceptibility and timing of the development of the
dentition.

2.2.4 Classifications
A classification by European Academy of Paediatric Dentistry (EAPD) to describe the
severity of MIH has been suggested, where mild is considered a lesion with only
colour change (white / opaque, yellow or brown) with smooth enamel surface. When
the surface is rough, with enamel breakdown it is considered moderate. Severe
relates to lesions affecting both enamel and dentine, or atypical restorations usually
on the buccal replacing affected hard tissue (Leppaniemi et al., 2001). This is
summarised in table 2.4 below.
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Lesion

Mild

Moderate

Severe

Classification

Smooth surface, with white-yellow opacity

Rough surface, brown-yellow opacity, with breakdown of
enamel

Lesion affecting enamel and dentine, atypical restoration

Table 2.4 Definitions of the criteria used for classifiying the severity of MIH lesions
(Leppaniemi et al., 2001).

Another classification was by Oliver in 2014 (table 2.5), where mild is only colour
change, moderate is sensitivity, breakdown or atypical restoration, and where severe
is a combination of all (Oliver et al., 2014).

Lesion

Mild

Moderate

Severe

Classification

Smooth surface, with colour change

Sensitivity, breakdown or atypical restoration

Sensitivity, breakdown and atypical restoration (combination)

Table 2.5 Criteria used for classifiying MIH lesions (Oliver et al., 2014).
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Another classification by Mathu-Muju and Wright in 2006, divided the defects into
three different severity levels:
Mild MIH:
•

Demarcated, isolated opacities

•

No enamel loss

•

No history of dental hypersensitivity

•

No caries associated with the affected enamel

•

Incisor involvement is usually mild if present.

Moderate MIH:
•

Intact atypical restorations

•

Demarcated opacities are present on occlusal/incisal third of teeth without PEB

•

PEB/caries are limited to 1 or 2 surfaces without cuspal involvement

•

No dental sensitivity

Severe MIH:
•

PEB is present and frequently occurs as the tooth is erupting

•

History of dental sensitivity,

•

Widespread caries is associated with the affected enamel

•

Crown destruction can progress to involve the dental pulp, defective atypical
restoration is present

2.2.5 MIH lesions types
MIH can show in different types, but the main types usually seen, mostly studied and
understood and furthermost prevalent in our every day life are the types 1 and type 2
MIH lesions, in addition lesions that further deteriorate into PEB. Thus in this
research we are focusing on these 3 types. Type 1 is where the lesion/ tooth
appears chalky white, or has a creamy opacity and is usually the mildest. Type 2
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MIH is where the lesion is darker, and shows a yellow/ brown discolouration. As
mentioned previously, the darker the colour the more the protein and carbon content,
thus the more severe the form. The third type, which is PEB is not at entity by itself,
although a mixture of both with signs of breakdown. Lesions with PEB can be either
creamy white or yellow/ brown, so a type 1 or type 2 lesion however with loss of
enamel as part of the post eruption breakdown, thus considered the most severe
type with poor prognosis.
	
  
2.2.6 Differential Diagnosis
Differential diagnosis is required not to confuse MIH with other diseases such as
fluorosis or hypomineralised amelogenisis imperfecta (Mast, P.,et al., 2013). PEB
can be also misdiagnosed as enamel hypoplasia. However, it can be differentiated
from fluorosis in the medical history, as fluorosis is associated with a history of high
fluoride intake. In addition, MIH has opacities that are demarcated although in
fluorosis the lesions are more diffused and affects the dentition in a symmetrical and
bilateral manner. In addition, fluorosis is caries resistant due to the high fluoride,
however MIH lesions are caries prone.
In relation to hypomineralised AI, there is usually a family history. Furthermore, AI is
more symmetrical and usually affects both primary and permanent dentitions as a
whole, and is far less common as it has a prevalence of only 1 in 7000. Additionally,
radiographically molars in AI show taurodontism, which is enlarged pulp chambers,
however are normal in MIH.

In hypoplasia, the enamel loss is more regular with smooth borders indicating lack of
enamel formation, however in PEB the borders are more irregular and sharp that is
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due to the breakdown of weak enamel (Ghanim A. et al., 2017).
2.2.7 Ultrastructure of MIH teeth
Knowledge of the microstructural changes of hypomineralised enamel improves the
understanding of some of the complications associated with the clinical management
of these teeth. Hypomineralised enamel shows disorganised orientation of prismatic
structure with wide inter-prismatic areas and loosely packed crystals (Fagrell et al.,
2010). In addition, extremely porous enamel in MIH affected teeth, which helps the
penetration of bacteria deep down close to the EDJ.
When comparing lesions affected with MIH to sound enamel, differences in the ionic
composition have been found, such as reduced concentrations of mainly calcium
and phosphorus by 5-20%, in addition to oxygen and phosphorus level. On the other
hand, the carbon and carbonate concentration was higher, with nitrogen levels being
the highest (Martinović B et al., 2015).
It was found that MIH affected lesions had higher levels of serum albumin, antitrypsin
and serum anti-thrombin than sound enamel, but almost the same level of residual
amelogenins; this characteristic helps differentiate MIH from other hypomature
lesions that contain high residual amelogenins such as Amelogenesis Imperfecta or
Fluorosis (Dos santos et al., 2012).
In addition, there was a difference within different MIH lesions, as it was found that
chalky white lesions had less protein compared to yellow-brown ones (Farah et al.,
2010b). When compared to sound enamel, brown lesions show a 15-21 fold higher
and yellow or chalky enamel around 8-fold higher protein content.
The colour of the lesion reflects the extent of hypomineralisation and protein content,
where brown defects most frequently occur on molars, and white defects mostly on
smooth surfaces of incisors (Oliver et al., 2014). The significance of these proteins is
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that albumin inhibits crystal growth, and the other two are responsible for the
inhibition of kalikrin 4 proteolytic activities, which in turn can explain the clinical
difference in structure between MIH and sound teeth (Farah et al., 2010b). Crombie
et al have also demonstrated the difference in physical and chemical properties.
They found that micro-hardness and modulus of elasticity of MIH affected teeth were
reduced by 80% compared to sound enamel. In addition, the mineral content was
less, which explains the PEB. On the other hand, teeth with MIH showed higher
porosity. They also suggested that yellow-brown lesions showed more severe forms
of MIH compared to chalky white, and are more likely to suffer PEB (Crombie et al.,
2013).
Mahoney et al., suggested that due to the increased protein content of MIH enamel,
acid access through the hydroxyapatite crystals is limited as he observed that the
classic etching patterns obtained with sound enamel were absent in MIH lesions,
thus the decrease in bonding (Mahoney, E et al., 2005).	
  
	
  
2.2.8 MIH Complications
Clinically, MIH can create serious complications for the dentist as well as for the child
affected and pose a costly burden on the public health. As for the dentist, the
drawbacks are due mainly to the fast progression of breakdown, which leads to
difficulty in anaesthetising and bonding to enamel, and complexity of treatment. In
addition, the roughness of the enamel in the erupting molars can lead to eruption
difficulties, leading to uneruption or eruption with pain (Ghanim A. et al., 2017). For
the patient, it can cause pain, sensitivity, disturbance in aesthetics, carious lesions
and breakdown, which may lead to the loss of the teeth affected, as well as
psychological distress (dos Santos et. al., 2012).
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MIH lesions vary in severity from being minimally affected to more severe. The
opacities in severe MIH are porous, resulting in teeth that may break down as soon
as they are exposed to masticatory forces after eruption, i.e., PEB, exposing the
dentine and enabling dental caries lesions to develop (Weerheijm et al., 2003). PEB
leads to poor long-term prognosis of the teeth, which may lead to their extraction
early in life. Brown and yellow opacities have a higher risk of breakdown when
compared to the white (Costa-Silva CM et al., 2001). MIH lesions can affect
aesthetics, as the incisors tend to show opacities and discolouration, which can lead
to psycho social effects, especially in teenage girls, as studies showed they wont feel
comfortable smiling and are prone to bullying, which can lead to depression (SilvaJunior, M.F et. al., 2016).
In addition to aesthetics, MIH can put enamel at risk of developing carious lesions,
which progress rapidly and make it more difficult to diagnose as they are concealed
by the change in colour and breakdown. They are usually more sensitive to cold and
hot stimuli compared to sound teeth, either due to the porous enamel or exposed
dentine, which puts the patient at risk of poor oral hygiene due to difficulty brushing
(Beentjes et al., 2002). Moreover, the hypersensitivity leads to eating difficulties,
which can affect the child’s nutritional balance and growth.
Additionally, they tend to have porous enamel, which leads to inflammatory changes
in the pulp, thus making it more difficult to anaesthetise (Weerheijm, 2003). Patients
with severe MIH may display dental anxiety, fear and concern, which act as an
additional barrier to having the treatment due to the hypersensitivity (Jalevik and
Klingberg, 2002). A study in 2007 compared pulps of MIH teeth with controls, and
concluded that despite their small sample size, the results they found suggested the
presence of inflammatory changes in the pulp (Rodd et al., 2007).
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Considering all aspects mentioned above, MIH is considered one of the biggest
challenges in dentistry with a great impact on the oral health and quality of life of the
patient affected.
2.2.9 Clinical examination of teeth
Based on the manual published in 2017 by A. Ghanim et al., the ideal way to
examine MIH teeth is as follows, not to miss any lesions, and to guide clinicians into
accurate MIH scoring:
•

Dental chair is preferred, or for children knee to knee examination

•

Charting should be done in a systematic way, starting with quadrant 1 then 2, 3 and
4 consequently.

•

Teeth should be examined wet, or slightly dried with cotton roll.

•

Good light source with a disposable non-magnifying, front surface mirror head is
recommended.

•

The use of a probe to check for any irregular surfaces, but ensuring not to further
deteriorate the lesion (Ghanim A. et al., 2017).

2.2.10 Clinical indices
MIH as a clinical entity has become more evident over the past recent years and its
diagnosis and management are challenging, therefore early examination is crucial.
The most suitable time to examine the teeth, thus diagnose MIH is around the age of
8 where all of the four permanent first molar and incisors have fully erupted.
Different definitions for diagnosing MIH have been developed, such as the one
developed at EAPD (Weerheijm et al 2001a), shown in table 2.6 below.
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Criteria

Opacity

Definition

A defect involving an alteration in the
translucency of the enamel, variable in degree;
the defective enamel is of normal thickness
with a smooth surface and can be white, yellow
or brown in colour. The border of the lesions is
demarcated.

Post eruptive
breakdown

A defect that indicated deficiency of the surface
after eruption of the tooth, this may be caused
by such factors as trauma and attrition.

Atypical
restoration

Size and shape of restoration do not conform to
typical restorative characteristics. In most
cases, restorations will be extended to the
buccal or the palatinal smooth surface. At the
border of the restoration, opacity may be
noticed.

Extraction due
to MIH

Absence of a molar should be related to the
other teeth of the dentition. Absence of a first
permanent molar in a sound dentition is
suspected to have been an MIH molar

Table 2.6 Definitions of the criteria used for diagnosing MIH, courtesy of Weerheijm et
al 2001a.

Despite clear assessment criteria, molar incisor hypomineralisation (MIH) is
inconsistent in outcome measurements. Different clinical indices have been
designed to help clinicians in assessing enamel defects, these include the
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Developmental Defect of Enamel index (DDE), modified Development Defect of
Enamel index (mDDE), Molar Hypomineralisation Severity Index (MHSI) and a more
recent one the MIH Treatment Need Index (MIH-TNI). These indices are described
below in detail and their limitations discussed.
The Developmental Defect of Enamel index:
In 1977, a World Dental Federal (FDI) group established an international
epidemiological index system for classifying developmental defects of enamel. After
reviewing different studies, the Developmental Defects of Enamel index (DDE) was
officially accepted in 1982. This index was helpful in understanding a full range of
defects in term of the clinical features, shape and colour of the defect. However, it
was a descriptive rather than a causative index as it only describes the lesion without
identifying the exact cause.
In order to accurately diagnose the tooth, it was recommended to use visual tactile
examination with good lighting, using natural or artificial light, and a probe to detect
any irregularities in the enamel surface, should be used.
The DDE is based on the type, number and location of the defect, with each being
given a code individually (table 2.7). In addition, it describes the lesions as either
affecting both dentitions, or only primary or permanent, with denoting the permanent
teeth as numbers and primary as letters. Defects can be single or multiple, localised
or more generalised, with a code pertaining to each. If there is any uncertainty on
diagnosing the surface abnormality, it should be noted as normal. Furthermore, if the
lesion is clear, but does not fit any of the above categories then it should be recorded
as ‘Other’.
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The major drawback of this index is that it is time consuming and complicated, as for
each tooth surface two codes have to be described (type and number), and
sometimes an additional code for the location. In addition, it is considered bias as it
depends on the clinician’s opinion on how he characterises the lesion, which can be
different from one person to another, thus the ability of different clinicians to
understand and therefore use the index could be questionable. Another major
drawback of the DDE is its lack of measuring the severity/ extent of the lesion; in
addition, the level of hypersensitivity is not accounted for (Steffen, R. et al., 2017).
However, based on studies, the DDE index is the most commonly used amongst the
various indices available (table 2.6) (Clarkson J., 1989).
1. Type of Defect

Code
Permanent teeth

Primary teeth

Normal

0

A

Opacity (white/ cream)

1

B

Opacity (yellow/ brown)

2

C

Hypoplasia (pits)

3

D

Hypoplasia (grooves: horizontal)

4

E

Hypoplasia (grooves: vertical)

5

F

Hypoplasia (missing enamel)

6

G

Discoloured enamel (not associated
with opacity)

7

H

Other defects

8

J

Each is given a code individually same
Combination of defects

	
  

as mentioned above

56	
  

2. Number and demarcation of defects
Single

1

Multiple

2

B

Diffuse, fine white, lines

3

C

4

D

A

Diffuse, patchy

3. Location of defect
Gingival one-half

Incisal one-half

1

2

Gingival and Incisal halves
3
Occlusal

4

Cuspal

5

Whole surface

6

Other combinations

7

Table 2.7 Criteria used in Developmental Defect in Enamel index, proposed by FDI
working group in 1982, Modified from FDI Commission on Oral Health, Research and
Epidemiology (1982)
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The Modified Developmental Defect of Enamel index
To solve the complications of the DDE, in 1988 the Committee on Commissions of
FDI organised a group to review the DDE and make some modifications to a simpler
version. After several modifications, in 1992 the Modified Developmental Defect of
Enamel (mDDE) index was published, summarised below in table 2.8.
The differences between the DDE and mDDE are that it is a single scoring system,
unlike DDE, which for each lesion 2 or 3 codes have to be noted. In addition,
regardless of the change in colours, in the mDDE hypoplasia was the main weight
and was broken down into pits, grooves, linear grooves and missing enamel.
Another difference is that the mDDE has a category of combination of lesions, which
is excluded in the DDE. In addition, the defect must be greater than 1mm in diameter
for it to be included in the mDDE index, or else it is considered normal.
The main advantages of mDDE over the DDE are that it is less complicated and time
consuming, and increased efficiency for data collection. In addition, it measures the
severity or extent of lesion. Therefore the mDDE is an appropriate index to be used
for recording and analysing the type and severity of enamel defects in children
(Clarkson et al., 1989). It helps present the lesion in a more meaningful manner.
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Type of Defect
Normal

Code
0

Demarcated opacities
White/ cream
Yellow/brown

1
2

Diffuse opacities:
Diffuse lines

3

Diffuse patchy

4

Diffuse confluent
5
Confluent/ patchy + staining + loss of enamel

6

Hypoplasia:
Pits

7

Missing enamel (PEB)

8

Any other defects

Combinations
Demarcated and diffuse

9
Code
A
B

Demarcated and hypoplasia
Diffuse and hypoplasia
All three defects

C
D

Table 2.8 Modified DDE (mDDE) index used to characterise dental defects of enamel;
the criteria marked in bold are related to defects in MIH This table has been taken
from the FDA working group report (1992).
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The Molar Hypomineralisation Severity Index (MHSI)
The MHSI is a recent index developed by an Australian working group developed in
2014, and is based on the European Association of Peadiatric Dentistry (EAPD)
judgment and clinical characteristics (Oliver et al., 2014).
This index not only describes MIH lesions, but molar hypomineralisation in general
as well due to the increased awareness of molar hypomineralisation in both primary
and permanent dentitions. It assesses the severity of MIH by combining the defect
size of individual teeth and the entire dentition, and accordingly gives treatment
recommendations. It mainly focuses on the colour and location of lesion (Steffen, R
et al., 2017).
MHSI helps in diagnosing the lesion based on two different value scales, one for the
whole dentition (values 1-52) and the other for individual affected teeth (values 1-13)
and accordingly constructing a tailored treatment plan, based on the sum of the
characteristics shown on table 2.9, for it. The more severe the lesion, the higher the
MHSI score, therefore it receives more treatment with restorations or extractions
than those with lower scores which are planned for prevention only with sealants or
fluoride (table 2.10) (Oliver et al., 2014).
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Characteristics of molar Severity of characteristic Weighting assigned
hypomineralisation defects
Unerupted
0
Erutpion status
Erupted
1
None
Colour of most severe defect White/ cream
Yellow
Brown
None
Smooth surface
Location of most severe Occlusal
surface
defect
(FPMs)
Incisal edges (PIs)
Cuspal
involvement
(FPMs)
None
Restorations
placed/
One
replaced (prior to study
Two or more
entry)
None
Atypical restorations (prior to
Present
study entry)
Post
eruptive
breakdown (PEB)
Sensitive to
(child report)

enamel

temperature

0
1
2
3
0
1
2
2
3
0
1
2
0
1

None

0

Present

1

None

0

Present

1

None

0

Sensitive to tooth brushing
(child report)
Present

1

	
  
Table 2.9 Characteristics of hypomineralised defects on affected first permanent
molars (FPMs) and permanent incisors (PIs) and severity weightings.
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Based on the score, the recommendations is as follows:

Score

Description

Management

Preventive therapy with Fissure sealant (FS) and
3-6
(Mild)

Intact coloured defects, remineralisation or Glass ionomer cement (GIC) if
usually

on

smooth

occlusal surfaces

or defects are in areas of occlusal load.
Some teeth may require restorations if they
become carious or develop PEB.
Provide Adh restorations, particularly when PEB is

Yellow or brown defects present; consider stainless steel crowns (SSC) if
7-9
(Moderate)

on occlusal or cuspal PEB is extensive. Stabilise enamel surfaces using
surfaces which may have remineralisation, FS, and/or GICs. If defect is
atypical

or

restorations,

previous extensive, consider optimal timed extraction with
PEB,

or orthodontic advice to encourage space closure.

sensitivity.

Provide Adh restorations or extraction. If FPMs
Brown or yellow defects have been restored unsuccessfully on several
with a combination of occasions, consider placing either a SSC or extract
10–13
(Severe)

PEB,

sensitivity,

and after orthodontic advice. Consider remineralisation.

atypical restorations or Stabilise enamel surfaces with GIC until a definitive
previous restorations

treatment plan is made or while waiting optimal
timed extraction with orthodontic advice to
encourage space closure.

Table 2.10 Recommendations for treatment based on severity score (Oliver et al.,
2014).
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  The MIH Treatment Need Index (MIH-TNI)
In 2016, during the meeting of the German Society of Paediatric Dentistry an
international MIH group developed a new MIH index. This index was designed to
create a new straightforward index for scoring and treating MIH.
The aims of the index were to detect both the extent of the defect and account for
hypersensitivity. It should also be suitable for the investigation and description of
lesions on both individuals and for larger populations, and therefore be used for
treatment planning (Steffen, R et al., 2017). The grading used in this index is guided
by the lesion’s destruction and hypersensitivity. The index values are shown in table
2.11.
Index

Definition

Index 0

No MIH, clinically free of MIH

Index 1

MIH

without

hypersensitivity,

without

defect
Index 2

MIH without hypersensitivity, with defect

2a

<1/3 defect extension

2b

>1/3 <1/3 defect extension

2c

>2/3 defect extension or/ and defect
close to the pulp or extraction or atypical
restoration

Index 3

MIH with hypersensitivity, without defect

Index 4

MIH with hypersensitivity, with defect

4a

<1/3 defect extension

4b

>1/3 <1/3 defect extension

4c

>2/3 defect extension or/ and defect
close to the pulp or extraction or atypical
restoration

Table 2.11 Index values used in scoring lesions with MIH-TNI (Steffen, R et al., 2017).
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Scoring should be made with the patient facing the front and done in a clockwise
direction, starting with the maxillary right. The index is based on sextants, so given
that the mouth is divided into 6 sextants (table 2.11), 6 values are recorded with the
highest value for each sextant (table 2.12).

MIH-TNI
Maxillary right

Maxillary front

Maxillary left

Mandibular right

Mandibular front

Mandibular left

Table 2.12 Table showing the sextants and how indices are scored in MIH-TNI for
epidemiological studies

	
  
	
  
Description MIH

Affected teeth

Intervention

MIH index I
Without

hypersensitivity,

without defect
MIH index IIa, b, c, d
MIH
hypersensitivity,

without
with

defect
MIH index III
MIH with hypersensitivity,
without defect
MIH index Iva, b, c
MIH with hypersensitivity,
with defect
	
  
Table 2.13 Table showing how indices are scored in MIH-TNI for an individual risk
assessment on each tooth affected by MIH
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Due to the availability of many different indices and their deficiency in reliability there
isn’t a standardised system for recording MIH data. Therefore, it was agreed to have
a more standardised system to ensure a unified practical scoring form for the
classification and diagnosis of MIH lesions. This agreement was reached in a MIH
workshop that was held in association with the 12th EAPD Congress in Sopot,
Poland in 2014. Scoring sheets were thus developed that describe MIH lesions on
the clinical visual appearance and the extent of enamel destruction. It integrates the
components of the EAPD criteria and the modified Developmental Defects of Enamel
index (mDDE) for scoring mainly MIH, but incorporates other enamel defects as well.
This scoring method is composed of two scoring sheets, a short and long form
(tables 2.14 and 2.15 respectively). The first is for simple and fast screening,
whereas the long is for more detailed prospective longitudinal studies where
causation is included.
In the short form only MIH index teeth secondary primary molars (SPM), first
permanent molars, and permanent incisors are scored.
Recording of data is divided into two main sections, and one minor one. The main
sections are the visual clinical presentation of enamel lesions, namely clinical status
criteria, and the second section pertaining to the size of the tooth surface area
affected by the lesion, known as lesion extension criteria. The remaining minor
section is related to the eruption status of the tooth (eruption status criteria) (Ghanim,
A.,et al., 2015).
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Table 2.14 The short form of MIH/HSPM clinical data recording sheet

Table 2.15 MIH/HSPM clinical data recording sheet, permanent and primary dentitions
(long form)
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Figure 2.11 Flow chart representing the recommended sequence for diagnosis of MIH/
HSPM and other enamel defects.

In order to use this scoring method, some points have to be put in mind (figure 2.11).
Firstly, only teeth that has at least 1/3 of its surface erupted is scored, elsewise it is
scored as code A and there is no need to continue with its scoring.
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Next, a child is only diagnosed with MIH or HSPM when at least one FPM or one
SPM is found to have hypomineralisation, however if only the permanent incisors
then this is not considered as MIH. As hypomineralised permanent incisors can be
due to turners tooth, which is an infection or trauma to primary incisors which in turn
affects the permanent successor. Furthermore, a small defect that is less than one
millimetre or if the examiner is in doubt if it is defective or sound, the lesion is
excluded and scored as sound. Similarly, when there is any uncertainty regarding
the severity of the lesion severity, the less severe rating is to be recorded.
When MIH or HSPM is diagnosed, any full coverage restorations should be scored
as atypical restorations. On the other hand, areas with lost restorations with no
cavities present should be coded as PEB (code 3). In addition, when more than one
lesion exists per tooth, i.e. white and brown opacities, the more severe rating is to be
recorded, and in regards to the extent of the lesion, visually all lesions are combined
and the extent is scored.
The advantage of this scoring system is that it yields the most information of all
indices by having many different subcategories, thus it includes information on the
tooth’s eruption status, the extent of the lesion status, and the tooth surface area
affected, giving a full picture of the lesion.
In addition, hypomineralisation can fall under different diagnoses, so by assigning
these defects as present or absent allows their differentiation from MIH. Furthermore
it is not time consuming and very convenient.
Indices help in epidemiological screening procedures for assessing MIH and also
for the screening and recording of lesions by dental practitioners. However, all
indices have their drawbacks as they are subject to bias, subjectivity and are not
reproducible. Currently, no index is fully valid to guide clinicians in managing affected
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teeth, and treatment is based on individual clinical judgment. Indices help in
characterising the lesions, however no information is given on the prognosis of the
tooth, or the amount of PEB. Therefore, more objective measures to diagnose
enamel defects are required to overcome these drawbacks.
2.2.11 Radiographs
Not all oral diseases are visible to the naked eye; therefore radiographs aid in their
diagnosis and are important in developing a treatment plan. Since their discovery by
Röntgen in 1895, X-rays have been used widely to investigate oral health problems
at their earliest stages, such as cavities, gingival disease, oral infections, and some
tumours (Smith J.C., 1971). Whilst MIH is mainly diagnosed clinically, radiographic
imaging can be used as an aid to detect the extent of the lesion.
The radiographs requested for aiding the diagnosis of MIH are usually dental
panoramic tomography (DPT), bitewings (BW) or peri-apical images (PA). DPT is an
extra-oral radiograph, which shows the teeth in both dental arches along with the
adjacent bony structures. It uses a minor dose of ionising radiation in order to
capture the whole mouth in a single image. However, limitations of DPT are that it
does not give detailed information of the teeth as the resolution is low, and the image
tends to be distorted, with super imposition of different anatomical structures (Murray
et al., 2002). It is mainly requested when the dentition is needed to be seen as a
whole, before planning to extract the affected teeth, to ensure the patient has his
second and third molars.
While panoramic radiographs detect more extensive lesions, bitewings and
periapical radiographs yield more information regarding the dental lesions and
surrounding periapical region (Gundappa et al., 2014). Bitewings and periapicals are
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small intra oral images, which tend to show the whole posterior region, or individual
teeth with their periapical region respectively. Bitewings are good in detecting
interproximal lesions, with high resolution, however are of a little value when
detecting occlusal lesions. Regarding their radiation, literature shows that the
exposure dose from bitewing and periapical images is very low compared to
background radiation and other medical exposures. However, because dentists tend
to request them routinely, the total dose becomes the problem (Pitts, N.B., 1996).
Other than that, despite these are the xrays requested to diagnose MIH lesions, they
have their drawbacks of being 2d images thus the lesion is superimposed and can
be concealed, this is discussed further in chapter 5 below.
Radiation can affect the biological tissue either directly or indirectly. When the
energy of a photon ionises the atomic cell, the effect is termed direct. On the other
hand, the photon can indirectly affect the biological tissue. By indirect, it is meant
that the photon is absorbed into the cell, ionises the water and forms free radicals,
which in turn affect the biological tissue. Both direct and indirect effects take seconds
to cause the defect, however it takes hours to decades for the damage to show
(White, S.C. and Pharoah, M.J., 2014).
Radiation alters the biological deoxyribonucleic acid (DNA) by either causing a
breakage of the DNA strands, disrupting their hydrogen bonds, changing or deleting
a base, or cross linking a DNA strand with another strand or a protein. These
alterations in turn kill the cell or lead to mutations that can be carcinogenic or
hereditable. When the damage is great, killing number of cells, it is termed
deterministic. Examples of deterministic effects are mucositis or radiation induced
cataract formation. On the other hand, damage can be sub-lethal where it only
causes cancer or a hereditable mutation instead of killing the cell, i.e. stochastic. In
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order to have a deterministic effect, the threshold dose has to be reached, and the
effect is directly proportional to the dose. However, stochastic effects have no certain
threshold, any single dose can lead to an effect, and the probability of damage
increases with the dose (White, S.C. and Pharoah, M.J., 2014).
Due to the risks of ionising radiation, all exposures must be justified and kept as low
as reasonably achievable (ALARA) for both the patient and the staff (Strauss et al.,
2006). The risks and benefits of the radiograph should be weighed, and the purpose
of it should be to add to the diagnosis and facilitate the treatment plan, based on the
lesion severity, caries risk and the patient. Therefore, dentists should aim in
maximizing the benefits, and minimizing the risks. Children tend to be as much as 10
times more radiosensitive than adults, therefore optimising the radiation especially in
the peadiatric field is very important (Strauss et al., 2006).
Special precautions should be taken in order to protect both the patient and
personnel from the risks of radiation. As mentioned previously, justification and using
the ALARA rule is very important. In addition, the patient to protect the thyroid should
always wear lead collars as it is considered the most radiosensitive organ in the
head and neck region along with the brain, salivary glands and bone marrow (White
and Mallya, 2012). Studies showed that children are more prone to radiation risks
compared to adults, and that 25% of tumour types, which include leukaemia, thyroid,
skin, breast and brain cancer occur in children (Kleinerman, R.A., 2006).
Regarding the type of film, using E or F speed film or digital imaging tends to have a
lower dose compared to D- speed film or conventional imaging. In order to reduce
the scatter of beam, rectangular collimation for peri-apical and bitewing images is
required. For panoramic imaging, rare earth screen is indicated, which is an xrayintensifying screen used to enable lower radiation doses to be used while producing
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adequate film densities (Long et. al., 2015). Distance from the exposure beam is also
important; clinician or any other people in the room should stay at least 1.8m away
from the beam and patient. Automatic processors to develop films show less risk
than manual film processing, however if manual is the only choice, time temperature
method should be used (White and Mallya, 2012).
2.2.12 Management of MIH
There are only a few studies evaluating the restorations in MIH affected teeth.
Prognosis is unpredictable and the risk of breakdown and caries in these teeth is
very high, therefore early diagnosis and intervention is very important.
Treatment can be painful as it is difficult to anesthetise these teeth because the
porous enamel tends to lead to subclinical inflammation of the underlying pulp
(Allazzam et al., 2014). In addition, children with MIH may have higher levels of
anxiety towards dental treatment on affected teeth, due to the hypersensitivity
caused by the lesions, leading to barriers in treatment (Willmott et al., 2008).
Management should focus on elimination of pain, desensitisation, restoration of
aesthetics and providing adequate function. In order to consider the present and
future needs of the child from the intermediate up to the final treatment plan, treating
MIH or other dental anomalies should always be a multidisciplinary team decision.
The team usually consists of a specialist from paediatric dentistry, orthodontics,
prosthodontics, oral surgery, and also involving the patient’s local dentist. Involving
the patient and his parents or guardians in this decision is important as well. A 6 step
approach consisting of risk identification, early diagnosis, remineralisation,
prevention of dental caries and post eruptive enamel breakdown, restorations or
extractions, and maintenance is the way to manage MIH affected teeth (table 2.16)
(William et al., 2006).
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Treatment depends on the severity of the lesion, in cases where there is no
structural loss; fluoride varnish or sealants can be used. The likelihood of
maintaining tooth structure integrity in these lesions and restoring with glass ionomer
cement (GIC) was found to be high. In these cases dietary advice and fluoride
toothpastes of at least 1450ppm should be used. In addition, the use of a CPPACP (casein phosphopeptide-amorphous calcium phosphate) paste helps in
desensitising and acting as a source of calcium and phosphate for the erupting
teeth affected with MIH (Ghanim A. et al., 2017).
Conservative or invasive restorations are used when the affected area has to be
removed and thus restored. For anterior teeth, the main focus is on aesthetics;
therefore it can be handled conservatively with micro abrasion, bleaching or with
composite restorations. As for posterior teeth, adhesive restorations or full or partial
coverage crowns can be used (Ghanim A. et al., 2017).
In more severe cases, extraction is the choice, which is better to be postponed to an
age where the patient is aware why the treatment is being carried out, and is able to
co-operate (Fragelli et al., 2015). The ideal time for extraction is indicated by the
calcification of the furcation of lower second permanent molars in order to produce
the best occlusal position (Cobourne, M. et al., 2009). The timing of the extraction is
more important for mandibular first permanent molars than maxillary as they are a
problem. For space closure the maxillary tooth tends to rotate around its palatal root,
whereas the mandibular needs bodily movement to close the space, which is more
difficult. Orthodontic consideration should be made to know how many molars to be
extracted for balancing and compensation reasons (Williams and Gowans 2003).
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Steps

Recommended procedure
Assess medical history for putative

Risk identification

aetiological factors
Examine

Early diagnosis

at

risk

molars

on

radiographs if applicable
Monitor these teeth during eruption

Remineralisation and desensitization

Apply localised topical fluoride
Institute through oral hygiene home

Prevention of caries and post-eruptive care programme
breakdown (PEB)

Reduce cariogenicity and erosivity
of diet
Place pit and fissure sealants
Place

intra-coronal

(Resin

composite) bonded with a selfetching primer adhesive or extraRestorations or extractions

coronal restorations (Stainless steel
crowns)
Consider orthodontic outcomes for
post extraction
Monitor margins of restorations for

Maintenance

PEB
Consider

full

coronal

coverage

restorations in the long term
Table 2.16 A Clinical Management Approach for PFM Affected by MIH (William et al.,
2006).
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Due to the limitations of current diagnostic tools, there is a need to investigate other
techniques for MIH.
	
  
2.3 OCT:
Optical coherence tomography (OCT) is an established medical imaging technique
that is considered non destructive as it uses near infrared light to investigate the
internal biological structures to a depth of up to 2-3 mm’ (Jones et al., 2006b). It is
limited to this depth as at greater depths the amount of light that is reflected rather
than scattered is too small to be detected. Simplified, it uses light waves to take
cross-section images of an anatomic tissue to give us thickness and accurate
measurements to assess in diagnosis and treatment planning by measuring their
optical reflections. OCT is considered a safe method in imaging the internal structure
of the tooth without possessing any radiation or having to cut or prepare the tooth. It
has been used as a diagnostic method in ophthalmology and dermatology (Fercher,
1993). OCT has the same concept as ultrasound imaging, with the exception that it
uses light instead of sound (Fujimoto et al., 2000).
OCT is based on the concept of using low coherence interferometry, which is the
technique where waves are superimposed to obtain information by optical sensing
technology. It uses relatively long wavelength light, therefore allowing it to penetrate
into the medium and then measuring the reflected light (Riederer, S.J., 2000).
Low Coherence Interferometry has two different techniques, time-domain (TD-LCI)
and Fourier domain (FD-LCI). It was showed that they are the same in terms of
resolution and in that both can be used to generate low coherence a-scan signals
and b-scan images (Fercher et al., 1991). Conversely, it was demonstrated that the
Fourier domain OCT (FD-OCT) technique had better sensitivity than Time domain
OCT (TD-OCT) (Leitgeb et al., 2003).
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Different diode lasers were used as light sources for the OCT in the past, which
produced confusing results. Later these were substituted to superluminescent light
diodes (SLDs), which have a wider spectral emission giving an improved depth
resolution (Fercher et al., 1993).
The light beam hits the object, and light is reflected and back scattered. OCT rejects
the scattered light and collects the light reflected from the region of focus. The light is
reflected in different ways relating to their different optical properties; therefore it is
captured by the OCT as different reflections (Fujimoto et al., 2000).
The principle on how OCT works as mentioned previously is by capturing off backreflected light. Accordingly, light is produced from a swept source, which is then split,
by a beam splitter into two beams; one is directed to a reference mirror arm and
another to a sample arm. Both beams are then coupled by a fibre coupler and
detected by a photo detector (Michelson interferometer) and an interference signal is
identified. A cross sectional image is then produced by transversely scanning the
beam across the sample and collecting a reflectance versus depth profile at each
transverse location giving us depth-resolving signals (a-scans). An a-scan is a graph
with the x-axis corresponding to depth in the tissue versus intensity of the collected
reflections (Y-axis). As the position of the reference mirror is known, the depth into
the sample can be determined. Multiple A-scans are then transferred into a digital
signal transferring unit, where B-scans are created.
This is illustrated in detail in figure 2.12 below.

	
  

76	
  

	
  
Figure 2.12 Principle of OCT. Where (SS) is swept source or tuneable laser, (BS) beam
splitter, (REF) reference mirror, (SMP) sample, (PD) photo detector, and (DSP) digital
signal processing.

OCT produces both 2 dimensional (2D) and 3 dimensional (3D) images. The 2D
image is a grey scale image, which is called a B-Scan shown in figure 2.13a. It is in
cross sectional depth, in a XZ plane, thus giving a 2D image. The other type is
created by multiple B-Scans together in a Y-plane direction, therefore giving a 3
dimensional image (XYZ) (Fercher et. al., 2002). Plotting signal intensity of an object
against unit distance can create a profile or a graph of a B-Scan, and this is called an
A-Scan shown in Figure 2.13b, which imitates the intensity of reflected light at
different depths.
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Figure 2.13a

Figure 2.13b
Figure 2.13 Shows examples of (A) B Scan image of a sound tooth, and its
corresponding A-Scan with X-axis being depth against OCT signal on Y-axis
(B).
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2.3.1 Applications of OCT
OCT is an established medical imaging technique and has been used in several
medical specialties including dermatology, gastroenterology, ophthalmology and
cardiology, and is widely used in scientific research. In 1990, Fercher used the OCT
in ophthalmology, investigating the human’s eye fundus as a two-dimensional image
for the first time (Fercher, 1993). He reported that OCT produces high-resolution
images in a non-contract invasive free technique (Fercher, 2010). OCT has also
been used in cardiology to assess coronary heart disease (Bezerra et al., 2009) and
in gastroenterology, for the early diagnosis of gastrointestinal tumors (Li, X.D., et al.,
2000). In addition, it has been shown to be an invaluable diagnostic tool in
inflammatory and bullous dermatological condition (Welzel, 2001).
In dentistry, OCT was used in several hard and soft tissue imaging. It has been used
in investigating caries, root fractures, interfacial gaps in restorations, oral cancer and
mineral loss and is becoming more popular these days. It was first used dentally in
1998 where in vitro images of dental hard and soft tissues were taken (Colston, B.W.
et al., 1998). Otis et al. presented the first in vivo OCT images of human dental
tissue in 2000 where they showed visual images of the EDJ and periodontal
structures and subsequently Feldchteine et al. in 1998 imaged the hard palate
mucosa and gingival mucosa. In addition, imaging the dentine pulp complex to
record the amount of tooth structure present above the pulp, thus helping in
prognosis and dental treatment. OCT has also been used to detect cracks in teeth
and micro leakage beneath composite restorations (Hsieh, et al., 2013).
Regarding dental carious lesions, it was first used by Baumgartner and has been
found to be capable of capturing early lesions as light propagates through dentinal
tubules, and by capturing the changes in enamel rods pattern along with changes in

	
  

79	
  

mineral density (Baumgartner et al., 1998). As dental tissue is unlike resin,
secondary caries can easily be seen on OCT as they have different scattering
properties. A study by Fried et al., concluded that OCT is an invaluable tool in
imaging of interproximal, occlusal, early root caries and secondary caries (Fried et
al., 2002).
Gingival mucosa, subgingival calculus and early periodontal disease have been
demonstrated using OCT by recording the differences in refractive index between
enamel, dentine, cementum and calculus.
OCT has been found to be a valuable tool in the early diagnosis of oral cancer. It
helps in understanding the pathological mechanisms, predicting any malignant
changes, knowing the risk of tumour recurrence, and predicting the tumour’s
response to therapy (Hsieh, et al., 2013). Additionally, OCT was helpful in
differentiating oral lesions in different carcinogenesis stages (Tsai, M.T. et al., 2009).
However, enamel defects such as MIH have not been thoroughly studied using OCT,
therefore this study aims to investigate this.
2.3.2 Refractive index:
Refractive index is defined as “The ratio of the velocity of light in a vacuum to its
velocity in a specified medium” (Dictionary, O.E., 2007). In simpler words the
measure of speed of light as it travels from a medium to another. The larger the
refractive index of the medium, the slower the speed of light. Therefore, as light
travels through air then into enamel the refractive index changes, and as it goes
deeper into the tooth the refractive index either stays the same if the tooth is
homogenous, or changes due to the tooth’s heterogeneity. Optical scattering in OCT
occurs due to differences in refractive index of the different tissue components.
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Therefore, materials with similar refractive index will demonstrate similar OCT
images. Air has a refractive index of 1, enamel ~1.6 and dentine ~1.5 (Colston, B.W
et al., 1998) and this is due to the size of the main scatters in the material.
Knowing the refractive index of biological tissues plays an important role in many
biomedical applications, as it characterises their interactions with light. For example,
early carious lesions can change the enamel refractive index due do the
demineralisation, and thus this scatters differently so assists in diagnosing dental
caries. Likewise, malignant tissue can be differentiated from normal tissue by
measuring and comparing their refractive index. Moreover, clinically when enamel is
dried and turns white, this is due to change in enamel refractive index and how it
scatters light (Kidd and Fejerskov, 2004).
2.4 Main research question
	
  
Based on the increase in prevalence of MIH, along with the limitations found in the
current diagnostic methods, a question raises of “Is there a better diagnostic tool to
determine

	
  

the

extent

and

depth

of

MIH

defects.
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CHAPTER 3
Aim and Objectives
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Aim and Objectives
3.1 Rational for Research
Based on the increased prevalence of dental anomalies and the importance of their
early diagnosis and management, this study is made to acquire more understanding
about the phenotypic characteristics, ultrastructure and diagnosis of MIH.
3.2 Aim
To expand the use of Optical Coherence Tomography imaging in dentistry, using it
as a routine clinical diagnostic tool in MIH, and to compare the results with
conventional clinical methods i.e. radiographs and clinical indices.
3.3 Objectives
1. Characterise Control, Type 1, 2 and PEB lesions using standard diagnostics
tools
2.

Characterise Control, Type 1, 2 and PEB lesions using OCT

3. Define empirical markers in the OCT scan and scattering profile intensity plot
for control, Type 1, 2 and PEB lesions
4. Evaluate the progression of the lesions as a whole, from one a-scan to whole
lesion (from 2-D to 3-D)
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CHAPTER 4
Patient Recruitment and
Selection
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Patient Recruitment and Selection
4.1.1 Study registration and ethical approval
This study is designed as a part of a larger group of projects in the Department of
Paediatric Dentistry at the Eastman Dental Hospital to investigate different dental
anomalies. Ethical approval was obtained from the National Health Services
Research Ethics Committee (NHS REC) on August 11 2011, under the reference
number 11/LO/0777. Project ID: 11/0223. (Appendix 1)
4.1.2 Patient Selection
In 2011, a dental anomalies clinic was founded in the Department of Paediatric
Dentistry at the Eastman Dental Hospital (EDH), where data of patients attending
were recorded in order to develop an anomalies database.
Two groups of patients were invited to participate in the project, control patients
(without MIH) and patients with MIH. Patients and parents were both given a written
information leaflet (Appendix 2) about the project and enough time to think about
participating in the study, with the right to ask any questions and understanding that
the choice they make had no effect on the treatment given. Written consent
(Appendix 3) was obtained from participants willing to take part in this study.
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The flow diagram for patient recruitment is shown in figure 4.1 below.
New patient clinic
ê
History and examination
ê
Dental diagnosis
ê
MIH
ê
Treatment plan, if extraction
ê
Information leaflet given, enough time to decide
ê
If they agree, consent signed
ê
Teeth extracted, collected and stored

Figure 4.1 Schematic diagram outlining how the sample teeth were collected

The control group, are paediatric patients in the Department of Paediatric Dentistry
at the Eastman Dental Hospital, who required extraction of a FPM as part of their
treatment plan, either prior to orthodontics or due to caries.
The inclusion criteria for this group were:

	
  

•

Fit and well

•

Without any known illness or syndromes

•

Patient requiring FPM extraction as part of treatment plan
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The exclusion criteria included:
•

Patients with any known relevant medical disease

•

Teeth with deep carious lesions

•

Patients with dental anomalies

•

Patients who did not understand English sufficiently to consent for the study

The second group was MIH patients who needed extractions of their FPMs as part of
their treatment plan.
Inclusion criteria was as follows:
•

MIH teeth with any of the following:

•

White/ cream opacities

•

Brown/ yellow opacities

•

Atypical restorations

•

PEB

•

MIH teeth with lesions less than 1mm were excluded, as they were too small to
diagnose.

Those who decided to enrol in the study were given three copies of the consent to
sign. A copy of each form was kept in a filing cabinet in the locked office of the
secondary supervisor, the other copy was given to the patient / parent for his / her
reference and the last one was filed in the patient’s clinical notes.
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4.3.1 Sample collection and storage
The samples obtained were stored in accordance with the Human Tissues Act 2004.
All samples collected from the patients were extracted as part of their treatment plan.
After each extraction, the tooth is stored in saline solution until taken to the lab, the
same day, where it is debrided from any soft tissue or blood under running water. A
scalpel blade was used to debride the tooth from any intact clots, gingival or
periodontal tissue.
The tooth is then stored in 70% ethanol at room temperature to be disinfected. After
48 hours the tooth is removed, and placed individually in 0.1% Thymol solution and
o
locked securely in a fridge at 4 C at the Eastman Biomaterial & Tissue Engineering
Laboratory, the storage policy was according to the department’s policy.
To ensure patient confidentiality and that ethics is reached, each tooth sample was
given a unique ID code rather than patients name or hospital number.
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CHAPTER 5
Characterise Control,
Type 1, 2 and PEB using
Standard Diagnostics
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Standard Diagnostics
5.1 Method
5.1.1 Clinical Visual Assessment
A samsung galaxy professional camera (16MP, 21x Optical Zoom, Android 4.1 Jelly
Bean OS) 4.8 inch HD Touch LCD was used to take photographic images of each of
the teeth. Each tooth was wiped off excess moisture using cotton roll, but not
thoroughly dried according to the criteria of the mDDE, and placed against black
sandpaper, which was used as a background to enhance the contrast, mounted with
plasticin. When a photograph was taken, the camera was fixed to a stand about 15
cm away from the tooth, as this was shown to be the best diameter to view the whole
tooth with good clarity. Regarding the lighting, the room light was dimmed and used
natural sun light to reflect the image without the use of a flash.
Five photographic images were taken for each sample, one for each surface (buccal,
mesial, lingual/ palatal, distal, and occlusal). The photographs were close recordings
of the teeth. Each photograph was checked for clarity and if the photograph was not
clear or if the lesion was not clearly seen, the photograph was repeated until the
appearance on the photograph matched the clinical view. The images were then
uploaded to a computer where all the data were saved, and labelled according to
sample identification code and surface.
The photographs were then printed, and the hard copies served as a mean for
characterising the lesions of each MIH defect by 2 different examiners. Each tooth
surface was subdivided according to the number of lesions present, and each lesion
was described instead of a surface as a whole, for e.g. as illustrated below in figure
5.1 this surface has 2 different lesions, marked in blue boxes.
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Figure 5.1 Showing a clinical photograph of a FPM
illustrating how lesions were divided

The index used to characterise the lesions was the Modified Developmental defect of
enamel (mDDE) index (table 5.1), as mentioned previously it is the most common
index used in children, and supplemented by using the MIH charting criteria
proposed in 2015 (table 5.3) to give a bigger spectra. With regards to the mDDE,
each lesion received four different codes and recorded on the dental anomaly
proforma (Appendix 4) accordingly. The codes were location (L), demarcation (D),
extent (E), and type of lesion (T) as previously described in the mDDE index.
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Code	
  

Type of Defect	
  

	
  

White/cream	
  

1	
  

Yellow/brown	
  

2	
  

PEB	
  

8	
  

Location	
  

	
  

Incisal half	
  

1	
  

Gingival half	
  

2

Both	
  

3	
  

Demarcation

	
  

Diffused

1	
  

	
  
Demarcated	
  

2	
  

Both	
  

3	
  

Extent	
  

	
  

Less than 1/3 of surface	
  

1	
  

Between 1/3 and 2/3 of surface	
  

2	
  

More than 2/3 of surface	
  

3	
  

Table 5.1 Showing mDDE Index to record the type of developmental enamel defects
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Figure 5.2
Location

Occlusal 1/3= 1

Demarcation

Demarcated= 1

Extent

Between 1/3 and 2/3 of surface=
2

Type

Brown 2 with PEB= 8

Table 5.2
Figure 5.2 Showing clinical photograph of PFM with lesion marked in blue box
Table 5.2 showing an example of how the lesion in figure 5.2 was classified using
mDDE
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Defect	
  

	
  

No enamel defect	
  

0	
  

Enamel defect non-MIH or HSPM	
  

1	
  

Creamy/

white

or

yellow/

brown 2	
  

opacity	
  
PEB	
  

3	
  

Atypical restoration	
  

4	
  

Atypical caries	
  

5	
  

Missing due to MIH/ HSPM	
  

6	
  

Cannot be scored (Extensive coronal 7	
  
breakdown, where the cause cannot
be determined)	
  
Extent	
  

	
  

I	
  

Less than 1/3 of tooth surface	
  

II	
  

Between 1/3 and 2/3 of tooth surface	
  

III	
  

More than 2/3 of tooth surface	
  

Table 5.3 MIH charting criteria proposed by Ghanim et al., 2015
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Defect	
  

Yellow/ brown opacity =2	
  

Extent	
  

Between 1/3 and 2/3 of tooth surface
= II	
  

Figure 5.3

Table 5.4

	
  

Figure 5.3 Showing clinical photograph of PFM with lesion marked in blue box
Table 5.4 Showing an example of how the lesion in figure 5.3 was classified using the
MIH charting criteria
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Each lesion was characterised separately, instead of a tooth as a whole, and based
on the codes they were categorised into different types, as illustrated in figure 5.5.
The different categories were type 1, type 2 or type 8 (PEB). And then the lesions
were further sub-categorised into either being demarcated, diffuse or both. This
would help correlate with the radiographic images and OCT findings.

	
  	
  

Figure

5.5

Showing

how

a

surface was divided into different
lesions to be scanned
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5.1.2 Radiographic Assessment
After taking the clinical photograph, excess moisture was wiped off the sample, using
a cotton roll, and then the tooth was positioned against an intraoral film on a flat
table. The same x-ray machine was used for all samples, using the same settings,
type of film and exposure time to ensure no confounding was present. The x-ray
machine used was model x-mind by Toshiba, with type F intraoral film and the
exposure time used was pre-set for permanent molars, maxillary or mandibular, as
noted on the x-ray machine. Two radiographic views were taken for each sample, a
bucco-lingual (BL) view to show the mesial and distal surfaces (figure 5.4a), and a
mesio-distal (MD) view to show the buccal and lingual surfaces (figure 5.4b)
respectively. The images were then scanned and uploaded with their corresponding
clinical photographs.

	
  

Figure 5.4a

Figure 5.4b

Figures 5.4a and 5.4b Showing x-ray images of a FPM in a BL and MD view
respectively.
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5.2 Results
From 16 patients, a total of 43 teeth were collected, with 9 (3 patients) excluded due
to caries, therefore 34 MIH teeth were included from 13 patients, in addition to 3
sound teeth from 1 patient. Demographic data of patients used is shown below in
table 5.5.
Patient ID	
   Age (Years)	
   Gender	
  

35	
  

335	
  

10	
  

9	
  

M	
  

M	
  

Ethnicity	
  

Tooth Notation	
   Sample ID	
  

British	
  

UR6
UL6
LR6	
  

Sound1
Sound2
Sound3	
  

UR6

MIH 92

UL6

MIH 93

LL6

MIH 94

LR6	
  

MIH 95	
  

UR6

MIH 96

UL6	
  

MIH 97	
  

UR6

MIH 98

UL6

MIH 99

LL6

MIH 100

LR6	
  

MIH 101	
  

British	
  

10	
  
336	
  

337	
  

	
  

M	
  

9	
  

M	
  

British	
  

Black	
  

338	
  

10	
  

M	
  

Other	
  

UR6	
  

MIH 102	
  

339	
  

11	
  

M	
  

White	
  

UR6	
  

MIH 103	
  

340	
  

12	
  

F	
  

Asian	
  

UL6	
  

MIH 104	
  
MIH 105
MIH 106
MIH 107
MIH 108	
  
MIH 109	
  

341	
  

12	
  

M	
  

White	
  

UR6
UL6
LL6
LR6	
  

342	
  

11	
  

M	
  

Black	
  

UL6	
  

98	
  

343	
  

10	
  

M	
  

British	
  

344	
  

9	
  

F	
  

British	
  

345	
  

8	
  

F	
  

Asian	
  

346	
  

10	
  

F	
  

Asian	
  

347	
  

10	
  

M	
  

Black	
  

UR6
UL6
LL6
LR6	
  

MIH 110
MIH 111
MIH 112
MIH 113	
  

UR6	
  

MIH 114	
  

UR6
UL6
LL6
LR6	
  

MIH 115
MIH 116
MIH 117
MIH 118	
  

UR6
UL6
LL6
LR6	
  

MIH 119
MIH 120
MIH 121
MIH 122	
  

LL6	
  

MIH 123	
  

Table 5.5 Demographic data of all patients who participated in the study

The remaining 34 used were categorised into 3 being sound and 31 as MIH (figure
5.5). Although the mDDE index is usually applied at a tooth level, in this study it was
applied to individual lesions instead, rather than the tooth as a whole, as illustrated
previously in figure 5.1, so more than 1 lesion per surface (if present) was used. This
was performed to ease the comparison between the uses of the conventional
methods with the OCT, based on the type of MIH defect. This yielded a total of 149
lesions, 137 being MIH and 12 being sound.

All Teeth

Figure
diagram

n= 43

sample

5.5

Schematic

outlining
size

the
and

allocation criteria for each

9 excluded due to caries

of the sample groups

n = 34

	
  

31 MIH

3 Sound

n= 31

n= 3

99	
  

A total of 137 lesions were then categorised as 61 being Type 1 MIH, 31 being Type
2 MIH and 45 with PEB based on the mDDE categorisation. Each tooth surface was
examined; resulting in 4 or more lesions per tooth (buccal, lingual, mesial and distal),
and as some teeth showed breakdown on cusps (occlusal), therefore they were
examined as well making them have more than 4 lesions per tooth; In addition to the
surfaces that had more than one lesion per surface, which were scanned separately.
When the lesions were ready to be scanned, 15 lesions were excluded due to their
close proximity to each other, with less than 1mm difference in diameter between
them (figure 5.6), which made it difficult to scan them as two different lesions;
therefore they were counted as one lesion and described under the more severe
type. I.e. if lesion was between type 1 and type 2, it would score as type 2.

Figure 5.6 Clinical photograph of FPM showing close
proximity of lesions, where the small box reflects a type
2, while big box reveals a type 1.
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Subsequently, after excluding the 15, the total lesions scanned were 122 lesions, 55
being type 1 and 25 and 42 being type 2 and lesions with PEB respectively (table
5.6).
Lesion	
  

Number	
  

Type 1	
  

55	
  

Type 2	
  

25	
  

Lesion with PEB	
  

42	
  

Total	
  

122	
  

Table 5.6 Summary on the number and categorisation of lesions

The Type 1 and Type 2 groups were further subcategorised to know whether the
lesion was demarcated, diffused or both (table 5.7). As for the Type 1 lesions, 39.5%
were demarcated, 46% diffused, and 14.5% both. On the other hand, 64.5% of Type
2 lesions were demarcated, 16% diffused, and 19.5% both. From the 45 lesions with
PEB, 33.3% were white (Type 1) and 66.7% were yellow/brown (Type 2). There
were a low number of control lesions, as only 3 teeth were collected as being sound,
due to the rare indication of extraction of sound FPM.	
  	
  

	
  

Type 1	
  

Type 2	
  

Demarcated	
  

39.5%	
  

64.5%	
  

Diffused	
  

46%	
  

16%	
  

Both	
  

16%	
  

19.5%	
  

Total	
  

61	
  

31	
  

Table 5.7 Summary of types of lesions according to DDE
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5.2.1 Control Tooth

Figures 5.5a, 5.5b and 5.5c Showing a clinical
photograph and peri-apicals of a control tooth, a
bucco-lingual and a mesio-distal view respectively.

This clinical photograph (figure 5.5a) shows a buccal view of a lower right first
permanent molar with smooth sound enamel, of normal colour and no signs of any
opacities or breakdown.
Based on the MIH scoring sheets, there is no visible enamel defect, therefore tooth
is given a score 0.
In the radiograph (figure 5.5b and 5.5c), we can see that the enamel (E) and dentine
(D) are clearly visualised, with a change in contrast between them, where the
enamel is highly radiopaque compared to dentine. Between them there is a
homogenous continuity of the enamel dentine junction (EDJ).
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5.2.2 Type 1 White/Creamy MIH Defect
5.2.2.1- Sample 1

Figures 5.6a, 5.6b and 5.6c Showing a
clinical photograph and peri-apicals of a
Type 1 lesion, bucco-lingual and mesiodistal views respectively.

This clinical photograph (Figure 5.6a) shows a lingual view of a lower right FPM.
When categorising it according to the mDDE, we can see the lesion is demarcated
(D1), located on the gingival third of the tooth (L2) with an extent of more than 2/3 of
the tooth’s surface (E3). As it is of a white/ creamy colour, it is thus a type 1 lesion
(T1).
Based on the MIH charting criteria, it’s a white creamy opacity with an extent of more
than 2/3, therefore scored 2,III.
	
  

mDDE	
  

MIH charting criteria	
  

Location	
  

2	
  

-	
  

Demarcation	
  

1	
  

-	
  

Extent	
  

3	
  

I	
  

Type	
  

1	
  

III	
  

Table 5.8 Summary of classification of mDDE and MIH charting criteria for sample 1
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Figures 5.6b and 5.6c show a bucco-lingual and a mesio-distal view of the same
tooth. When looking at it from a BL view, the MD can be seen on the image (figure
5.4c), we can see that the enamel shows radiolucent areas on both the mesial and
distal (marked with **), and is less radio-opaque than the sound enamel. In addition,
there is a loss of the homogenous continuity of the EDJ (marked with x), however
this reflects the lesion on mesial and distal, whereas the focus here is the lesion on
the lingual. When viewed MD (Figure 5.4), it is difficult to describe as the buccal is
superimposed on the lingual, and as the lesion is of a mild type it is not quiet evident
on the x-ray image, as its usually underestimated radiographically. In addition, the
lesion here is on the lingual, due to the superimposition, the lesion is masked, and
therefore cannot be seen.
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5.2.2.1- Sample 2

Figures 5.7a, 5.7b and 5.7c Showing a clinical photograph and peri-apicals of a Type 1
lesion, bucco-lingual and mesio-distal views respectively. 	
  

This clinical photograph (Figure 5.7a) shows a buccal view of an upper right FPM.
When categorising it according to the mDDE, we can see the lesion is demarcated
(D1), located on the gingival third of the tooth (L2) with an extent of more than 1/3 of
the tooth’s surface (E2). As it is of a white/ creamy colour, it is thus a type 1 lesion
(T1).
Based on the MIH scoring sheet, it’s a white creamy opacity with an extent of
between a third and 2/3 of tooth surface, therefore scored 2,II.
	
  

	
  

mDDE	
  

MIH charting criteria	
  

Location	
  

2	
  

-	
  

Demarcation	
  

1	
  

-	
  

Extent	
  

2	
  

II	
  

Type	
  

1	
  

2	
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Table 5.9 Summary of classification of mDDE and MIH charting criteria for sample 2

When viewing the lesion radiographically, it resembles a sound tooth, however with
slight radiolucency in the mid-region of the occlusal side of the tooth, symbolising the
lesion. However, as the lesion is on the buccal side of the tooth, it is superimposed
by the lingual therefore we see a blurred vision, hiding the lesion.
	
  

	
  

106	
  

5.2.3 Type 2 Yellow/ Brown MIH Defect
5.2.3.1- Sample 3

Figures 5.8a, 5.8b and 5.8c Showing a clinical photograph and peri-apicals of a Type 2
lesion, a bucco-lingual and mesio-distal view respectively.

This clinical photograph (Figure 5.8a) shows a mesial view of a lower right FPM, with
the lesion affecting the mesial part of the tooth. According to the mDDE index this
lesion is considered both demarcated and diffused (D3), affecting the whole tooth
surface (L3) with an extent of at least 2/3 of the tooth surface (E2). The lesion is
yellow coloured, thus it is a Type 2 lesion (T2).
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Based on the MIH scoring sheet, it’s a yellow brown opacity with an extent of
between a third and 2/3 of tooth surface, therefore scored 2,II.
	
  

mDDE	
  

MIH charting criteria	
  

Location	
  

3	
  

-	
  

Demarcation	
  

3	
  

-	
  

Extent	
  

2	
  

II	
  

Type	
  

2	
  

2	
  

Table 5.10 Summary of classification of mDDE and MIH charting criteria for sample 3

Both figures 5.8b and 5.8c were described earlier in the type 1 lesion, as it is the
same tooth however the lesion is of a different area. In the BL view (Figure 5.6b),
there is distinctive contrast between enamel and dentine resembling sound enamel,
however some radiolucent areas appear on the mesial aspect where it is affected
(marked with **). We can also see a break in the EDJ on the mesial side (marked
with x), however it is more homogenous on the distal side where it is unaffected. In
the MD view (Figure 5.5c), the buccal is superimposed on the lingual therefore we
can’t clearly see the lesion.
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5.2.3.2- Sample 4

Figures 5.9a, 5.9b and 5.9c Showing clinical photograph and peri-apicals of a Type 2
lesion, bucco-lingual and mesio-distal views respectively.

This clinical photograph (Figure 5.9a) shows a buccal view of an upper left FPM, with
the lesion affecting the mesio-buccal cusp of the tooth. According to the mDDE index
this lesion is considered demarcated (D2), affecting the occlusal part of tooth (L1)
with an extent of more than 2/3 of the tooth surface (E2). The lesion is of yellow
colour, thus it is a Type 2 lesion (T2).
Based on the MIH scoring sheet, it’s a brown opacity with an extent of more than 2/3
of the tooth surface, therefore scored 2,III.
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mDDE	
  

MIH charting criteria	
  

Location	
  

1	
  

-	
  

Demarcation	
  

2	
  

-	
  

Extent	
  

2	
  

III	
  

Type	
  

2	
  

2	
  

Table 5.11 Summary of classification of mDDE and MIH charting criteria for sample 4

Radiographically (figure 5.9b and 5.9c), the lesion is not shown clearly as it affects
the buccal side of the tooth, therefore as mentioned previously, superimposition
masks it. There is slight radiolucency on the occlusal side of the xray, which is
denoted by X, resembling a lesion.
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5.2.4 Lesion with PEB
5.2.4.1- Sample 5

Figures 5.10a, 5.10b and 5.10c Showing clinical photograph and peri-apicals of a
lesion with PEB, a bucco-lingual and a mesio-distal view respectively.

The clinical photograph in figure 5.10a shows the mesial aspect of a lower left FPM,
with the cusp showing degree of breakdown. Based on the mDDE index, this lesion
is considered both demarcated and diffused (D3), with its location being on the
incisal edge of the tooth (L1) and extending to only a 1/3 of the tooth surface (E1).
As it is showing PEB, it is considered a Type 8 lesion (T8).
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Based on the MIH scoring sheet, it’s a lesion with PEB with an extent of less than a
third of the tooth surface, therefore scored 3,I.
	
  

mDDE	
  

MIH charting criteria	
  

Location	
  

1	
  

-	
  

Demarcation	
  

3	
  

-	
  

Extent	
  

1	
  

I	
  

Type	
  

8	
  

3	
  

Table 5.12 Summary of classification of mDDE and MIH charting criteria for sample 5

Radiographically, one can see the mesial aspect showing PEB, which is clearly
shown on both figures (5.10b and 5.10c) as there is loss of definition of the outer
structure of the tooth, with radiolucency of enamel, which resembles loss of enamel
structure, i.e. PEB.
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5.2.4.2- Sample 6

Figures 5.11a, 5.11b and 5.11c Showing clinical photograph and peri-apicals of a
lesion with PEB, a bucco-lingual and a mesio-distal view respectively.

The clinical photograph in figure 5.11a shows a buccal view of a lower left FPM, with
all the cusps showing breakdown. Based on the mDDE index, this lesion is
considered diffused (D1), with its location being on the occlusal edge of the tooth
(L1) and extending to only a 1/3 of the tooth surface (E1). As it is showing PEB, it is
considered a Type 8 lesion (T8).
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Based on the MIH scoring sheet, it’s a lesion with PEB with an extent of less than a
third, therefore scoring 3,I.
	
  

mDDE	
  

MIH charting criteria	
  

Location	
  

1	
  

-	
  

Demarcation	
  

1	
  

-	
  

Extent	
  

1	
  

I	
  

Type	
  

8	
  

3	
  

Table 5.13 Summary of classification of mDDE and MIH charting criteria for sample 6

Radiographically (figure 5.11b and 5.11c), the lesion is not shown clearly as it affects
the buccal side of the tooth, therefore concealed by the superimposition. PEB can be
quite seen, as there is radiolucency, which is showing the loss of enamel on the
buccal side of the tooth.
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5.3 Discussion
Limitations are found in both the conventional methods of diagnosing MIH lesions;
therefore this study aims in overcoming these limitations and bringing OCT to the
clinical settings as a usual diagnostic tool to know the extent of the lesion and predict
its prognosis.
With the clinical method, it was difficult to assess the extent of hypomineralisation
and thus the risk of loss of enamel and its severity. Hence it is not easy for clinicians
in everyday practice who are faced with questions regarding the degree of
hypomineralisation to predict the prognosis and the best management for the
affected tooth.
With very mild lesions, for e.g. in type 1 MIH where there is only a slight white
opacity, the lesion can be easily missed, especially when the clinician is not looking
properly, the tooth is wet, or there is no optimal lighting. In addition, bias can be
found as clinicians vary in their ability to diagnose MIH or describe the lesions seen,
as it differs from one clinician to another i.e., one might see it as demarcated, while
other considers it diffused, or differing between creamy/ white, yellow or a white spot
lesion of demineralisation. Furthermore, the number of different indices used
possesses difficulties, as there is not one index found which can be used worldwide,
thus the wide range of differences in prevalence recorded amongst countries.
All the indices were found to have limitations as well as that they require calibration
and training to produce repeatability. The index used here was the mDDE, as
mentioned earlier it is the most commonly used worldwide, which helps correlate to
different studies. However, the mDDE only describes the location, demarcation, type
and extent of lesion, which can be seen superficial on enamel or in cases of PEB,
the breakdown. As for the extent, it only describes how it looks externally, i.e. if the
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lesion involves less than a third of the tooth (E1), between a third and two-thirds (E2)
or at least involves two thirds of the tooth (E3). However, it does not explain to us
what is happening to the tooth’s ultrastructure, or how severe or deep the lesion is to
predict its prognosis and treatment plan, that’s why I used MIH scoring system as an
adjunct.
In regards to the MIH scoring system, it enables the total spectrum of MIH to be
determined by combining both the mDDE and EAPD guidelines to characterise the
lesions. In addition, it helps to distinguish it from other enamel defects, by excluding
them as non-MIH or HSPM therefore narrowing down the differential diagnosis. Thus
it yields maximum information and is not time consuming. However, a drawback of
this system is that it only describes the lesion as having a discoloured opacity
without specifying if it is doesn’t white/ cream or brown/ black.
Furthermore, when taking clinical photographs of the samples, the background
lighting, angle of photo taken and usage of flash also possess uncertainty in the
outcome of the photographs taken, which can reflect differences to the true lesion. In
addition, the use of a ring for the flash can cause a burn out effect on the photo,
which can conceal parts of the lesion.
In order to understand how a lesion looks like radiographically, we need to first
image a sound control tooth, as to detect the abnormal the normal should first be
studied to compare. Thus, when comparing MIH teeth to sound in a radiographic
image, different aspects were noticed. As for the sound tooth, the enamel and
dentine are clearly visualised, with a change in contrast between them, as enamel is
highly radiopaque compared to dentine. Between them we can see a homogenous
continuity of the EDJ. However when there has been a change in the density, or a
breakdown in the homogenous EDJ, this reflects a lesion.
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The severity and type of the lesion dictates its radiographic features, as for the
milder type (type 1), the radiographic features are not very distinctive on x-ray
images, however in the more severe Type 2 lesions, we can start to see some
radiographic changes appearing for e.g., radiolucent areas. On the other hand, in
lesions with PEB the tooth surfaces are broken down and destructed, thus they show
as radiolucent changes in enamel and in dentine, and if very severe they show loss
in tooth structure, which is seen as breakage in the homogenous continuity of the
outline. A drawback of this is that x-rays only tend to show radiopaque/ radiolucent
areas, and when there is a lesion it tends to be radiolucent therefore it can be
confused between caries or an enamel defect. In addition, radiographs cannot
distinguish active from inactive disease, for e.g. periodontal disease is not identified
until significant bone loss has occurred.
When considering radiographs, they produce ionizing radiation, which is not found in
OCT. Radiation as explained earlier can have carcinogenic effects, and other side
effects, which were explained previously.
In addition, due to the fact that they are a 2D projection of a 3D object, the amount of
breakdown cannot be seen on a bucco-lingual direction. Therefore if the PEB was
found on the buccal or lingual surface, it would not be clear on the x-ray image as it
would be concealed by the superimposition, as it is a 2D image of a 3D structure.
In addition, lesions shown on x-rays tend to be underestimated, as the actual lesion
is usually deeper than what is seen on an x-ray and is usually not seen
radiographically until it is 30% into enamel (Woodward et. al., 1996).
Accordingly, it would be helpful for the dentist to have a baseline guide clinically and
radiographically to assess the severity and long-term prognosis of the lesion before
deciding
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CHAPTER 6
Characterise Control,
Type 1, 2 and PEB using
OCT
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6. Optical Coherence Tomography
6.1 OCT Machine
The OCT machine used was a VivoSight OCT scanner (figure 6.1). This scanner has
been initially invented to be used in dermatology. It is a Multi-Beam Swept-source
frequency Domain OCT type machine, which is created by Michelson Diagnostics,
Kent, United Kingdom. The laser of the OCT is considered a class one eye safe
laser, with near-infra red light wavelength of 1305 nm at the centre with optical
resolution of less than 7.5 µm and 5µm, laterally and axially, respectively.
The scanned area is 6 mm x 6 mm (width x length) with an image depth of 1.2 mm 2.0 mm depending on the tissue. The OCT has a scan rate of 10 kHz and a frame
rate up to 35 frames per second. The image obtained can be presented as a vertical
B scan, En-face image or 3D in TIFF (Tagged Image File Format) stack or DICOM
(Digital Imaging and Communications in Medicine) formats.

	
  
Figure 6.1 Showing the setting of the OCT scanner

The components of the OCT is illustrated in figure 6.1 which are composed of
Santec HSL-2000-12-MDL light source (1), Dell Precision T3600 processing system,
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Spectrum M2i.4022 4-channel 20 MHz 1-bit data acquisition, and a monitor to
display the images along with a hand held scanning probe (2) placed over a
mounting platform (3).

6.2 Method
OCT imaging was conducted in the Biomaterials and Tissue Engineering
Department at Eastman Dental Institute, University College of London.
The next step after taking clinical and radiographic images was the OCT imaging of
the samples. Multiple B scans were taken, depending on the number of lesions
present per tooth, imaging each lesion separately, but using the exact same settings
for each.
The tooth was removed from the 0.1% thymol solution, excess moisture wiped off
using cotton roll, however not fully dried, and then the tooth was placed on the OCT
mounting platform, in a vertical position. The tooth was stabilised using plasticin on
the position that was best suitable to scan the lesion, making the lesion
perpendicular to the laser beam. The distance between the sample and the beam
was adjusted using the adjustment knobs, which is used to raise or lower the level of
the mounting platform to ensure that the tooth outline is always fully visible on the
screen, and that the tooth is not far away from the beam, with optimal clarity. When
satisfied with the position, the laser beam is run and the scanning starts. The lesion
is scanned starting from the CEJ and runs occlusal ending towards the cusps
showing the whole of enamel, as explained in figure 6.2. Each lesion was scanned
several times, until the best image was chosen, saved and exported with the other
data. Each sample was saved in a separate file named with the ID code, and the file
consists of the clinical photo, x-ray and OCT B and A scans.
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Each tooth was scanned for the four different surfaces, buccal, lingual/ palatal,
mesial and distal in the order described, sparing the occlusal surface. The number of
scans per surface was based on the number of lesions present; some had only one
while others had more. Each lesion was scored using the mDDE method, 122
lesions were scanned separately. The occlusal surface was spared as the maximum
depth of OCT capturing is between 1.2mm - 2mm, making it unclear and difficult to
scan and due to the morphology and breakdown of this surface, only the occlusal
cusps would be imaged instead of the entire occlusal surface, so not enough
information would be gained. The total scan time for each image was approximately
45 seconds.
.
	
  

Figure 6.2 Shows a close view of the OCT
machine during the imaging procedure.

The tooth is mounted on the mounting platform using plasticin, positioned below the
scanning probe. The sample position can be adjusted using the screws indicated
with the arrows.

	
  

121	
  

B	
  

	
  
B	
  

Figure 6.3 Showing a clinical photograph of
a FPM with the area of the scan (scanning
from A to B)

A	
  

Figure 6.3 shows an explanation of the scanned area of the tooth surface with ‘A’
being the start of the scan and ‘B’ is where it ends, and an arrow showing the
direction of laser propagation.
The scan was 2mm deep with a surface area of 6mm x 6mm (figure 6.3), this was
the maximum width and depth of the OCT frame that can be scanned, therefore this
width was selected for all scans.
The OCT scanner software has two methods of imaging acquisition. The first being
free run acquisition where only a single image is captured at an instance. The
second method is where multiple frames of a particular area are captured, using
either the manufacturer’s pre-set system or can be set preferably set by the clinician
(accustomed set-up). The pre-set system has two forms, either multi-one or multitwo. Multi-one is where the OCT captures 60 uninterrupted B-scan images with
100µm distance between them with a surface area of 6mm x 6mm. On the other
hand the multi-two form captures 500 consecutive B-scan images with an interval of
4µm distance between them using a scanning widow of 2mm x 2mm. In this study
the accustomed set- up method was used in order to capture the maximum
information from the samples. Each scan had the same number of frames. The
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frames had a distance of 0.01 mm (10µm) distance between each frame, making a
total of 500 frames.

Each scanning frame measured 1482 pixels X 460 pixels

resultant to 6000 µm (6 mm) X 1840 µm (1.84 mm) with each 1 pixel corresponding
to about 4 µm as the refractive index of enamel was 1.62. The scans were then
exported from OCT software as 16 bit TIFF images and saved to the database.
The images were then imported into a software, named imageJ, which is a public
domain, Java based image processing program; which helps in analysing and
extracting the information needed from three dimensional live images. The software
was developed by Wayne Rasband at the National Institutes of Health in Maryland in
USA (Schneider et al., 2012). It helps in analysing the data by creating density
histograms and corresponding scattering profile plots. The latest version of imageJ
was used in the analysis, which was imageJ 1.47 with 64bit Java, 2013.
The scan is then uploaded to imageJ to be analysed quantitatively and qualitatively
by studying the light beam as it travels through the depth of enamel structure, and
comparing between both control and MIH teeth. From the B-Scans, the region of
interest (ROI) is chosen randomly and then a signal intensity profile is plotted (A
Scan). The A-scan resembles where the scattered light is plotted against the depth
in enamel. Areas of enamel with any signs of fracture or broken down surfaces, or
with any signs of increased surface reflectivity were excluded as they affect the
scattering properties, leading to inaccurate results. The width of the selected regions
was taken as the width of ten pixels in X-axis, which corresponded to 40.5µm, to
reduce the noise level of the scattering.
The OCT images were analysed both qualitatively and quantitatively. As for the
qualitative, the images were studied and any abnormalities in the enamel structure
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was documented, described and compared to sound enamel (B scans).
On the other hand, the quantitative as mentioned earlier, was the study of the light
beam as it travels through the depth of enamel structure, via plotting the scattering
intensity profile (A scans). The distance measurement on imageJ was changed to
micrometres (µm). Then a rectangular region of interest was selected with a 40.5 µm
width on the a-scan (10 pixels wide), as shown in yellow in figure 2.13a. Additionally,
scattering profiles were extracted from single frames and plotted as a function of the
sample’s depth using Origin Pro 9.0TM (OriginLab Corporation, Northampton, MA
01060, USA).
6.3 Results
A total of 34 FPM were scanned using the OCT. 31 teeth were MIH affected and 3
were sound, used as control teeth. This gave us a total of 134 lesions, 122 being
MIH and 12 sound. The OCT scanning area on each surface was 6 mm x 6 mm and
the depth of scan was 2 mm deep.
As mentioned previously, the settings used were the same throughout the scanning
procedure of all lesions. The number of frames of images captured was 600 frames
with a distance of 10µm (0.01 mm) between the frames. Each frame measured 1482
pixels X 460 pixels analogous to 6000 µm (6 mm) X 1840 µm (1.84 mm) with each 1
pixel corresponding to about 4 µm. As a result of these consecutive frames, a three
dimensional image can be presented.
The images were exported from OCT software as 16 bit TIFFTM images to imageJ
to interpret the A-scans. Here the length of the lesion (in the X- dimension), its depth
(in the Z- dimension) and its extent across the surface or the number of frames (the
Y- dimension) all can be measured.
	
  

124	
  

In both types the control and MIH teeth, signal intensity profiles showed a sharp
peak in the beginning of the intensity profile as the light hits the tooth surface,
showing a change in refractive index between air and tooth structure. These profile
plots provide a direct representation of the scattering of light photons as they travel
through the tooth and any disruption in the enamel structure results in altered
scattering, which could be measured in the profile.
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6.3.1 Control tooth
To understand how the lesion looks like on the scan, a control tooth was scanned
first, as a comparison. An example of a sound tooth surface scanned by OCT is
described in 6.4b. Figure 6.4a shows a clinical photo of the tooth with a box
indicating where the OCT frame has been taken. As discussed previously, the
surface is free of any defects.

Figure 6.4a

Figure 6.4b

Figure 6.4c

Figures 6.4a, 6.4b and 6.4c Showing a clinical photograph, a B scan and an A scan of
a control tooth, respectively
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Figure 6.4a shows a B scan of a control tooth. The selected region is highlighted in yellow
on the b-scan OCT frame, where we can see enamel (E), dentine (D) and clearly a
consistent continuity of EDJ between them.

The enamel is rather homogenous with uniform scattering, with no dark areas or any
signs of change in contrast. In addition, when the image is viewed as a whole, it
shows a well-defined outline of a tooth.
As for the quantitative analysis, figure 6.2b shows an A scan of the tooth. Initially it
shows a phase with no scattering where light travels in air. As the light beam hits the
enamel surface, a change of refractive index is noted where most of the light is
scattered back thus forming a sharp peak in the profile (x), then as it travels deeper
into the enamel this back scattered signal intensity decays gradually in an
exponential pattern (**), which displays its homogeneity.
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6.3.2 Type 1 White/ Creamy MIH Defect

Figure 6.5a

Figure 6.5b
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure 6.6c
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figures 6.5a, 6.5b and 6.5c Showing a clinical photo, a B scan and an A scan of a
Type 1 lesion, respectively.
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Figure 6.5a shows a clinical photo of a distal surface of the tooth with a box
indicating where the OCT frame has been taken. The selected region is highlighted
in yellow on the b-scan where the surface of the enamel is smooth and can be
recognized by the bright line spanning the length of the section. The area above the
tooth is dark due to the lack of scattering in the air (A). On the B-scan one can notice
the heterogeneous appearance of the enamel, with areas displaying the natural grey
scale contrast reminiscent of control samples, and others area displaying subsurface
lesions as show by the stars (**) on the figure 6.5a. The areas of interest (**) shows
signs of disrupted enamel conformation and the grey-scale gradient is not uniform in
those areas. Indeed, one can notice a brighter region further away from the
air/enamel interface suggesting that at this depth within the enamel, the structure is
scattering more as a result of structure changes. This is reminiscent of sub-surface
lesions.
In order to characterize this lesion in more detail, a scattering intensity profile is
plotted, as shown in figure 6.5c. Here the intensity profile does not show a single
intensity peak as the case of sound enamel, instead several peaks are shown before
it starts to decay, with a wide initial peak (A). Just as the first speak starts; there is
another bigger peak, which shows that there is something subsurface. The scatter
here is more jagged (B), with more frequent peaks rather than being as an
exponential wave appearance. Furthermore, there is a shorter vertical distance
between the first peak and the scatter (C).
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6.3.3 Type 2 Yellow/ Brown MIH Defect

Figure 6.6a

Figure 6.6b

D	
  

F	
  
E	
  

Figure 6.6c

Figures 6.6a, 6.6b and 6.6c showing a clinical photo, B scan and an A scan of a Type 2
lesion, respectively.
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In figure 6.6a we can see a clinical photo of a type 2 MIH defect with a box indicating where
the OCT frame has been taken. The selected region is highlighted in yellow on the b-scan
illustrating a homogenous line of enamel in the outer surface of the tooth, showing smooth
intact enamel. However, beneath the intact enamel we can see different opacities, which
resemble a geographic appearance (**), showing that there is something subsurface that is
abnormal. Furthermore, the enamel starts to show roughness towards the mesial of the
lesion (x). In addition, no obvious outline can be seen between enamel and dentine, and
there is no distinct difference in the contrast, which makes it all diffused with no boundaries.

Figure 6.6c demonstrates a signal intensity profile of a type 2 lesion, where we can see that
the signal decay does not show the uniform exponential curve, instead the signal starts with
a thin, sharp peak (D), it then shows a significant drop and then starts lingering with a more
rounder curve (E), which is more like a wave. In addition, the vertical distance between the
first peak and scatter is longer (F) compared to previous lesion.
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6.3.4 Lesion with PEB

Figure 6.7a

Figure 6.7b

Figure 6.7c

Figures 6.7a, 6.7b and 6.7c Showing a clinical photograph, a B scan and an A scan of
a lesion with PEB, respectively.
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Here we can see a clinical photo showing an MIH defect with PEB, which is highlighted in a
box (figure 6.7a). The selected region is highlighted in yellow on the b-scan (Figure 6.7b)
where it clearly shows on the start of the scan that enamel is sound and smooth throughout,
and then we start to see differences in the contrast with darker areas showing under the
white line of sound enamel with cracks beneath which are acting as mirrors reflecting back
most of the light leaving dark areas behind (**), furthermore we can see areas of loss of
tooth structure where it is seen as breakdown in the continuity of the outline of the tooth,
which is reflected clinically as post eruptive breakdown.
Figure 6.7c shows an A scan of the lesion which shows a sharp narrow (D) peak in the
commencement which then starts to decay and peak again with many spikes, with a more
wave like appearance (E). In addition, the vertical distance between the first and second
peak is of short distance (C).

6.4 Discussion
OCT has been proven to be a useful method when studying MIH lesions as it
provides images of tissue morphology and ultrastructure at a much higher resolution,
better than 10 µm, than other imaging modalities such as magnetic resonance
imaging (MRI) or ultrasound. As proven previously, it has been used successfully in
medicine in the field of ophthalmology, cardiology, gastro-enterology and
dermatology. As mentioned above, OCT possesses no ionizing radiation, in addition
it produces real time, instant direct imaging of the tooth with near microscopic
resolution therefore showing superiority over conventional methods. In addition, it
has been reported that OCT has no detrimental biological effects, thus is safe
clinically (Delpy et al., 1988, Otis et al., 2000).
Moreover, no cutting, slicing or preparation of tooth is needed prior to scanning it,
and as the frames obtained from OCT scanning are very thin (10µm), this enables
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the clinician to detect even the small abnormalities found in the ultrastructure of
teeth.
The total time needed to obtain a full scan of the lesion is around 45 seconds,
therefore making the OCT scanner a time-effective diagnostic tool.
Another advantage OCT images can be investigated both qualitatively and
quantitatively by analysing the B scan and A scan respectively. Signal intensity
profile demonstrates the backscatter of light from the tooth structure, which can be
studied and compared. As the normal enamel prisms tend to reflect the light, the
irregular prisms absorb it, leaving back dark areas. Thus the reflection of light
photons as they travel deeper into the tooth structure is complex and depends on the
structure of the enamel, i.e. homogenous or not. This can be illustrated in the OCT
images, as one can see that the OCT scans of healthy enamel was different from
those of the MIH affected enamel. In addition, different types of MIH defects also
appeared different from each other. T
ُ he differences that are seen can be due to
enamel porosity in MIH affected teeth, which causes the different signal intensity
profiles compared to that of normal enamel. Another cause can be that MIH affected
lesions show less mineralised enamel density thus have increased reflectivity (Jones
et al., 2006b). This shows that OCT can be a valuable imaging tool in diagnosing
enamel defects, as clinicians can use it to differentiate between sound and affected
and also between the different enamel defect types.
OCT is a more accurate tool than the conventional methods, and less bias because
it is less subject to different clinician’s judgments, as it is not based on different
indices. Furthermore, it is possible to measure the dimensions of the defects from
OCT images using the imageJ software by recording the extent of the lesions into
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the depth of enamel without bias.
OCT is a non-ionising and safe method, thus this is an advantage over radiographs,
with higher resolution images. The only drawbacks of OCT are the limited depth
penetration, which is only 2-3mm and the insufficient scanning range, which is
around 6x6mm maximum. In addition, when the surface is smooth, like in sound
enamel, the scattering is less thus showing higher resolution. Whereas when there is
a lesion, precisely breakdown, the surface is not homogenous, thus the scattering is
more, which leads to lower contrast and penetration depth.
Furthermore, when considering the size of the OCT scanner it is difficult to scan
posterior teeth intra-orally; therefore an appropriate sized dental scanning probe
must be used to help scan posterior teeth.
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CHAPTER 7
Defining markers in the
OCT scan and scattering
intensity plots

	
  

136	
  

7. Defining markers in the OCT scan and scattering profile
intensity plots
As mentioned previously, the scattering profile intensity plots between MIH affected
enamel and healthy enamel were different, with MIH enamel showing several
scattering peaks, instead of a single air-enamel peak. This assumption gave rise to
empirical markers, which were described earlier, to describe the A scan profile plots
of both the control enamel, and different lesions of MIH. The aim here was to
question whether the markers truly fit the stereotyping of the different lesions. This
will help clinicians in the future to differentiate between each type easily.
7.1 Methods– multi-examiners evaluation of the markers
7.1.1 Exercise 1: Intra-examiner reliability
Three different lesions were randomly chosen of each group (control, type 1, type 2,
and PEB lesions), and their correlated a-scans were printed as hard copies. These
were then given to two different examiners (examiners B and C) to study and
describe what was seen based on their subjectivity. Both examiners then sat with the
main author (examiner A), who had scanned the lesions, and different characteristics
were then generated by comparing and contrasting, removing the outliers and
leaving back the similarities, which lead to the extraction of similar characteristics,
identified as compatible between both. These were then used to extract empirical
markers to stereotype each type of lesions differently.
The different empirical markers were as follows;
A. Wide initial peak (figure 7.1)
B. Narrow initial peak (figure 7.2)
C. Jagged like appearance (figure 7.3)
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D. Wave live appearance (figure 7.4)
E. Short vertical distance between first and second peak (figure 7.5)
F. Long vertical distance between first and second peak (figure 7.6)

Figure 7.1 Wide initial peak

Figure 7.3 Jagged like appearance

Figure 7.5 short vertical distance

	
  

Figure 7.2 Narrow initial peak

Figure 7.4 Wave like appearance

Figure 7.6 long vertical distance
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Cycle 1
Consequently, the main author (examiner A) studied all 122 different A scans, and
described them according to the characteristic features above, to see if they fit the
criteria The examiner had to describe each lesion, without knowing which type it
was, whether it had a narrow/ wide initial peak, long/ short vertical distance and if the
scatter was more of a wave-like or jagged appearance. Later, the scans were deblinded, and the markers were assessed to see if they did resemble lesion of
interest. In addition, to understand how many of the markers were needed to
diagnose a lesion, a Mlogit (multinomial logistic regression) was used to derive
probabilities of each combination of markers and each related type, as it is the
statistical test that is used to predict the probabilities of different categorical data.

Cycle 2
Examiner A repeated the exercise again a month later for the same 122 lesions, to
assess intra-examiner reliability. The agreement was measured by the Cohen’s
Kappa index using stata15.
Kappa score
For data of population studies to be considered of good quality, it should be
repeatable and reliable, i.e clinical examiners should have the ability to apply the
diagnostic criteria and have consistent results when repeated (intra-examiner
reliability), thus two different examiners were asked to repeat the exercise twice
(one week apart), to test this. In addition, inter-examiner reliability is needed, which
is consistency between different examiners, thus the 14 different examiners. In
addition, calibration and training is needed to ensure that all examiners have
understood the exercise properly, and to yield good results and to thus get a good
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kappa score, which shows good agreement between examiners. Kappa score is
defined as “ a measure of true agreement. It indicates the proportion of agreement
beyond that expected by chance” (Daly and Bourke 2000). It is calculated using the
following formula, shown in figure 7.7.

(observed agreement – expected treatment)
-------------------------------------------(1- expected agreement)

Figure 7.7 Showing formula used to generate cohen’s kappa

The value generated can then be used to analyse the strength of agreement
between examiners. The values along with their strength of agreement are illustrated
in table 7.1.
Cohen’s Kappa values
Kappa Statistic

Strength of Agreement

<0.00

Poor

0.00-0.20

Slight

0.21-0.40

Fair

0.41-0.60

Moderate

0.61-0.80

Substantial

0.81-1.00

Almost Perfect

Table 7.1 illustrates interpretation of Cohen’s Kappa (McHugh, M.L., 2012.).
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7.1.2 Exercise 2: Inter-examiner reliability
Fourteen different A scans (4 of each type of defect) were randomly chosen, and
given to three different examiners, two of who were the same mentioned previously
(examiners B and C), plus a third examiner (examiner D) who had not seen the
scans before. Each examiner had to study the scan, and fill in the table (table 7.2)
according to the markers visible.

Lesion

Wide (A)

Narrow

Jagged

Wave

(B)

(C)

(D)

Short (E)

Long (F)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
Table 7.2 Showing lesions and markers for scoring each examiner filled in a table
based on what the scans, and then an average of the three was formulated, as
illustrated in the table below (table 7.2).
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Lesion

Type

Wide

Narrow Jagged Wave

Short

Long

(A)

(B)

(D)

(E)

(F)

X

X

(C)

1

PEB

X

2

1

3

PEB

4

1

5

2

6

1

7

PEB

8

1

X

X

9

1

X

X

10

PEB

X

11

2

X

12

1

13

2

X

X

X

14

2

X

X

X

X

X
X

X

X
X

X
X

X

X
X

X
X

X

X

X
X

X

X

X
X
X

X

X

X
X

X
X
	
  

Table 7.3 Showing the completed exercise

7.1.3 Exercise 3- Populating the Empirical Markers:
A calibration exercise was done for 14 different examiners, from both a scientific
(some with previous experience with OCT) and non-scientific field, to make the
sample more diverse. A presentation giving a brief summary explaining MIH
(definition, clinical features and different types) and OCT (how it works, what it is)
was done, an a-scan of each type of MIH (type 1, 2 and PEB) was shown and then
the different markers were explained with illustrations.
The first two figures, (figures 7.1 and 7.2) show the difference between a wide and a
narrow initial peak. Followed by figures 3 and 4, showing jagged and wave-like
curved plots respectively, where jagged shows more uninterrupted peaks of different
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sizes, and wave follows a more uniform pattern. Finally, figures 7.5 and 7.6
explaining the difference between a long and a short vertical distance between the
1st and 2nd peaks. If the distance was approximately less than a box, then it is
considered short and vice versa.
A total of 30 different a-scans were then shown on a screen, 10 scans of each type
of lesion (type 1, 2 and PEB), but randomly mixed. Each examiner was then asked to
fill in the boxes of the table (table 7.2)) to assess inter-reliability a week later, 2 of the
examiners were asked to repeat the exercise in order to check intra-reliability using
cohen’s kappa index.
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7.2 Results:
7.2.1 Exercise 1:
•

Cycle 1:
60% of the scans showed that the markers truly resemble the type, with a total of 73
out of the 122 scans correctly fitting the criteria. Type 2 showed the most accurate
results (76%) followed by type 1 (60%) and PEB (50%) respectively, illustrated in
table 7.4.

Type

Type 1

Type 2

PEB

Number of lesions scanned

55

25

42

Fit criteria

33

19

21

Don’t fit

22

6

21

60%

76%

50%

Percentage

Table 7.4 Showing summary of results of first cycle

For the type 1 lesions, the most prominent feature scored was a wide initial peak
44/55 (80%), while for type 2 it was a narrow peak 23/25 (92%), and for PEB a short
vertical distance 37/42 (88%).
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•

Cycle 2:

50% of the scans in this cycle showed that the markers truly resemble the type,
with a total of 61 out of the 122 scans correctly fitting the criteria. Type 2 showed
the most accurate results (60%) followed by type 1 (51%) and PEB (42%)
respectively, illustrated in table 7.5.
Type

Type 1

Type 2

PEB

55

25

42

Fit criteria

28

15

18

Don’t fit

27

10

24

51%

60%

42%

Number

of

lesions

scanned

Percentage

Table 7.5 Showing summary of results of second cycle

For the type 1 lesions, the most prominent feature scored was a wide initial peak
40/55 (72%), while for type 2 it was a narrow peak 23/25 (92%), and for PEB a short
vertical distance 35/42 (83%).
Statistical analysis was then performed, using stata 15 software, to assess the intrarater reliability of examiner A between the two cycles using kappa analysis (table
7.6); in addition, the intra-rater reliability in assessing each marker separately (tables
7.7-7.9). Note that the intra-rater reliability is the degree of agreement among
repeated administrations of a diagnostic test performed by a single rater.
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Agreement

Expected

Kappa

Std. Err

Z

Prob>Z

0.4809

0.0874

5.50

0.0000

Agreement
73.8%

49.5%

Table 7.6 Showing intra-rater reliability in match of type to specified pattern of
markers over cycle 1 and 2, measured by Kappa index. (single rater, 122 lesions)

	
  
Agreement

Expected

Kappa

Std. Err

Z

Prob>Z

0.6189

0.0904

6.84

0.0000

Agreement
81.1%

50.5%

Table 7.7 Showing intra-rater reliability of assessment of width of initial peak (wide/
narrow) between cycle 1 and 2, measured by Kappa index. (single rater, 122 lesions)

Agreement

Expected

Kappa

Std. Err

Z

Prob>Z

0.5166

0.0905

5.71

0.0000

Agreement
78.7%

55.9%

Table 7.8 Showing intra-rater reliability of assessment of height of initial peak (long/
short) between cycle 1 and 2, measured by Kappa index. (single rater, 122 lesions)

Agreement

Expected

Kappa

Std. Err

Z

Prob>Z

0.4743

0.0905

5.24

0.0000

Agreement
73.8%

50.11%

Table 7.9 Showing intra-rater reliability of assessment of height of shape of curve
(wave/ jagged) between cycle 1 and 2, measured by Kappa index. (single rater, 122
lesions)
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In addition, probabilities of each combination of markers and if they truly fit their type
was assessed using Stata procedure mlogit (Multinomial logistic statistical model).
Results are illustrated in table 7.10 below, where 1= yes and 0=no.
The question that we wanted to answer is: How accurate are these markers in
diagnosing the type of lesion?

Wide

Short

Jagged

1
1
1
1
0
0
0
0

1
1
0
0
1
1
0
0

1
0
0
1
1
0
1
0

Probability
(Type1)
81%
62%
88%
78%
22%
10%
34%
20%

Probability
(Type2)
2%
4%
10%
18%
9%
8%
56%
64%

Probability
(PEB)
17%
35%
2%
4%
69%
83%
10%
16%

Table 7.10 Showing summary of probabilities (%) of each type of lesion with its
pertaining markers, with the highest probabilities shaded in blue (type 1), green (type
2), yellow (PEB).

Source

Wald Chi-Square

Df

Sig.

Narrow/ Wide

23.636

1

0.0000

Short/ Long

15.488

1

0.0000

Jagged/ Wave

2.506

1

0.113

Table 7.11 Showing the significance of how much each marker adds to the diagnosis
of the lesion
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7.2.2 Exercise 2:
The average results of the 3 examiners was interpreted, as shown in table 7.12
below, for example, lesion 1, if examiner B assumed it was narrow, examiner C wide,
but examiner D narrow, it would be scored as an overall narrow.
Lesion

Type

Wide

Narrow Jagged Wave

Short

Long

(A)

(B)

(D)

(E)

(F)

X

X

(C)

1

PEB

X

2

1

3

PEB

4

1

5

2

6

1

7

PEB

8

1

X

X

9

1

X

X

10

PEB

X

11

2

X

12

1

13

2

X

X

X

14

2

X

X

X

X

X
X

X

X
X

X

X
X

X

X
X

X

X
X

X

X
X

X

X
X
X

X

X

X

X

X

X

Table 7.12 Shows the average of the results formulated between the 3 different
examiners, with the correct markers highlighted in blue, green and yellow for type 1, 2
and PEB respectively.

Type

Type 2

PEB

Number of lesions

4

4

4

Table

Fit criteria

3

4

4

summary of results of

Don’t fit

1

1

0

75%

100%

100%

Percentage

	
  

	
  
	
  

Type 1

7.13

Showing

exercise 2
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7.2.3 Exercise 3:
Marker

Kappa

Z

Prob>Z

Narrow/ wide

0.5929

34.84

0.0000

Short/ Long

0.5667

34.67

0.0000

Wide/ Jagged

0.4318

25.91

0.0000

Table 7.14 illustrates Cohen’s overall kappa values of assessment of markers
between 14 different examiners (inter-rater reliability). (14 different raters, 30 lesions)

Agreement

Expected

Kappa

Std. Err

Z

Prob>Z

-0.1111

0.1794

-.062

0.7321

Agreement
60%

64%

Table 7.15 illustrates Cohen’s kappa values of intra-rater reliability of assessment of
markers, examiner B (single rater, 1 week apart), (30 lesions)

Agreement

Expected

Kappa

Std. Err

Z

Prob>Z

1.000

0.1826

5.48

0.0000

Agreement
100%

87.6%

Table 7.16 illustrates Cohen’s kappa values of intra-rater reliability of assessment of
markers, examiner C (single rater, 1 week apart), (30 lesions)
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7.3 Discussion
MIH lesions pose a challenge to dentists in diagnosing the type of MIH and thus
predicting the long-term prognosis. In this study a-scans of OCT were extracted from
the b-scan images in an attempt to observe the behaviour of light as it travels
through the depth of normal and MIH affected enamel. In previous studies (Al-Azri,
K., et al., 2016), and earlier in this study it was found that MIH and sound enamel
showed different a-scans, which was easily differentiated between. Nonetheless
when looking at a-scans of different MIH lesions, each profile showed a distinctive
behaviour of light scattering, which raised a question to my interest; “can one
differentiate the type of MIH by observing the a-scans solely?”
7.3.1 Exercise 1:
Thus different examiners studied the scans and empirical markers were extracted to
stereotype each defect. Results proved that by using the intensity of back-scattered
light, these markers may lead toward a more systematic diagnostic dental application
of the technique, and by that one can not only differentiate between healthy and
affected enamel, but also make diagnosis of MIH easier and less subjective.
Based on our data, type 1 was the most prevalent (55 lesions), followed by PEB (42
lesions) and then type 2 (25 lesions) being the least. However this is only based on a
minor number of lesions (122) and not considered as a universal prevalence. The
characteristics were unique in stereotyping type 1 and 2 lesions type 1 lesion shows
a scattering plot with a wide initial peak, jagged like appearance and a short vertical
distance between first and second peak. For a type 2 lesion, the scattering plot
shows a narrow initial peak, wave like appearance with a long vertical distance
between first and second peak. However, in the case of PEB lesions, the scattering
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plot showed a mixture between both, with a narrow initial peak and wave like
appearance like type 2 lesions, however differentiated with a short vertical distance
between first and second peak resembling type 1. This justifies that PEB is not an
entity by itself, but a mixture between both as it can be either a type 1 or type 2,
which has further deteriorated and ended up as PEB. These are summarised in table
7.17 below.

Type

Empirical markers

Type 1

Wide peak
Short vertical distance
Jagged appearance

Type 2

Narrow peak
Long vertical distance
Wave like appearance

Lesion with PEB

Narrow peak
Short vertical distance
Wave like appearance

Table 7.17 A summary of the empirical markers pertaining to each type of lesion

Statistical analysis was then done to see if the findings of the OCT data relate to the
clinical picture of MIH. The results prove than one can not only diagnose MIH lesions
using OCT and differentiate it from control teeth, but can also distinguish between
the different types of lesions, when studying the A scan profile plots of different MIH
lesions by looking at the characteristics and markers. However, these markers are
only empirical, which means that they are based on the examiner’s observations and
assumptions rather than theory or pure logic, and have never been studied before.
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Although empirical, the results showed an 81% agreement, with substantial intrareliability (within same examiner), and moderate inter-reliability (between different
examiners) agreement when compared using kappa analysis.

Furthermore, based on the data observed in both exercises 1 and 2, results show
that the markers truly fit their criteria with a chance of 60% and 50% of them being
accurate, respectively. In addition, we can draw an assumption that type 2 has the
most accurate markers, followed by type 1 and PEB, respectively. Although the
scores in exercise 2 were lower (50%), they both showed the same conclusion. The
decrease in results can be explained either as inaccuracy of results or due to the fact
that there has been a month interval between both exercises so a re-calibration
should have been made as a reminder to the examiner before attempting the 2nd
cycle.
According to the most prominent marker seen in the different scans, one can
estimate the type of lesion based on the initial peak, so wide being type 1 and
narrow being type 2. As PEB is a mixture clinically between type 1 and 2, the initial
peak can sometimes be seen narrow and sometimes wide. However the most
prominent feature of PEB was found to be a short vertical distance, which can also
resemble type 1. In addition, based on the statistical analysis and probabilities
composed illustrated in table 7.10, it shows that the markers extracted, although
empirical still show statistical significance in diagnosing the lesion, with high
chances ranging from 56-88%. This number shows a good prognosis for the
sensitivity of this test, as the accuracy of dental diagnostics usually approximate
around 40%. Therefore, this can be further studied using a larger sample, to
confirm these findings.
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It can be seen in table 7.10 (highlighted in blue) when we have a wide initial peak,
regardless of the vertical height and shaped of curve, the probability of it being a
type 1 lesion is always the highest (probability 62-88%). As for the type 2,
probability of having narrow initial peak with a long interval, and a waved curve is
64%, whereas if it is jagged it is 56%. Thus when we have a narrow initial peak
with a long interval, regardless of the curve the chance of it being a type 2
(highlighted in green) is above 56%. As for PEB, the probability of having a narrow
initial peak, short interval and a wave-like appearance is 83%, whereas if it is
jagged it is 69%. Thus in both situations, with or without the jagged/ wave
appearance, having a narrow initial peak with a short interval mainly describes a
lesion with PEB, with a chance equal to or higher than 69% (highlighted in yellow).

Figure 7.8 Showing a schematic diagram of the unique contributions of each marker
to the diagnosis of a lesion based on p value (table 7.9)

Figure 7.8 explains how much each marker contributes to the diagnosis of a lesion,
i.e. how significant is the marker? As illustrated, in pink we can see the narrow/
wide with a large unique contribution, the same as for the short/ long marker in
blue. However, as for the short/ jagged it can aid in the diagnosis, however when
viewed in solo it adds very minor information to the diagnosis, i.e. not significant.
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Therefore, combining all results, we can conclude that even if we discard the wave
or jagged appearance, we can also interpret the lesions by combining the following
markers, illustrated below in table 7.18.
Type

Markers

Type 1

Wide initial peak, short vertical distance

Type 2

Narrow initial peak, long vertical distance

Lesion with PEB

Narrow

initial

peak,

short

vertical

distance
Table 7.18 Summary of the final empirical markers related to each type of lesion

Additionally, PEB is easily diagnosed clinically as there will be evident loss of tooth
structure, however the confusion is usually between type 1 and type 2 lesions; so for
lesions other than PEB, even if we just look at the initial peak and describe its width
(wide/ narrow), one can diagnose the lesion accurately, as the data showed highest
agreement between raters, in describing the initial peak’s width as being narrow or
wide as described in table 7.11.
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7.3.2 Exercise 2
This exercise was done as an initial step to question the markers by assessing interrater reliability, thus if it showed reliable results it would be taken further and
populated into a larger exercise. It was found that when relating the profile to its
lesion, results showed that 100% of the type 2 and PEB lesions fitted the related
markers, while in the type 1 lesions only 75% were exact with 25% showing a
variable of markers. The downside of this, was that only a-scans of lesions with
defects were examined without comparing if the different examiners can differentiate
between healthy and affected enamel.
7.3.3 Exercise 3
The preliminary data showed that the markers can be promising in actually
identifying the type of MIH lesion based on a-scans, consequently populating these
markers into a larger number of scans and examiners was performed to confirm the
findings with a larger sample, as the larger the sample, the more accurate the
results. To our knowledge, despite previous studies looking at MIH and OCT, this is
the first study to consider extracting markers to analyse a-scans of different MIH
lesions. Furthermore, as mentioned previously these markers are considered
empirical as they were explored from studying different lesions and looking at
different similarities between different examiners, thus these have not been studied
or proved previously.
Based on cohen’s kappa values (table 7.1), the inter-rater reliability results
generated in this chapter show an overall moderate strength of agreement (0.410.60) between the 14 different examiners, with the narrow/wide being the highest
and wide/jagged being lowest (table 7.14). This demonstrates that examiners can
easily characterise the initial peak as being narrow or wide, with a moderate
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agreement of kappa= 0.59. Furthermore, the differentiation between a short or long
vertical distance showed approximately the same moderate agreement, with kappa
being 0.57, thus giving high moderate agreement when it comes to describing the
initial peak in width and height.

On the other hand, the kappa value demonstrated for wave/ jagged curve was
lower, despite a moderate agreement yet low (kappa= 0.43). This lower value can
additionally justify us discarding the wave or jagged curve (explained in exercise 1),
and leave us with the final markers being based on the height and width of the
initial peak only to differentiate between type 1, 2 and PEB lesions. Furthermore,
when comparing the intra-rater reliability of assessment of markers for two different
examiners (1 week apart), it was shown that rater 1 showed a 60% in consistency,
while rater 2 scored 100%. Thus again proving the strong agreement, and adding to
the conclusion that these markers can be clinically significant.
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CHAPTER 8
Progression from 2-D to
3-D diagnostics of lesions
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8. Progression of lesion, from 2-D to 3-D diagnostics
The previous chapters of this thesis were used as building blocks to analyse a 3-D
image of the lesion as a whole i.e., reconstruction of data. After getting reliable
markers from single a-scans, it was thought to take this further and understand the
lesion as a whole, by getting a-scans across the complete lesion instead of a single
one.

8.1 Methods
8.1.1 Mapping a-scans across the B-scan
Up-to now, our analysis involved choosing an empirical a-scan from all the possible B-scan
available (600in total). To overcome, this fairly restrictive analysis, it is possible to extract
more A-scans out of a single B-scan. Considering that we fixed our A-scan window to a
10pixel width (~45um), it is possible to effectively record up to 140 A-scans within a Bscan.
Below is a series of A-scans windows recorded across a given B scan (figure 8.1).

Figure 8.1 showing a schematic description of the distribution of the regions chosen
throughout a b-scan, with the yellow boxes resembling a 10-pixel width of
scan.
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Figure 8.2 Showing consecutive regions of a-scans taken throughout a b-scan, with
their corresponding a-scans.

8.1.2 Mapping A-scans across the C-scan
Instead of choosing a single A-scan to represent the whole lesion as performed in
the previous chapter, we decided to review the evolution of A-scans across a given
lesion. To do so, an A-scan at the centre of lesion was selected in a similar fashion
as done in the previous chapter. The location of this A-scan within its original B-scan
(called reference B-scan) was fixed for this approach. Following on this, series of Ascans were recorded in B-scans before and after the reference B-scan. Intervals of
10 frames were selected between each B-scan. This enabled us to plot a waterfall
series of A-scan as displayed below (figures 8.4,8.5 and 8.6) from the data series
data (figure 8.3).
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Figure 8.3 illustrating how the data was fed to excel origin, with the x-axis being as a
constant, and consecutively adding the y-axis data.
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8.2 Results

Figure 8.4 Showing a-scan waterfall (stacks of a-scans) across a Type 1 lesion

Figure 8.5 Showing a-scan waterfall (stacks of a-scans) across a Type 2 lesion
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Figure 8.6 Showing a-scan waterfall (stacks of a-scans) across a lesion with PEB
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8.3 Discussion
8.3.1 From building blocks to a whole image (cross-sectional analysis)
Reconstruction of scans from a 2 dimension perspective to a 3-d helped
interpretation of data easier, thus one can understand exactly what is going on in a
lesion instead of studying a single scan, from an arbitrary region. Data from the
waterfall graph was more accessible, providing more structural details and made the
reading more sophisticated.
A waterfall plot (figures 8.4-8.6) is a three-dimensional plot in which multiple curves
of data, are displayed simultaneously. Typically the curves are staggered both
across the screen and vertically, with 'nearer' curves masking the ones behind. The
result is a series of mountain shapes that appear to be side by side. The waterfall
plot is often used to show how two-dimensional information changes, or how lesions
progress; it is useful in comparing a number of two-dimensional plots. When
composing waterfalls in general, the horizontal axis is generally chosen to be a
baseline measure (depth in enamel), and the bars may go either above or below the
baseline, depending on the depth. On the other hand, the y-axis is generally used to
quantify response to treatment; but in our case it is the back scattering of light from
the tooth structure; therefore, if there is a change in refractive index, the more it
scatters thus the higher the peak, while if there is loss of tooth structure it will have
less backscattering thus a lower peak.
In the beginning of the thesis, a random ROI from different b-scans (type 1, 2 and
PEB) was chosen to represent the lesion. Despite ensuring the region chose was
free from any cracks/ fractures or increased reflectivity, some bias can be found.
Thus when looking at a lesion in a whole, all areas which are relevant, i.e. tooth
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structure and lesion, and irrelevant, i.e. air, curvature of tooth, can be scanned and
compared to remove any sources of confounding.
The single a-scans (1D) were used as building blocks (slices) to build a larger picture
(3D), just like the concept of magnetic resonance imaging, MRI (figure 8.7).

Figure 8.7 Showing an illustration of how using single blocks can build into a 3-D
image.

Accordingly we are trying to reinforce the point that one random a-scan may not be
able to represent a whole lesion, so sequentially we moved to scanning across a
lesion, and then with every 10pixel width (~45um), move and plot a new a-scan, just
to see how the a-scan varies as we move across the lesion. So what we can see for
e.g. from a type 1 lesion (figure 8.4), we can see it in the beginning (the first red plot)
as a typical type 1 graph, however as we go further it shows as it is much more
affected (as you go further to the farthermost red plot); so this concluded that the ascan we selected randomly may or may not be representative of a type 1 lesion. In
addition, that within a single defect, different types can be found as going deeper
intro a lesion (a mixture of type 1 and PEB, or type 1 and type), which cannot be
diagnosed clinically or using plain 2d radiographs, hence we are not getting total
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information of the defect, or can be looked in a different way as this can be the
source of subjectivity as a clinician might diagnose it as a type 1 while another might
see it as a type 2, leading to difference in diagnosis.
Thus if we wanted to take this further and look at all a-scans present in a single bscan, however this is not feasible by hand. As when looking at a single b-scan of 6
mm x 6 mm, it is composed of 600 frames, and from each frame an a-scan can be
generated. Moreover, a single a-scan of is composed of 1400 pixels, so we can
generate 140 different a-scans of 10-pixel width each. Put in simpler words, a single
lesion can give us 600 x 140 = 84,000 a-scans. Thus looking at a single scan, from a
random point to study a whole lesion will not give us a full description of the lesion,
and can miscue a lot of points, especially in PEB where we have a mixture of
lesions. However, when considering studying all lesions in a full view, considering we
have 137 lesions, this equals to 600 x 140 x 137 = 11,508,000; which is a very large
number of scans, and is not feasible to study by hand. Thus this can be a starting
point for further research, to populate the markers, program the generation of scans
and accordingly put them together to have the diagnosis done in an automated way,
moving towards reconstruction of volumetric data.
Another finding, when looking at figure 8.5 which shows a stack of a-scans of a type
2 lesion, however when studying it using 3-d graphs (waterfall), we can realise that
what goes through a lesion is not always the same; i.e. the ultrastructure changes as
we go across a lesion. In the beginning of figure 8.7 in red we can see a typical ascan of unaffected enamel, however it was taken from a b-scan of a type 2 lesion, so
when studying only one a-scan from a ROI, this can be misinterpreted as sound
enamel, thus missing out the lesion. As we go more further across the lesion, shown
in the second red graph, we can see the start of a wave-like appearance, which is a
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typical marker of a type 2 lesion. Furthermore, in the farthermost red graph, deeper
into the lesion, we can see the onset of a long vertical peak, indicating it as a type 2
lesion. Therefore, this justifies the point that in one lesion different defects can be
present, plus the fact that a random ROI is not always representative of the lesion.
Moreover, when we look at a lesion with PEB (figure 8.7), we can see clearly a
massive drop in the initial peak depth caused by less scattering of light, resembling
loss of tooth structure (approximately 200 microns showed in grey). As explained
early in the thesis, the initial peak starts with a change in refractive index (when light
hits enamel, thus change in refractive index from air to teeth), so when we have PEB
light travels further into air, due to the loss of enamel making the light further to reach
to tooth structure.

8.3.2 Clinical needs for 3D volumetric data:
Having three-dimensional volumetric data generates clinically accurate and
immediately available images from the full data set without extensive editing.
Moreover, It permits the clinician to address specific questions concerning patient
care by interactively exploring different aspects of the data set. In addition, it helps
incorporate the patient with their treatment plan, as a 3D image is often easier for
them to understand, as its generated by integrating a series of sections into a form
that is often easier to interpret than the sections themselves (Calhoun, P.S et. al.,).
Carious lesions have been studied in 3-D data previously, showing good results. The
idea of diagnosing dental caries using MRI was first mentioned by Lujik in 1981. The
author suggested that using this will help in the future to enable detecting caries
laying directly below a restoration that cannot easily be seen on a conventional
dental radiograph (van Luijk, J.A., 1981). Advantages of having volumetric data for
caries diagnosis include the three-dimensionality of lesion visualization and
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quantification. This leads to the possibility to determine and monitor the relative
position of the lesion in relation to the pulp, as well as close proximity and efficiency
of margins of restorations (Tymofiyeva, O. et al., 2009).
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9. Clinical Relevance
9.1 Clinical relevance of MIH and OCT
MIH as a disease is increasing in prevalence, with a high global health burden, and
the current diagnostic tools available have their limitations, therefore a better clinical
diagnostic tool is needed. Continuing research and development are needed to
prevent this important international health problem.
Dissemination of information and awareness regarding MIH is necessary in public
education as well as in general clinics, to increase the chance of diagnosing it earlier
and subsequently having the correct treatment to allow better long-term prognosis.
The use of OCT in clinical medicine has shown that this device is an invaluable
technique in clinical diagnostics. It is currently used in many medical fields since the
1990s such as ophthalmology, dermatology and endoscopy. However, in dentistry
the main use of OCT is in dental research (in vitro studies). It has not been
investigated for potential clinical use especially for clinically diagnosing dental
diseases. However, all dental studies involving OCT came to the same conclusion
that OCT is an invaluable imaging tool.
Despite the large number of studies done on OCT, to our knowledge all results were
based on studying the B and A scans, but none evaluated markers to stereotype
each lesion differently. These markers composed help not only in diagnosing the
MIH defect, but also in differentiating between lesions.
OCT is proven to be safe as it is non-ionising, nor destructing and has the advantage
that it can be used at the chair side with real time imaging of the teeth. However, this
can only be applicable if further research is done to compose a compatible device
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that can be used intra-orally, thus this research is considered as a building block to
build a bigger picture. As a result of bringing OCT to chairside, diagnosing dental
conditions can be done at the same time as conventional clinical examination, which
together would yield full information about the lesion, with minimal time. Other than
that, having a 3-D real time image on a screen in front of the patient, helps to make it
more comprehensible, and eases the treatment plan. The prognosis of the affected
teeth can also be evaluated in the mean while. in addition, it does not require a large
amount of space and can easily fit into the dental practice.
Other than diagnosing, OCT can be used to assess the efficiency of restorations and
margins. On the other hand, while drilling the tooth one can see how much tooth
structure is left over the pulp, to avoid pulp exposure. Thus the implementation of
OCT into the dental field will open new doors for better diagnosis and treatment.
9.2 Limitations of OCT
It is important to highlight that OCT has its limitations, thus it may not totally replace
the current diagnostic tools, but be added as an adjunct. First, the size of the current
OCT scanner is too big and not convenient to be used intra-orally. There has been a
dermatological probe implemented, which could be used on the anterior teeth only,
however is too bulky thus would be difficult to be used posteriorly, especially in small
mouths (i.e.. children). Moreover, it would be easy to scan buccal and lingual/ palatal
areas, however mesial and distal surfaces are difficult due to the close proximity of
teeth. In addition, occlusal surfaces are difficult to examine due to the tomography of
the cusps. Furthermore, OCT scan can only penetrate 2mm in depth, thus it cannot
scan deeper than 2mm into the tooth structure, limiting it to enamel.
Lastly, the cost of the device, as it is considered expensive compared to other
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10. Conclusion
In conclusion, OCT has been proven to be a safe and useful diagnostic method
when studying MIH lesions, which shows us a full understanding of the lesion with its
depth and extent, in a 3 dimension, good clarity image that is not found in
conventional methods. This helps in predicting the lesion’s long-term prognosis; In
addition, it helps in differentiating not only amongst MIH and sound teeth, but also
even between different types of MIH lesions, in a non-destructive, objective and real
time technique. The definition of specific scattering markers for each type of MIH
lesions that was carried and will enable us to bring this technique one-step closer to
the clinic.
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10. Future Work
The next step of this project will be to continue to understand MIH more by studying
more lesions clinically, radiographically and under the OCT, therefore acting as a
larger population study. In addition, investigating the ultra-structure of MIH enamel
and comparing it to sound enamel in order to understand the observed signal
intensity patterns described previously, and why they behave differently.
In addition, study the a-scans of a control tooth in order to make its comparison with
the lesions easier. As in this study, markers were only extracted for different lesions,
not control, it would be nice to have markers for control as well in order to measure
their specificity and sensitivity.
Consequently, using the markers extracted and studying them in a larger sample,
with more calibration to examiners and implementing more statistics in order to prove
these markers as diagnostic. Furthermore, batch process the data analysis to
remove the human bias in selecting a specific scan region, by comparing more
markers and computerising it.
Finally, taking the OCT scan further into the clinical field of dentistry by designing an
intra-oral scanning probe in a suitable size which is convenient for both the patient
and the clinician. This design could be the same as that of an intra-oral camera or
fibre-optic trans illuminator, which can be easily carried and used inside the mouth.
This advancement in OCT would help diagnose MIH affected teeth in an objective,
non-ionising, real time scan, with a 3-D demonstration of the tooth and lesion as a
whole, which can be easily interpreted by patients.
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11. Scientific Dissemination
11.1

Presentations

11.1.1 Three-minute thesis (3MT) presentation, PhDs Annual Research Symposium,
University College of London, UK in November 2017 (Appendix 4
Title: Seeing is Believing, A New Approach to Diagnostics in Dentistry
11.1.2 Poster presentation at the International Association of Dental Research
(IADR) in London, UK in July 2017 (Appendix 5)
Title:

Advanced

imaging

towards

better

diagnostics

of

Molar

Incisor

Hypomineralisation
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Appendix 2- Patient Information leaflet
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Appendix 3- Consent forms
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Appendix 4- Dental anomaly proforma
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Appendix 5- Poster presentation at the International Association of Dental
Research (IADR) in London, UK in July 2018
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Introduction:
Molar incisor hypomineralisation (MIH) is a qualitative
developmental defect of enamel, defined as hypomineralisation
of systemic origin affecting first permanent molars and less
frequently associated with permanent central incisors. Currently,
MIH lesions are diagnosed using conventional methods, clinical
indices and radiographs, which both have their limitations,
subjectivity and radiation respectively.

c) From B-scan to disease markers:

Typical a-Scans

!control

!type 1

Aim of the study:
“Can optical coherence tomography (OCT) be used as an
adjunct diagnosis for MIH?”

Objectives

!type 2

!Define empirical markers in the OCT scan and scattering
profile intensity plot for different MIH lesions
!Evaluate the progression of the lesions as a whole, from 1-D
to 3-D

! PEB

Materials and methods:
Ethical approval obtained and 34 teeth were collected, 3 control
and 31 MIH affected FPMs. The MIH defects were
characterised using both the modified developmental defects of
enamel index (mDDE). All teeth were then imaged
radiographically and using OCT (Vivosight, Michelson
Diagnostics, Kent, UK).

Figure 3 showing OCT scans of a control, type 1, type 2 and PEB MIH lesions with their corresponding a-scans

d) Markers assessments:

Results:
a) Clinical assessment of Enamel Defects in MIH

Type%
Type%1%
Type%2%

Markers%
Wide%
Narrow,%long%

PEB%

Narrow,%short%

Table 1 showing probabilities of markers relating to correct diagnosis (1= seen, 0= not seen)

e) From 1D to 3D diagnostics

Figure 1 showing clinical and radiographic images of a first permanent molar (FPM)

a)MIH diagnosis with OCT

Figure 4 showing waterfall illustrations of type 1, type 2 and PEB lesions

Discussion:
•Conventional methods (figure 1) can not predict accurately the prognosis of
MIH affected teeth before PEB occurs
•This is the first study to analyse markers (figure 3) to diagnose MIH lesions
•OCT can help us differentiate between different types of lesions (table 1) in a
safe, non-ionising technique
•More accurate data can be seen in 3D images (figure 4)

Conclusion:
OCT has been proven to be a useful diagnostic method when studying MIH
lesions, which shows us full understanding of the lesion with its depth and
extent. OCT helps to differentiate between MIH and sound teeth, and
additionally between different types of MIH lesions.
Figure 2 showing OCT scans of a FPM with their corresponding a-scans
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