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ABSTRACT

Introduction: One area of constant interest to orthodontists is the developing face.
This is probably a result Qf the region in which orthodontists work in and the belief
that orthodontic treatment provided can influence the outcomes of facial growth.
New three-dimensional modalities have enabled clinicians to better understand the
facial changes occurring in a developing child.

Materials and Methods: 95 children were evaluated using a previously validated
three-dimensional laser imaging device. Laser scanned images were taken of children
at 6 monthly intervals over a 2 year period. Surface changes were evaluatéd using
normal and average faces. These changes were seen as mean differences of surface
changes shown as colour maps as well as surface area and volume changes.

Results: The results showed that there were morphological differences between
males and females. Surfaces changes were seen in the children at the ages evaluated.
The results suggest that the surface areas of change in the average faces were in a
general downward and forward direction. This was taken with respect to the nose and
soft tissue nasion. The lips also translated in a downward direction as the nose- grew
and there was a general increase in the vertical dimension. In addition, there were a
number of subjects falling into the “significant changes" category. These were
changés‘ significantly greater in males than in females. There was asymmetric growth
patterns in 35% of the children. The results suggest that orthodontic treatment did not
affect facial growth to a large extent. However, some changes were seen in the
female comparisons groups.

Conclusions: The follovs\fing conclusions could be drawn from this study of facial

F

morphology:
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. The three-dimensional laser capture technique described is both valid and
reliable.

. The study has shown that the use of three-dimensional imaging is a feasible
method in the analyzing and perceiving of changes to the face over time.

. i\/[ales and females show differing facial morphology.

. The magnitudes of surface changes are larger in males than in females.

. There is a significant difference in the timing of the surface changes in males
than in females, with males exhibiting later changes.

. There is forward growth particularly occurring in the nose, brows, liPs and
vertical dimensions of the face.

. There seems to be a deepening of the eyes and flattening of the cheeks.

. Clinicians should be aware of three-dimensional surface changes that result
from growth and treatment.

. Growth has been shown to be variable in this age group of 11-14 year olds.
Some children have illustrated significant growth changes whilst others very
little, and this may depend on the period of capture related to their growing

period.

10. There was a difference between the facial morphology of females who

received and did not receive orthodontic treatment. These differences were

seen particularly in the upper and lower lip regions.

11. However, there was very little difference in individuals who received and did

not receive orthodontic treatment.
12. Asymmetric growth patterns were seen occurring in 35% of the cohort -

studied with right sided differences being more than left sided differences.
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1.1 INTRODUCTION

For over a century, the practice of orthodontics has evolved and continues to
embrace new innovations and technologies. This can be illustrated by Andrew’s
refinement of Angle’s classifications of occlusion (Andrews 1972; Angle 1900); the
greét e);traction/non-extraction debate (Case 1964) with treatment planning protocols
that were initially based on dental structures, but later led to the appreciation and
incorporation of facial balance (facial aesthetic keys) (Ackerman et al. 1999; Arnett
and Bergman 1993; Sarver 1998).

Technology has enabled innovations to map and quantify facial
characteristics, beginning with Bolton-Broadbent’s cephalometer (Broadbent 1931)
to the present day three-dimensional hard and soft tissue imaging systems (Hajeer et
al. 2004c; Kau et al. 2005d; Mah and Hatcher 2004; Papadopoulos et al. 2002).
Innovations in technology and the use of powerful computer software tools over the
last two decades have seen an improvement in both hard and soft tissue imaging
devices. The latter are non-invasive, easy to use and do not require exposure to
radiation. These “surface imaging” or “soft tissue” imaging systems, initially
expensive, bulky and technique sensitive have undergone several modifications.
Today these devices are easily portable and soft tissue representation of faces can be
captured quickly and efficiently (Aldridge et al. 2005; Harrison et al. 2004; Kau et al.
2005c¢; Kau et al. 2006b). However, these three-dimensional devices are still in their
infancy of development when compared to their equivalent counterparts in two-
dimensional photography (Blais 2004), as realistic soft tissue simulation can be a

complex task (Mah and Bumann 2001; Mah 2002; Mah and Enciso 2003).
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Therefore, the challenges for the clinician are not just to capture impressive
three-dimensional images, but to evaluate the issues of validity, reliability and
clinical applications.

1.2 BACKGROUND

One area of interest to orthodontists is the change in the face as a result of
growth/ageing and orthodontic interventions. There has been considerable debate
regarding the benefits of orthodontic treatment dating back to the 1900°s (Angle
1907), with more recent media programs (C4Dispatches 1999) claiming that some
orthodontic treatment has a detrimental effect on facial development and growth,
namely by flattening the facial profile, elongating the upper lip and increasing the
prominence of the nose). This has caused a great deal of correspondence in the dental
press with two opposing groups, one suggesting no effect on facial development and
growth and another suggesting that it does have an effect (Dibiase and Sandler 2001;
Mew 2000). The truth is that the evidence to support these claims is insufficient.

This is due partly to the fact that each individual is unique in the way that
they develop. Therefore, it is important during the treatment planning process to
determine whether an individual is within or outside normal variation. Variations in
growth and development are particularly evident during the adolescence period
(Tanner 1962). All children undergo a growth spurt in adolescence that can be
clearl)} seen by plotting height or weight, but growth varies for each individual with
girls tending to reach their growth spurt earlier than boys. Age alone is often not a
good indicator of an individual’s growth status and a number of other methods have

been suggested as growth indicators.

Cephalometrics has been the traditional method used by the orthodontist to

assess hard and soft tissue changes due to orthodontics and facial growth. These
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methods have some problems (For example, measuring landmarks from a two-
diménsional radiograph that arguably does not exist in a three-dimensional
individual)(Bjork 1963; Bjork 1969). Furthermore, landmark identification of hard
and soft tissues on radiographs can be difficult. Mariy clinicians and researchers
claim that it is at this stage that the major source of errors occurs (Baumrind and
Frantz 1971a; Baumrind and Frantz 1971b). Therefore, conventional methods are
limited in their ability to comprehensively describe the three-dimensional
characteristics of the face as the lateral projection of the profile does not give a
representation of orientation and depth. The facial surface exhibits all the
characteristics of three-dimensional morphology (form and structure) where distinct
facial features and landmarks have their spatial position (X, y, z co-ordinates), which
inevitably alter with movement in space (Farkas 1994) (i.e. landmark nasion is an
estimate on a lateral projéction and varies if the subject is bositioned differently in
the cephalostat).

Three-dimensional imaging therefore has a role to play in determining how
the face develops in the three planes of space. The literature has shown that three-
dimensional imaging techniques have been used to create databases for normative
populations (Yamada et al. 2002), analyze growth changes cross-sectionally (Nute
and Moss 2000), and also in the assessment of clinical outcomes for surgical (Ayoub
etal. 1996; Ayoub et al. 1998; Ji et al. 2002; Khambay et al. 2002a; Marmulla et al.
2003; McCance et al. 1992a; McCance et al. 1997d) and non-surgical treatments
(Ismail et al. 2002a; McDonagh et al. 2001; Moss et al. 2003a) in the head and neck
region. A better knowlédge and a comprehensive database lof three-dimensional
facial changes in a growing individual may also lead to:

(a) A better understanding of soft tissue facial form and topography
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(b)  Creation of normative databases and facial templates
(c) A better understanding of facial growth
To date there have been no studies reported in the literature on three-dimensional
facial changes as a result of growth. This study evaluates the feasibility of using
surface imaging on a cohort of school children to evaluate facial change and serves

as a reference for future evaluations of soft tissue in the growing face.
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2.1 INTRODUCTION
The study of cranio-facial growth has been of interest to orthodontists for

almost a century. There have been a number of reported methods to evaluate facial
change and many opinions on the facial changes that occur. This section gives a brief
overview of these discussions.

2.2 CRANIO-FACIAL GROWTH

2.2 (a) Definition and Concepts of Growth

The lay person’s understanding of the term “growth” implies that something
has changed in magnitude (Donald and Hans 1996). However, “growth” applied in
the context of the developing child and in particular that of the changing face is much
more complex than the definition implies. It has to take into account the direction of
growth, encompassing the shape and surface changes of part of the face. For
example, the face not only changes in magnitude, it also appears to grow in a
“downward and forward” direction in relation to the base of the skull (Profﬁt 2000a).
Thié overall process incorporates “rotations” and “displacements” of the facial bones
(Bjork 1969; Bjork 1984; Bjork 1991). As a result, the term “development” seems
more appropriate to describe these changes. There is constant change occurring
throughout an individual’s lifetime, commonly termed growth or ageing. Most
structures of the face do not remain stable and the rates of these changes differ from
individual to individual.
2.2 (b) Stages of Growth

In order to understand craniofacial growth it is easier to describe it in two
phases; pre- and post-natal.
(i) Pre-Natal Growth

The pre-natal period is defined as the time from conception of the foetus to

the birth of the baby and normally lasts for 38 weeks. From the minute the ovum is
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fertilised, the process is initiated. A series of complex molecular processes interact
with one another to create vital organs and physical characteristics that are
distinctively human. However, due to the confined intra-uterine environment, the
upper third of the head bearing the cranium is given priority, as it accommodates the
brain as an important organ in overall development. As a result, the lower two-thirds
of the face is proportionally smaller than the cranium at birth. This is approximately
60% and 40% complete, for the cranium and face respectively (Ranly 1988; Ranly
2000).
(i) Post-Natal Growth

Post-natal growth by definition forms part of the continuation of pre-natal
growth interrupted by birth. After birth, the constraints of the womb are lifted from
the face and the individual is subjected to genetically pre-programmed growth and
the effects of the general environment. These processes alter the external form and
the internal architecture of a bone or a complex of bones within the face. There are
different stages of post-natal growth and these will be discussed under the following
sub-headings: The early years, adolescent years and adulthood. |

e The Early years (0-12 years)

In general, the brain dictates the pace of growth of the head in the early years.
The brain reaches nearly 50% of its total weight by the age of 1 year, 75% by the age
of 3 yéars and 90% by 7 years of age. It reaches full development normally around
11-12 years (Israel 1978). Therefore as the brain mass increases, the surrounding
cranium expands to accommodate it. The complex sutural systems present within the
cranial vault have a fast\rate of growth in the early years anci then begins to slow
down during puberty. It has been postulated that sutures allow the brain to expand

(functional matrix theory) whilst surface deposition and resorption create unique
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facial characteristics. The anterior forehead region is no exception and is remodelled
under the influence of the frontal sinuses. These changes on the surfaces result in the
prominence of the brow areas, especially in males later in life. The base of the skull
plays an important role in facial growth in terms of the position of the maxilla and
mandible.

The cranial base is divided into the anterior and posterior portions by the
spheno-occipital suture. The anterior cranial base follows a neural pattern of growth
and is stable by the age of 8 years (Stamrud 1959). Therefore, many researchers
favour using this area as a reference for evaluating growth. The posterior cranial base
contains the spheno-occipital synchondrosis, a cartilaginous site that follows a
somatic pattern of growth. Flexion of this synchondrosis influences the relative
positions of the maxilla and mandible (i.e. an obtuse flexion produces a skeletal
Class II pattern and an acﬁte flexion produces a skeletal Class III pattern). Therefore,
facial changes in the adolescent years are closely related to this synchondrosis and
the facial bones continue to enlarge markedly for many years to accommodate the
airway and masticatory growth and functions. At 3 years of age, the cranium is 90%
of the adult size, whereas the lower face is only 65% complete (Ranly 2000).

The orbits of the face attain transverse stability in the early years and have
been shown to attain ful‘l development (between the inner corners of the eyes) at 8
years for females and 11 years for males (Farkas et al. 1992).

e The Adolescent Years (12-18 years)

This period is normally when a child attains puberty and is characterized by
dramatic physical chang;:s associated with an individual ma'a’lring (Proffit 2000a). .
There are dramatic increases in both height and weight. This occurs typically two

years earlier in girls than boys. In addition, there are changing secondary
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characteristics, such as menarche, breast development in females and facial hair,
deepening of the voice in males, due to greater influence of sex hormones, oestrogen
and testosterone. The major adolescent events occurring in the cranio-facial region
are the development of the lower two-thirds of the face, an increase in definition of
the facial structures and a change from the mixed to the permanent dentition.

In describing the external changes of the face, much of the research data
shows acceleration in growth of the maxillary complex and the mandible, both of
which are attached to the posterior cranial base. These changes make the face
noticeably deeper in an anterior posterior plane studied by super-imposition
techniques on lateral cephalograms on the anterior cranial base. There are also the
following changes (Enlow 1966; Enlow 1979) when the cranial base is used as a
reference and when two-dimensional evaluations are used;

1. Forward growth of the upper and lower jaws,

2. Forward elongation of the nose,

3. Backward shift of the lateral orbits,

4. Posterior movement of the zygoma allow the zygomatico~makillary

suture,

5. Posterior extension of the dental arches in the tuberosity region of the

maxilla.
e Adulthood

In the past, it was assumed that growth of the facial skeleton ceased in the
late teens or early twenties. In the early 1980’s, Behrents succeeded in recalling over
100 individuals who had participated in the Bolton-Brush growth studies in the
1930’s and 1940°s (Behrents 1984). This sample consisted of patients who were in

their 40’s and most had never had orthodontic treatment previously. Interestingly, the
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results showed that facial growth continued throughout adult life. There was an
increase in all of the facial dimensions over the recall period. Vertical changes in the
face during adulthood were more prominent than anterior-posterior changes, whereas
width changes were least evident and so the alterations observed in the adult facial
skeleton seem to be a continuation of the pattern seen during maturation. A point of
particular interest was an apparent deceleration of growth in females in the late teens
were followed by a resumption of growth in the late twenties. It appears that the
woman’s first pregnancy often produces some growth of her jaws. Although the
annual magnitude of adult growth changes measured in millimetres was quite small
the cumulative effects over the decades was surprisingly large in all dimensions of
space.

In the light of these findings, it seems that the view of facial growth as a
process that ended in the late teens had to be revised. It is however correct to assume
that the growth process is one that diminishes after the attainment of sexual maturity.
However, mandibular rather than maxillary changes continue in adult life. The study
showed that the rates and timing of growth can be determined in adulthood although
these were difficult to quantify due to small sample sizes and individuals lost to
follow-up (Lewis and Roche 1988).

2.2 () vTraditional methods of assessing facial growth
" A number of three-dimensional methods on the analysis of facial changes
have been reported in the literature. Basically, the x, y, z coordinate defines a point in
space and a series of points provides an accurate representation of the object studied.
The techniques used to capture these coordinates are numerous.
Examples of the early studies using direct methods which included the use of

vernier callipers and angular dividers. These methods were often described as
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craniometry (Enlow et al. 1969), anthroposcopy and anthropometry (Farkas 1994).
These physical measurements had many inaccuracies, due to the methods of data
capture, operator variability and landmark identification. These methods were also
often time consuming at the primary research sites and not based on a Cartesian or-
ordinate system.

The introduction of radiographic cephalometry in 1934, by Hofrath in
Germany and Broadbent in the United States (Broadbent et al. 1975), provided a
clinical tool for the study of malocclusion and skeletal relationships and a means of
researching treatment responses and growth which surpassed the techniques of
craniometry and anthropometry used previously. Broadbent emphasized the three-
dimensional nature of facial relationships and recommended that postero-anterior and
lateral views of the skull should be taken for cephalometric analysis. However, as the
facial variations of greatést orthodontic importance are in the sagittal plane and other
views are difficult to interpret and measure, cephalometric radiology has come to
mean, almost exclusively, the measurement of lateral cephalomteric radiographs.
Lateral cephalometric radiographs are taken under standardized conditions so that
measurements can be compared between patients and for the same patient on
different occasions. Analysis is commonly carried out on a tracing of the radiograph,
which reduces the amount of information on the film to a manageable level, or on a
computer that analyses the x-y coordinates of cephalometric landmarks. Both the
validity and reproducibility of certaili landmarks used in cephalometric analysis have
been called into question and these points do not necessarily depict the true
anatomical landmark. These considerations have to be made when evaluating the role
of cephalometric lateral radiographs in orthodontics in clinical diagnosis and

evaluating treatment results.
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o Errors in cephalometry

The traditional measuremenf tool to assess facial growth is by lateral
cephalograms measuring two-dimensional landmarks that arguably do not exist in a
three-dimensional individual (Bjork 1963; Bjork 1969). The major problem in
cephalometry is landmark identification of hard and soft tissue on radiographs. It is
at this stage that the major sources of cephalometric error occurs (Baumrind and
Frantz 1971a; Baumrind and Frantz 1971b). Many factors are involved in uncertainty
of the results that are obtained from these images. These may be attribufed to:

1. Quality of the radiographic image

2. Precision of landmark definition and the reproducibility of landmark

location
3. Operator and registration procedure
4. Registration of landmarks in two-dimensions of a three-dimensional
- structure

Changes in skeletal assessment using radiographic techniques are relatively
small but tend to be much greater in the soft tissues (Nute and Moss 2000). Ségittal
recordings of midline points or lateral skulls radiographs and optical - surface
scanning have shown to be consistent (McDonagh et al. 2001). Whilst ethical
approvai is unlikely in this day and age for radiographic growth studies, these
precious databases are still used from time to time for analysis of data (Palomo et al.
2005).

Due to the radiation risks of radiographic techniques, alternative methods
using three-dimensional devices have been developed and these will be discussed |

later.
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2.2 (d) Soft Tissue Growth

The number of papers focusing on and analysing soft tissue morphology and
growth are vcomparatively small in relation to the general orthodontic literature (Riolo
et al. 1987). Yet the extcrhal profile is by far the most visible entity that clinicians
and lay people perceive, and on which they formulate judgments. With a greater
emphasis being placed on the balance betwéen the hard and soft tissues, it is
important to have reliable and readily available data on the facial soft tissues. At
present, there is a lack of information on the longitudinal development of the nose,
lips and soft tissues at the chin (Sarver 1998). Most of the available data on the
changing soft tissue profile has been obtained from cephalometric data with a small
number of case reports from limited three-dimensional studies. These studies have
placed an emphasis on the following three areas: the nose, lips and soft tissue chin
(Burke and Beard 1979; Burke 1980; Burke and Hughes-Lawson 1988a; Meredith et
al. 1958; Sarver 1998; Subtelny 1959; Subtelny 1961).
(i) Development of the nose

Out of the three, the development of th¢ nose is the one that an orthodo_ntist
has the least control of. Yet in terms of facial balance and profile it is arguably the
most important! One of the first studies of the nose was carried out by Subtelny who
used 30 records of male and female cephalometric data from the Bolton and Brush
longitudinal data sets (Subtelny 1959). He was the first to describe the downward
and forward growth of the nose that occurred during maturity. In addition, the growth
of the nose in the vertical dimension is more than the anterior-posterior dimensions.
The nose plays such an important role that when the convexity of the facial profile
was analyzed using hard and soft tissue landmarks, the hard tissue readings recorded |

a more prognathic profile whilst the soft tissue readings were more convex (Subtelny
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1959). He also found that there was a sizeable growth of the nose between the ages
of 10-16 years for males and females. This growth was more marked in boys with a
tendency fbr accelerated growth changes from the ages of 13-14 years whilst the
growth in the female nose was gradual and seen around the age of 12 years. A further
study on 46 children between 10-16 years confirmed some of the original findings
(Manera and Subtelny 1961). In addition, they found the magnitude of growth in the
boys to be much larger than that of girls. Using two-dimensional analysis on stereo-
photogrammetric method, the downward movement was also confirmed as being
more pronounced than the lateral aspect dimensions in 52 same sexed twins obtained
from a mixed longitudinal study (Burke and Hughes-Lawson 1988b; Burke and
Hughes-Lawson 1989).

Another study investigated sexual dimorphism and potential differences in
skeletal profiles (Genecov et al. 1990). 64 lateral cephalograms (32 Class I and 32
Class II) were obtained from the Bolton Brush sample and analyzed over three time
frames: mixed dentition (7-9 years), early permanent (11-13 years) and early
adulthood (16-18 years). They found the following, based on the sémple
investigated:

e Growth of the nose in an anterior posterior direction continued in both

males and females after skeletal growth had subsided.
" e Females had completed or finished a large proportion of soft tissue
development by age 12 years whilst males continued until 17 years.

¢ Growth of the nose was independent of skeletal classification.

(ii) Soft tissue Lip Changes
The lips will be discussed broadly under two general headings: soft tissue

changes associated with normal growth and secondly under treatment effects. In
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Subtelny’s studies described earlier (Subtelny 1959), he found that the upper lips
increased in length rapidly from the ages of 1-3 years, but the rate of increase was
markedly feduced from ages 3-6 years. T here was also a progressive increase for
children at the ages of 8, 10, 12, 14, 16 and 18 years. He found that most of the
maxillary lip lengths in females were reached by 14 years and in males this tended to
be complete by 18 years. Furthermore, vertical mandibular lip length growth
persisted longer than maxillary lip length in females. The incremental percentage
was greater in males than females, and was not complete é.t age 18 years (Mamandras
1988). In another study using a different growth sample, Genecov et al. (1990) found
that males between the ages of 7-17 years had a greater increase in upper lip length
than females in the same period. The males experienced a little more than 2mm in
vertical height of the upper lip and females experienced less than Imm in vertical
height
(iii) Soft tissue chin

The last in the three segments of soft tissue analysis and probably the most
difficult to study is the soft tissue chin. Past evidence seems to suggest that the
increased chin projection in males during growth is due to mandibular growth rather
than to soft tissue changes (Nanda et al. 1990). Genecov (1990) also found that there
was a gender difference in the soft tissue thickness during the growing period; the
thickness of the soft tissue chin in comparison to the hard tissue counterpart was
more or less the same at the age of 17 years.
2.2 (f) Soft tissue profile aﬁd Body Mass Index

Published sources relating soft tissue thickness to the ;bony structures have
also been reported (Smith and Buschang 2001; Smith and Buschang 2002) and used

in forensic science (Tyrrell et al. 1997). However, the basis of associating soft tissue

/ S e e
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profiles to body parameters like BMI, can be questionable as a relationship hardly
presents between the two. Probably the only reference relating BMI to soft tissue
profile wa§ carried out by Riolo and co-workers on a pre-selected sample taken from
the Michigan growth study (Riolo et al. 1987). He used data collected from the ages
of 6-16 years (Riolo and TenHave 1986) and found that the BMI had a significant
effect on the relationship between growth changes in the hard and soft tissue profiles.
Children with a higher BMI had thicker soft tissue profile measurements and greater
horizontal profile measurements but no differences were found in other sample
groups. In addition, there was a significant difference in vertical facial heights for
high BMI children. A higher BMI had no effect on the measures of profile convexity.
However, soft tissue changes in normal BMI children were present but were less
significant than the high BMI groups.
2.2(g) Growth Studies
o Longitudinal Studies

The longitudinal method of analysis involves repeated measurements on a
cohort of individuals over a period of time. The advantage lies in the facfthat
patterns of growth and variations within groups can be analyzed (Persson and
Thilander 1985). Longitudinal studies however are expensive, labour intensive and
time consuming to run. Furthermore, the drop out rate in this type of studies can be
significant, weakening the statistical inference. There have been a number of high
profile studies that have made significant contributions to the understanding of facial
growth. A few examples will be cited.

The Bolton-Brusfl Studies (1930-1973 at Case Western Reserve University)
included 5000 individuals of European descent were studied between 1-18 years of

age (Broadbent et al. 1975). Population averages exceeding 1000 were carefully
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selected to represent the average face or “Bolton Facial Template”. These were used
in clinical research to analyze facial growth and to predict treatment changes.
Evaluations of gender differences have also been carried out in recent times (Ursi et
al. 1993).

‘The Michigan Study was started in 1930 by Drs W Olson and B Hughes at
the School of Education, University of Michigan. The exact sample size was not
mentioned but children from 3-18 years were enrolled and extensive data was
collected which include dental records, lateral radiographs and dental casts. In 1953,
yearly radiographs were discontinued. In 1974, Riolo published an atlas of
craniofacial growth, from a sample of 87 subjects, depicting annual hard tissue
increments as seen from these longitudinal records (Riolo et al. 1979). These
readings have been carefully evaluated and analyzed and serve as a useful reference
for hard tissue changes.

Radiographs and dental casts were collected at the Kings College School of
Medicine and Dentistry over a period of 18 years. These sample consisted of 528
British subjects of Caucasian origin examined at birth and six months and thereafter
annually. Two hundred and eight siblings were later added to the sample. These
subjects were followed till they were 18 years of age. At the age of 18 years, 142 or
19.3% of the original sample were retained. Facial norms were created and the
average changes in soft tissue and hard tissues were recorded and published (Bhatia
and Leighton 1993).

The Belfast growth study was carried out in the 1960’s and 1970’s. The study
included 300 orthodonfically untreated individuals who had Posterior Anterior
Cephalograms (PA) and lateral Cephalograms taken annually (Adams 1971).

Interestingly, a selected Class I sample of these original subjects were studied again
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recently, and the results showed that the percentage increase in growth was most
pronounced in the vertical compared to the sagittal and transverse dimensions (Lux
et al. 2004). One criticism of this study is the retention of subjects by the end of the
study, 37 from a total of 300.

‘Several other longitudinal growth studies have also been reported in the
literature (Ekstrom 1982), but these studies suffer from retention of subjects, lack of
full control and a variety of other non-investigator related factors. As a result they
were less famous and not often cited.

o Mixed longitudinal

A mixed longitudinal approach is another useful methodology to obtain
growth data. For example a cohort of individuals aged 11, 14 and 17 years are
followed for 5 years (there is an overlap of 2 years). Studies such as this obtain 10
years of data in 5 years, ifacilitating growth curves to be created and allowing for
matching between cohorts (Kowalski and Prahl-Andersen 1979).

The Nymegen growth study corhprised a sample of 467 children with six
overlapping cohorts studied over a 5 year period from 1971-1976. The aim of the
study was to provide information on the growth and development of normal Dutch
children from the age of 4-14 years. A host of medical, psycho-social and dental
parameters were analyzed. Part of this study included the use of la}teral cepaholgrams
in its lanalysis, and was further compared to the studies at Michigan (Riolo et al.
1979) and Groningen (Boersma 1966). The Nymegen studies were an interesting
addition to the literature but reading and analyzing the data was often difficult and
tedious, as there were mu\ltiple data sets.

The Burlington study was started and completed by Dr F‘ Popovich from 1952

and 1972. An original sample consisted of 1,380 children (aged 3, 6, 8, 10, 12‘
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years), representing 90% of all the children in Burlington, Ontario Canada. Only the
records of the 3 year olds were recorded annually. To date 8,000 sets of records and
46, 746 cephalograms are on the database. The methodology undertaken was similar
to a mixed longitudinal study.

e Cross-sectional studies

These studies utilize different populations for each year and some researchers
believe that the data collected in these types of studies are likely to produce the same
basic information as longitudinal growth studies (Tanner 1962). The collective
results are pooled and compared across a range. These studies are relatively easier to
perform and are usually more cost effective (Farkas 1994; Ferrario et al. 1998a).

Marcus Goldstein (1936) at New York University carried one of the earliest
cross-sectional studies out. Fifty males were examined at each age beginning at 2.5
to 3.5 years, and continuihg every other year until and including 20.5 and 21.5 years.
A further group of 50 males at the age of 74 years were also studied. Detailed
anthropological data was collected in an attempt to describe the growth of the face in
three-dimensions. These data sets gave a better understanding of the dynanﬁcs of
facial growth, i.e. growth of the face was greatest in the vertical dimension. -

A cross-sectional study of facial growth was carried out at the Craniofacial
Measufement Laboratory, University of Toronto, Canada involving 1,594 Caucasians
subjects aged 1 to 18 years (Farkas et al. 1992; Farkas and Posnick 1992). The
analysis of the material was done of the basis of means values, growth increments
and percentage changes.

Ferrario and co-workers (DATE) used facial landmark identifications to study_

1,347 healthy Caucasian children aged 6-18 years and young adults aged 19-32
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years. Their general findings were in line with current literature showing that males

had a strong tendency to continue growing and for a longer period of time.

2.3 THREE-DIMENSIONAL SURFACE ACQUISITION TECHNOLOGY

"The introduction of sophisticated three-dimensional devices has meant that
the soft tissues of the face can be evaluated in a quicker, non-invasive manner to
conventional anthropometric techniques. Furthermore, a comprehensive qualitative
and quantitative analysis can be performed with the appropriate three-dimensional
analytical software. A number of reviews have been written on the use of three-
dimensional technology in orthodontics (Hajeer et al. 2004b; Hajeer et al. 2004c;
Kau et al. 2005d; Papadopoulos et al. 2002).

This section will focus on imaging devices that have been used to capture
facial morphology, explbring their advantages and disadvantages. The three-

dimensional imaging devices can be classified as set out in Table 2.1.,
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Table 2.1 Tabular representation of surface imaging devices

1)

Direct Contact

a)
b)

c)

Polhemus 3Space Digitizer
Digi-graph
ELITE

2)

Photogrammetry

a)

Stereo-photogrammetry

3)

Lasers

a)

Fixed Units

Medical Graphics and Imaging Group, UCL
Cyberware Laboratory 3030 / SP

Others

Portable and Mobile

Minolta Systems (Model models 700, 900, 910,
9i)

Polhemus hand-held (FASTSCAN)

4)

Structured Light

Single Camera

Multiple Camera

Moire patterns

OGIS Range Finder RFX-IV

CAM, three-dimensional Shape system
C3D-dimensional Stereo-photogrammetry
(Glasgow) — Computer aided

3dMD™ Face System

Others

5

Video-Imaging

Motion-Analysis™

6)

Radiation Sources

a)
b)

©)

Three-dimensional cephalometry
CT Scans .
Cone Beam Computerised Tomography (CBCT)

7

Others

a)

MRI
Ultra-sound

2.3 (a) Direct Contact Devices

As the name implies, direct contact systems obtain three-dimensional co-

ordinates directly from “touching” the surfaces of the physical object. A reference

framework is established first by marking fiducial points of known co-ordinates and

finally by landmarking the surfaces of the face, within this framework, with an

electronic probe. The locations of these landmarks were obtained based on previous

direct anthropometric téchniques described by Farkas in 1994. A number of these

systems were described in the 1970°s and 1980’s.
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(i) Polhemus 3Space Digitizer

Validated in the late 1980s by Hildebolt and Vannier, the Polhemus 3Space
digitizer"™ was a tabletop model interfaced with a computer. It also consisted of a
hand held stylus, a key pad and a foot pad (Kohn et al. 1995). The hand held stylus
contacted each landmark on the face of a clinical subject, and an electronic magnetic
field generated within the unit determined the location of the stylus. All subjects
were placed supine and in the middle of the table. When each landmark was located,
the foot pad was depressed to record the data. All data was made up of points and
coordinates were recorded in centimetres (cm).
(ii) Digi-Graph Work Station

The Digi-graph workstation™ was a system that combined non-radiographic
cephaloméfric and video-imaging with a manual digitizing hand piece used to record
cephalometric data. Three-dimensional coordinates were recorded when the button
on the digitizing handpick was depressed. An audible sound was created and picked
up by an array of four microphones on the system. The time it took for the sound to
reach the microphones determined the landmark location. The landmarks were
systematically recorded and corresponded to video images captured by two mounted
video cameras. This represented a crude but initial step towards three-dimensional
photographic co-ordinate capture (Chaconas et al. 1990a).

" This system was validated for clinical management and patient education and

found to be clinically compatible (Tsang and Cooke 1999). Studies to compare
cephalometric readings and Digigraph showed that the results were not statistically

significant at the 0.5 level (Chaconas et al. 1990b). It was also used to evaluate the

1 3SPACE digitizer, Kaiser Aerospace and Elctronics, Polhemus Division, Colchester VT
I Dolphin Imaging Systems, Valcenia, CA
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various soft tissue relationships in balanced young adult faces (Nanda and Ghosh
1995).

(iii) ELaboratore di Immagini TElevisive (ELITE) and Three-Dimensional Facial
Morphometry (3DFM ,

Ferrario and co-workers (Ferrario et al. 1993; Ferrario et al. 1996) described a
more complex anthropometric technique using direct digitized measurements in
combination with video images. In one of the first reported studies using the ELITE
system", three-dimensional facial soft tissue data was obtained from a sample of 40
men and 40 women. For each subject, 16 soft tissue facial landmarks were
automatically collected using two infra-red charged coupled devices (CCD). Fifteen
linear and ten angular measurements, and four linear distance ratios were computed
and averaged for gender. Ferrario reported that for all angular values, both samples
éhowed a narrow variability and no significant gender differences were
demonstrated. The highest inter-sample variability was observed for the
measurements of facial height (prevalent vertical dimension), and the lowest for the
measurements of facial depth (prevalent horizontal dimension). The proportions of
upper and lower face height relative to the anterior face height showed a significant
gender difference. Mean values were in good agreement with literature data collected
using traditional methods.

" The group also reported that this new method allowed the direct and non-
invasive calculation of linear and angular measurements that would be usefully
applied in clinics as a supplement to the traditional radiographic cephalometric
analyses. The technique was later given the title “Three-Dimensional Facial

Morphometry (3DFM)” and was used for linear and volumetric analysis based very

IV | aboratorio di Anatomia Funzionale dell’ Apparato, Dipartimento di Anatomia Umana, Univerita
degli Studi, via Mangiagalli 31, 2013333 Milan, Italy
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much on geometrical principles (Ferrario et al. 1998b). This technique has also been
used for a variety of orthodontic applications that include craniofacial anomalies
(Sforza et al. 2004), creation of facial normals (Ferrario et al. 1997b), facial growth
in cross-sectional cohorts (Ferrario et al. 1998a; Ferrario et al. 1999b; Ferrario et al.
2000; Ferrario et al. 2003), facial attractiveness studies (Ferrario et al. 1997a) and
different treatment groups (Ferrario et al. 1999a; Ferrario et al. 2002).

The weakness of the system is the recording of points as three-dimensional
coordinates in space and it fails to take into account surface topography.
2.3 (b) Stereo-Photogrammetry

Different systems were introduced by superimposing grid projections onto
objects. Sassouni used a standardized millimetre grid, a cephalostat and profile
photos (physioprints) (Sassouni 1957). The subsequent analyses were made on
carefully drawn out contour maps. These procedures were time consuming and often
distorted by perspective (Volp 1979). A similar technique, Morphanalysis was
introduced by Rabey (1968). This technique also used a grid system for three-
dimensional coordinate transfer. Again the issues of magnification and diStortion
were not addressed (Robertson 1976; Robertson and Volp 1981). This system uses 2
images (radiographs and photographs) in 2 planes on a centimetre scale and maps the
commoﬁ points on both to create X, y, z coordinates.

' Photogrammetry is the science of measurements of photographs, and
reconstructs the measurements of two- or three-dimensional structures from-
photographic reproductions (Richmond 1984), and it has been used in medicine and
dentistry from the 1940°s (Berghagen 1951). Tanner and Weiner (1949) modified
and standardized this technique so that certain anthropometric dimensions could be

measured to a degree of accuracy similar to direct methods . Stereo-photogrammetry
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is a technique that uses two or more cameras configured as a stereo-pair to obtain
three-dimensional co-ordinates of facial morphology.

Early photogrammetric methods utilized techniques used by cartographers
that incorporated contour mappings with varying sub-intervals. Therefore it was
oﬁen laborious, tedious and expensive to map the facial structures in three-
dimensions (Burke and Beard 1967; Burke 1983; Burke 1984). These techniques
have also been applied to volumetric analysis and biostereometric analysis of
surgically corrected abnormal faces (Berkowitz and Cuzzi 1977; Bjorn et al. 1953).

Stereophotogrammetry as explained, refers to combining multiple views of
photos to form a three-dimensional image. For the purposes of this thesis, if a light
pattern is projected on to the face it will be classified as a structured light system.
Beard and Tee introduced a method in 1980 that projected a radial grid onto the face.
This gave numerous poihts of intersection measurements and correspondence. Two
stereo-metric cameras and a special flash unit mounted between the lens systems
were required. This system was widely published and a number or early three-
dimensional reports utilized this system. |

Rolleiflex® 6060 SLX

Ras and co-workers (Ras et al. 1995a; Ras et al. 1996) described the use of
two semi-metric cameras mounted on frame with a distance of 50cm between them
and a positioned convergence angle of 15 degrees. A flash spot was positioned
between the cameras and a grid was projected on to the face. This grid facilitates the
registration of the two photographs and creates a perception of depth. These systems
were checked for reliability and validity and used for analysi‘s of patients with cleft
lip and palate (Ras et al. 1994a; Ras et al. 1994b) and facial asymmetry (Ras et al.

1995a; Ras et al. 1995b).
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e Others

Several other systems have been described in the literature. One such system
utilized special head frames to match up facial photographs and seemed to be useful
in diagnosing abnormalities like foetal alcoholic syndrome (Meintjes et al. 2002).

3.2 (c) Laser scanning

Laser scanning is a commonly used technique in acquiring three-dimensional
data from objects in the engineering industry (Blais 2004). It is a valid and reliable
technique that is used to detect minute and microscopic defects in the automotive and
aerospace industries.

Laser technology utilizes optical principles and essentially is an active
stereoscopic technique where the distance of the object is computed by means of a
directional light source and detector. A laser beam is “deflected” from a mirror onto
a scanning object. The resultant deflection angle of the laser beam may be calculated
by simple trigonometry. As the laser beam is projected on the physical object, the
beam is scattered which is then captured onto a detector. The distance between the
object and the detector and source can be calculated by geometric principlés. This
may be translated into simple x, y, z coordinates.

There are two broad classifications of laser devices for three-dimensional
acquisition according to the source of the beam. These are commonly known as
single point and slit scanners. Due to the time required to scan the object, as well as
the optical and mechanic simplicity, a slit scanher (projection of a plane line) is the

practical solution for capturing facial morphology (Blais 2004).

.
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(i) Fixed Units
o The Medical Graphics Imaging Group (MGI) System by University College

London

Moss and co-workers (1989) , were one of the first groups to describe the use
of lasers in facial imaging. The MGI system" uses a low power, helium neon laser
beam, whichris projected onto the face and viewed from an oblique angle by a
television camera. The laser light has a wavelength of 632.8 mm and a power not
exceeding 1mW. Subjects are scanned every 2.8 degrees of rotation except over the
central portion where 1.4 degrees are used. 20,000 co-ordinate points are obtained
and the quoted precision was 0.5mm. There was a skin exposure time of less than 10
minutes (Moss 1989). This system was independently validated to within 0.9 mm
(Aung et al. 1995) (over the entire facial surface) and had a 1 mm facial morphology
reproducibility of adult facial averages (Ismail et al. 2002b). A variety of applications
have been described for this imaging system as follows.

McCance and co-workers employed this technique to evaluate surgical and
cleft patients (McCance et al. 1992a; McCance et al. 1997a; McCance et al. A1 997b;
McCance et al. 1997c; McCance et al. 1997d). Facial averages were created from
controls and were used to evaluate surgical outcomes. Laser scans were taken prior
to surgery, 3 months post-surgery, and at least 1 year after retention. Colour maps
were used to describe the changes in facial morphology.

Ismail and co-workers employed the same technique to investigate the effects
on the face of treatment involving extractions (Ismail and Moss 2002a; Ismail et al.
2002a; Moss and Linne\y 1990). The study initially started \]Nith 16 non-extraction

and 18 extraction orthodontic patients (Moss et al. 2003b) but was reduced in another

V University College London — Malet Place Engineering Building, Gower Street London WC1E 6BT
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report to 12 in each group (Ismail et al. 2002b). Each of the patients was scanned
using the MGI scanner and the scans were analyzed using registration and surface
shape analysis programs. The computer program registered the scans over the
forehead and colour deviation maps highlighted differences between the groups. The
surface shape analysis mathematically differentiates the surface into nine different
surface shapes. The results indicated that there was a difference between the two
groups at the start of treatment but there were no differences in the effect on the face
of treatment in the two groups. The surface morphology was similar at the end of
treatment in both groups. The MGI system has also been used to evaluate facial
growth in children with clefts (Duffy et al. 2000), surgical evaluation (Soncul and
Bamber 1999; Soncul and Bamber 2000) and facial profile changes after functional
appliances (Morris et al. 1998).

The main probleni associated with the technique was the time to complete a
scan which was reported as 20 seconds. Reliability studies to test the reproducibility
of facial morphology were carried out on adults although the number of subjects was
small (n=10). Furthermore, all measurements recorded had to be pooled together to
form averages to make comparisons. Finally, the landmarks used to ;nakc
measurements were questionable and possible inaccuracies could occur (i.e 15
landmarks were identified in the studies. Five points were mathematically
constructed across the forehead. Points joined across the eyes and nasion were joined
to form a constructed line, using best fit least squared method. The face was then‘
orientated to the mid sagittal plane at 90 degrees to this line. Five further landmarks
were then automaticaliy constructed on the forehead. The first point was a
perpendicular projection from the canthal constructed line at a distance 30 mm up

from nasion. Two pairs of points were constructed at 15mm intervals across the
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forehead perpendicular to mid sagittal plane. Registration was undertaken using the
points on the forehead.
e Cyberware Laboratory 3030/SP

This is a commercially available surface laser scanner produced by
Cyber\;vare laboratories"". The Cyberware projects a low intensity laser on an object
to create a highlighted profile. A high quality video sensor captures this profile from
two view points. The system can digitize thousands of these profiles in a few seconds
to capture the shape of the entire object. Simultaneously, a second video sensor
acquires colour information. The scanner is able to capture 262,144 points each
defined by an x, y, z and R, G, B (Red, Green and Blue) value.

Bush and co-workers reported on the validity of measuring anthropometric
landmarks using this device (Bush and Antonyshyn 1996). He reported that a number
of potential errors could occur:

(1) motion artefacts

(2) biological variation

(3) inaccuracy in digitization

(4) poor landmark identification

However, optimal positions were obtained when the head was in the centre of
the scanning gantry and with the Frankfort horizontal plane elevated at 10 degrees
from \the horizontal. Under these conditions, all measured landmarks were visualized
ideally and the variance in landmark localization was less than 0.6 mm in X, y and z
axes. Girod and co-workers (Girod et al. 1995) used the system as a photo-realistic
surface superimposed or;to spiral CT images. The authors did/not however, report on

the accuracy associated with this technique.

VI Cyberware Inc, 2110 Del Monte Avenue, California 93940, United States
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In another study, Okada used this method to create facial contours, facial
units and subunits (Okada 2001). He did so by defining highlights, shadows and
borderlines between the areas based on a technique described by Barnett and
Whitaker (Barnett and Whitaker 1986).

"Another team of researchers, using the same system as a Play Station (PS)
motion platform, measured area and volumetric data on patients with facial swellings
(Ji et al. 2002). Data was then translated to a CAD program in a Microsofi®
Windows system. Using the CAD software, the midline of the patient's face was set
as the symmetry axis, and the reference point symmetry was taken from both sides of
the face. The area of the patient's face was calculated with a triangulation
mechanism. The methods of calculations were however not clear. Guest and co-
workers (2002) also used the scanner to evaluate methods of superimposing soft
tissue changes after orthognathic surgery.

o  Other fixed unit lasers

Some prototype laser based systems are described in this sub-section. The
Surflacer three-dimensional-VMR201 (UNISN Inc, Osaka Japan) combineci three-
dimensional reconstructed cephalometric skeletal images and laser-scanned facial
images to produce computer generated models. This preliminary study did not state
the accuracy of the system.

A research team in China also manufactured a prototype fixed laser system for
trials on human subjects. The system emitted a standard laser with a wavelength of
650 nm and had a manufacturer’s precision of 0.5 mm. The system had a scanning
range of 0-180° and a r;dius of 30 cm. Clinical tests showe(i acceptable results but

the system had a long scanning time of one minute.
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(ii) Portable and Mobile
o Minolta laser scanners

In 1997, Minolta (now known globally as Konica Minolta)"" introduced a
series of VI-digitizers- and, according to the manufacturers, was “going to
revolutionalise the way surface imaging was carried out” (Minolta 2001). These non-
contact systems enabled rapid three-dimensional acquisition that could be used in
medical applications that included orthodontics and maxillofacial surgery.

The VI-700 was the first in a series of this generation of digitizers. By
triangulating distances between the reflecting laser beam and the scanned surface, the
surface laser scanner could detect not only an object's length and width but also its
depth. The reliability of generating three-dimensional object reconstructions was
assessed independently in Chicago (Kusnoto and Evans 2002). Accuracy and
reproducibility were tesfed on a geometrical calibrated cylinder, a dental study
model, and a plaster facial model. Tests were conducted at varying distances between
the object and the scanner. It was found that in the calibrated cylinder tests, spatial
distance measurement was accurate to 0.5 mm (+/- 0.1 mm) in the vertical dirﬁension
and 0.3 mm (+/- 0.3 mm) in the horizontal dimension. In the study model test, molar
width was accurate to 0.2 mm (+/- 0.1 mm, P >.05), and palatal vault depth could be
measured to 0.7 mm (+/- 0.2 mm, P > 0.05). The facial model had an accuracy of
1.9 +/- 0.8 mm. The findings suggest that the surface laser scanner has great research
potential because of its accuracy and ease of use (Da Silveira et al. 2003). The VI-
700 has been used for the integration of three-dimensional shapes of the dentition

and face (Nagao et al. 2001) and also for idiopathic scoliosis (Hill et al. 2002).

VI Minolta Co, Ltd 3-13, 2-Chrome, Azuchi-Machi, Chuo-Ku, Osaka 541-8556, Japan
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In 2001, Minolta released the VI-900 as an improvement to the VI-700 series.
This camera had a reported manufacturing accuracy of 0.lmm. These cameras emit
an eye safe Class I laser (FDA) A=690 nm at 30 mW with an object to scanner
distance of 600 to 2500-mm and a fast mode scan time of 0.3 seconds. The system
uses a one-half-frame transfer CCD and could acquire 307,000 data points. The
scanner’s output data is 640 X 480 pixels for three-dimensional and RGB colour
data. The Minolta VI-900 has been used in a host of applications as reported in the
literature. These include combining laser surface scans with CT scans for computer-
assisted surgery (Marmulla et al. 2003), understanding morphological differences in
twins (Kau et al. 2005¢c), adult templates (Kau et al. 2006¢), evaluation of post-
operative facial swelling (Kau et al. 2006d) and understanding adult facial
morphology (Kau et al. 2006b).

The VI-910 and 9i are newer systems that were introduced to the market in
2004 and 2005 respectively. They work on a similar technology to the VI-700 and -
VI-900, but have add on features which allow faster scanning times, higher image
resolutions and better photo-realistic quality. These systems have not currently been
evaluated in the literature.

o Fastscan™

This new generation light weight hand held scanner held scanner'”,
Fasts;:anTM, emits a 670nm wavelength laser and is manually swept across the target
object in a manner similar to spray painting. Two optical cameras arranged
symmetrically on either side of the laser generator received the distortions of the
laser beam. An electror;lagnetic tracker device measures the‘ position in space and

removes the need for rigid fixation or tripods. The scanning time is normally 10-15

VIL polhemus Inc. 40 Hercules Drive PO Box 560, Colchester Vermont 05446-0560, USA
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seconds and the device has been used to evaluate facial swelling in patients after 3™
molar surgery. The initial reports showed that the device had a 4% scanning error in
volumetric swelling and had some patient positional problems (Harrison et al. 2004).
3.2 (d) Structured Light Techniques

The structured light technique is another broad category of systems used for
capturing three-dimensional information based on the triangulation principles.
Normally, a projector shines a pattern of “structured” light (that may be composed of
elliptical patterns, random texture maps, etc) onto a targeted surface to be scanned.
When the light illuminates the surface, the light pattern distorts and bends. A system
of cameras at a known distance captures the reflected and distorted pattern under an
angle and translates the information into three-dimensional co-ordinates.

(i) Single Camera Systems

Tuncay and co-workers (2001) developed a series of 25 different high density
structured light patterns and evaluated the system on a mannequin made up of a skull
embedded in latex. The imaging system consisted of a black and white CCD camera
and a monochrome LCD projector connected to a Macintosh computer. The c;ameras
and projectors were positioned at 30 degree angles to each other and the mannequin
was rotated on a turntable at 10 degree increments over 180 degrees. The technique
produced satisfactory results but this accuracy was reduced when a human face was
utilized (Nguyen 1999).

Enciso and co-workers (2003) also reported on a single camera system,
consisting of a slide projector, a digital camera and a calibration pattern. Using a
digitizer for validation i)urposes, landmarks were plotted and the linear distances
calculated between real physical distances and image produced distances. The errors

found ranged between 0.48 to 1.55mm.
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(i) Two or more camera Systems
| e Moiré Fringe Patterns

One of the earliest methods using the “structured” light technique utilized
“Moiré” fringe patterns and was first described in 1970 (Takasaki 1970). Moire
topogre{phy imaging is a contour mapping technique that involves positioning a
“grating” close to an object and observing its shadow on the object through the
grating. The resultant “Moire” Fringes correspond to a contour line system of the
object under certain conditions.

One study reported the use of a similar technique using a three-directional
camera (Motoyoshi et al. 1992). The cameras were placed “straight-on” and at 45
degrees to the patient. The facial features were illuminated with a grating system and
the surface was captured by controlling the three shutters simultaneously. The
images produced howevef, did not produce photorealistic surface texture and surface
reproduction around sharp features was questionable (Hajeer et al. 2004c). These
methods have also been used in whole body imaging, cleft studiés and facial growth
imaging (Ohta et al. 1982; Soh 1983). |

As mentioned earlier, most non-contact devices will require some form of
photography followed by complex mathematics to obtain a three-dimensional image.

¢ OGIS Range Finder RFX-IV (Yamada et al. 1999; Yamada et al. 2002)

* Another three-dimensional measurement and evaluation system for facial
forms was developed with a liquid crystal range finder (LCRF- OGIS Range Finder
RFX-IV, OGIS Research). This is essentially a light based system with a resolution
of approximately 0.4 mr\n. It is capable of measuring >30000/ points from the entire
facial surface in one second. A program was developed to identify facial landmarks

using not only linear distances, but also three-dimensional curvatures and
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discriminant analysis of the RGB data. The programming language was C and the
g;éphical interface was based on the following 3 methods of extracting data:
| ¢)) Extraction by A-P x, y, z distances from the face,
(2) Extraction of the three-dimensional curvature,
(3) Extraction by discriminant analysis of the RGB data.
Only beta versions of this system were built and reported.
*  CAM P Systems
The CAM®® (Nkenke et al. 2003a; Nkenke et al. 2003b) is another structured
light system™. A sequence of phase shifted fringe patterns of structured light are
projected onto the region of interest. Data is recorded from 2 CCD cameras and
evaluated by means of a four-shift algorithm to receive three-dimensional
information based on the shape of the object’s surface.
o (3D systems
A team of orthodontists and oral maxillofacial surgeons have carried out
extensive research on the C3D system (Ayoub and Stirrups 1993; Ayoub et al. 1996;
Ayoub et al. 1997; Ayoub et al. 1998; Ayoub et al. 2003; Bourne et al. 2001; }Hajeer
et al. 2002a; Hood et al. 2003). The technique utilizes two stereo pairs of cameras
positioned on each side of the patient's face. Under computer control a random
texture pattern is projected onto the face or a natural un-textured illumination. This is
used as a means to find corresponding points to line up images. The task of finding
corresponding points between stereo-images is called image matching, and is
performed by the computer using automatic correlation. Image matching generates a
set of parallel measuren;ents for each point with each of the Istereo pairs of images.

These parallels are then converted into distances from the surfaces imaged by the

X CamSorik GmbH Bienroderweg 53 D-38108 Braunschweig
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stereo-pairs by a process based on triangulation known and mentioned from
photogrammetric principles. This is known as space re-sections and is a fundamental
step in recovering depth of stereo-images. Before this camera calibration must occur.
This is a process known as space intersection. The authors have successfully tested
the three-dimensional device on infants, patients in surgical orthodontics and also on
study models.
o 3dMDface™ System

In the last two years, 3dMD* has launched a structured light system
combining stereo-photogrammetry and the structured light technique. This system
uses multiple cameras, three on each side (one colour and two infra-red) to capture
the photo-realistic quality pictures. Briefly, the system works by projecting a random
light pattern on a subject and an is image captured with multiple precisely
synchronized digital caméras set as various angles in an optimum configuration. The
capture time of the system is 1.5 milliseconds at the highest resolution, making it
ideal for documentation of children. It has a manufacturers quoted accuracy of less
than 0.5mm (Root Mean Square) and clinical accuracy of 1.5% of the total oBserved
variance (Aldridge et al. 2005).

| ] ‘Others

Some other newer machines include the Fiore 3_D Range camera™ (Yip et al.
2004) and the Genex 3D Rainbow Systems™" (Lee et al. 2004; Weinberg et al. 2004;
Weinberg and Kolar 2005).
2.3 (e) Video-imaging

Some other lighg based systems make use of video éamera technology and

because of the number of frames captured per second. Some researchers have

X 3dMD, 100 Galleria Parkway, Suite 1070 Atlanta GA 30339, USA
XINEC Italia — Via leonardo da Vinci, 97 — 20090 Trezzano S/N - MI
XI Genex Technologies, Inc, 10605 Concord Street, Suite 500, Kensington, MD 20895



53

attempted to study three-dimensional motion. One of the early studies was carried
out by Caruso and he demonstrated the feasibility of obtaining three-dimensional
trajectories of lip and jaw landmarks during chewing movements (Caruso et al.
1989).

‘Trotman and co-workers (Trotman et al. 1996) successfully validated a
motion system and applied this technique to measure facial animation, soft tissue
mobility (Gross et al. 1996b) and facial expression (Trotman and Faré.way 2004a;
Trotman and Faraway 2004b). Facial motions were captured by Motion-Analysis™
(Motion Analysis Corporation, Santa Roas, CA) essentially made up of three 60-Hz
video cameras. Reflective markers were placed on facial landmarks and the subjects
Vwere told to carry out a number of pre-assigned facial movements. Three-
dimensional maximum motion amplitudes were calculated and were significantly
more than two-dimensional data, some up to 43% (Gross et al. 1996a). Student's #-
test and Pearson product-moment correlation coefficients were used to test for
significant differences between repetitions. The results show moderate to excellent
reliability of the amplitude of motion for the landmarks over all aniﬁations
according to the authors. This system was also utilized for vector and inter-landmark
variations (Nooreyazdan et al. 2004; Trotman and Faraway 2004a) and sex and facial
shape comparisons (Weeden et al. 2001). Some recent innovations have added on
sound and virtual animation as well (Deng et al. 2006).

In a further modification of the video based technique, Eian (Eian and
Poppele 2002) was able to use just a single video camera system to capture three-

S

dimensional motion using complex algorithms.
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2.3 () Radiographic techniques
(i) Conventional Computed Tomography (CT)

CT was developed by Godfrey Hounsfield in 1967 and since the first
prototype, there has been a gradual evolution to produée five generations of CT. The
method of classification for each system is based on the organization of the
individual parts of the device and the physical motion of the beam in capturing the
data.

First generation scanners consisted of a single radiation source and a single
detector and information was obtained slice by slice. The second generation was
intrf)duced as an improvement and multiple detectors were incorporated within the
plane of the scan. However, these detectors were not necessarily continuous nor did
they span the diameter of the object. The third generation was made possible by the
advancement in detectof and data acquisition technology. These large detectors
reduced the need for the beam to translate around the object to be measured and were
often known as the “fan-beam” CTs. Ring artefacts were often seen on the images
captured, distorting the three-dimensional image and obscuring certain anatomical
landmarks. The fourth generation was developed to counter this problem. A moving
radiatiqn source and a fixed detector ring were introduced. This meant that
modifications to the angle of the radiation source had to be taken into account and
morei scattered radiation was seen. Finally, the fifth (sometimes known as the sixth)
generation scanners were introduction to reduced “motion” or “scatter” artefacts. As
with the previous two generations, the detector is stationary and the electron beam is
electronically swept alc;ng a semicircular tungsten strip aﬁode. The radiation is
produced at the point where the electron beam hits the anode and results in a source

of x-rays that rotates about the patient with no translation components moving parts.
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Projections of the X-rays are so rapid that even the heart beat may be captured. This
has led some clinicians to hail it as a 4D motion capture device.

There are a number of limitations of these systems. They require a dedicated
facility and are very expensive. The images captured on the detector screens are
made {lp of multiple slices that are “stacked” to obtain a final complete image,
making it time consuming and less cost efficient. Furthermore the radiation exposure
to the patient has limited its usage to complex craniofacial problems and for
specialized diagnostic information only.

(ii) Cone Beam Computerized Tomography (CBCT)

Craniofacial CBCTs were designed to counter some of the limitations of the
conv;:ntional CT scanning devices. The radiation source consists of a conventional
low-radiation X-ray tube and the resﬁltant beam is projected onto a panel detector.
The cone beam producés a more focused beam and much less radiation scatter
compared to the conventional fan-shaped CT devices (Mah and Hatcher 2003). This
significantly increases the X-ray utilization and reduces the X-ray tube capacity
required for volumetric scanning (Sukovic 2003). It has been reported that the total
radiation is approximately 20% of conventional CTs and equivalent to a full mouth
periapipal radiographic exposure (Mah et al. 2003b).

These component innévations are significant and allow the CBCT to be less
expefisive and smaller. Furthermore, the exposure chamber (i.e. head), is custom
built and hence reduces the amount of radiation. The images are comparable to the
conventional CTs and may be a displayed as a full head view, as a skull view or
regional components. ’I:here are currently 4 main system f)roviders in the world

market. As clinical research in this technology escalates and as the costs reduces,
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there is no doubt that more providers will start to invest in and promote this
technology.

The four machines currently available produce high quality three-dimensional
skeletal and soft tissue information. However, there are differences in size, area of
image ~capture and clinical usage. These will be discussed under each device sub-
heading.

e Newtom 3G

The family of Newtom 3G devices was introduced recently as part of an
evolutionary process from its predecessor the, Newtom 9000, and is developed by
Quantifative Radiology in Verona, Italy. The latter was the first device in the dental
market to use CBCT technology.

The system operates similarly to the device set-up mentioned earlier for
conventional CBCTs. The imaging positioning of the patient in the Newtom 3G is
with the patient lying supine on a custom built table. Three-dimensional scans of the
head and neck are completed within 36 seconds and the system is able to obtain 3
different fields of view depending on the device specification and clinical
information needed. The manufacturer claim that the system is able to produce a
voxel resolution of 0.125mm, but this may vary according to the speed of the scan.

Custom built software allows volumetric and surface area analysis of soft and
hard tissues. These datasets may be exported into a standard Digital Imaging and
Communications in Medicine (DICOM) three-dimensional format for image
manipulation.

e i-CAT

The i-CAT cone beam three-dimensional imaging syétem is developed by

Imaging Sciences International. The three-dimensional image is captured with the
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patient sittipg upright as in any standard OPT machine and the scan time varies from
20 seconds to cover chin to brow and 40 seconds for a full head scaﬁ. In the initial
prototypes, only the maxillo-mandibular regions could be imaged, but with new
improvements and modiﬁcation§, the manufacturers now claim that a field of view of
19 cm may be obtained. This is sufficient to capture a standard facial image
equivalent to that of a three-dimensional lateral cephalogram. The manufacturers also
claim that the novel amorphous silicon flat panel detector provides no distortion, a
12-bit grayscale and a pixel size resolution of 0.125 mm. It also claims that it has a
good small area contrast and a long panel life, thus making it more clinically and cost
effective. \The images produced may also be exported as a standard DICOM format
for image manipulation.

One early criticism of the system was the distortion of the facial tissues produced
by the chin rest when thevpatient was positioned in the device. This feedback has led
the company to improve the patient posturing device and no such problems arise in
the later versions of the system.

e CB MercuRay

The CB MercuRay is the latest addition to the full view head and neck imaging
CBCT and is developed by Hitachi Corporation, Japan. Most clinicians and
radiologists describe this device as the “Rolls Royce” of CBCT devices, because of
the mammoth size and sophisticated technology. It occupies the largest physical
- footprint of all the 4 devices and also requires a separate viewing room.

The x-ray source is also made of a low energy fixed anode tube producing a cone
shaped x-ray beam that kis captured on an image intensifier émd a solid state CCD.
The manufacturers claim a scan time of 10 seconds through a rotation of 360 degrees

that provides 288 views that can be seen either 2D or three-dimensional.
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e 3D Accuitomo
- This machine was developed as collaboration with the School of Dentistry,
Nihon University and J Morita MfG Corp and it provides three-dimensional regional
information to the clinician. This does limit the appliéation for the clinician and only
allowé specific anatomical investigation. This small and compact unit has the
advantage of only requiring 1.6 times the space of a dental panoramic X-ray unit
(1,620mm X 1,200mm).

The machine delivers an X-ray tube voltage of 80kV and acquires an image in 18
seconds or less. It has an excellent resolution with a voxel size of 0.125 x 0.125 x
0.125mm and a slice width of 0.125 -2 mm. The size of the imaging volume however
is small compared to the other machines described and therefore information
provided is only regional and pathology or investigation specific.

e Radiation Issues

Despite the CBCT device’s capability in producing excellent high quality
three-dimensional skeletal and soft tissue images, clinicians must be cautious about
managing the risk/benefits to the patient as part of the process of obtaining the
images. Though research has shown that the radiation exposure is compérable to
conventional CT, there is still a small risk in orthodontics due to the age of patients
involved. Probably 80% of the patients seen are children who have 2-3 times
multiﬁlication factor for risk of cancer below the age of 20 years (Faculty of General
Dental Practioners, 1998). The British Orthodontic Society Guidelines suggests that:
“Radiographs should only be justified when the management of patient is dependent
on the information obtair;ed” (Isaacson and Thom 2001). Often there is a temptation
to exploit new technology to the fullest but clinicians must take the responsibility of

protecting the patient first and then explore the science.
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e Soft tissues and photographic colour contrast
Th¢ CBCT is excellent in imaging hard tissues structures and most soft tissue
~components. However, 1t does not have the ability to map out exactly the muscle
structures and their attachments. These intricate structures would have to image
using c:,onventional magnetic resonance imaging (MRI) technology that incidentally
does not predispose the patient to radiation exposure.

Another point to note relates to the way in which the patient is positioned.
This will ultimately affect the quality of the soft tissue structures because of the
“pull” of gravity on the soft tissues and the different resting position of the jaws
when the patient is supine and sitting upright. A clinically reproducible position will
lead to a more accurate picture of the jaws and soft tissues at the time of image
capture (Kau et al. 2005b). Patients are positioned as they would be in an OPT
machine for all devices mentioned, with the exception of the Newtom 3G which has
the patient supine. This may lead to a slightly distorted facial image; though this has
not been documented in the literature.

Finally, CBCT external soft tissue images do not capture the true colour
texture of the skin. Therefore in order to obtain photograph quality resolution,
manipqlation of the images is still required. Successful attempts to map tissue texture
maps onto conventional CTs have been reported and may be similarly applied to this
new fechnology (Khambay et al. 2002b). Therefore, three-dimensional devices like’
stereo-photogrammetry and laser scanning.are still the main stay in soft tissue texture
capture. Some centres have started to test the radiological doses of the machines but
the actual way in which\the tests have been carried out has béen a subject of debate

(Kau et al. 2005d).
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2.3 (g) Others
(i) Magnetic Resonance Imaging

MRIs have traditionally been used as a technique for two-dimensional
imaging of body structures. Most systems are made up of a large cylindrical shaped
electro\magnet, equipped with coils along with transmitters and receivers of radio
waves. A subject to be studied is placed within the system and a powerful magnetic
field generated. This causes a polarization of the hydrogen atoms contained in the
tissues and the subsequent depolarization emits radiation (similar to radio waves).
The subsequent data collected is generated into three-dimensional images for
analysis. It has been shown to be useful in a variety of head and neck applications
and is a relatively safe but costly procedure (Papadopoulos et al. 2002). It has been
applied to the analysis of temporo-mandibular joints (Hamada et al. 2000), pre-
operative planning of tumour resection (Grevers et al. 1991) and maxillary sinus
evaluation (Gray et al. 2000). These images have also been combined with traditional
three-dimensional scans for surgical treatment planning (Takacs et al. 2004).

(ii) Three-dimensional ultrasound (ultrasound holography)

This technique has been used mainly in foetal visualization and obstetrics but
applications have also been developed for the head and neck. A high frequency wave
between 3.5 to 7.0 MHz is emitted from a special probe placed in contact with the
area of interest. Repeated ultra-sound beams are able to scan thin slices of an area
and reflect back to the same transducer. The production of a three-dimensional
hologram is not time consuming and has been used by maxillofacial surgeons for
visualization of the soﬁ tissues and organs. These include’ the tongue, nose and

salivary glands (Sadar et al. 1997).
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2.3 (h) Combination techniques
In recent year, a number of combination techniques with surface scans and
hard tissue scans have been tried and tested (Vanezi et al. 2000; Xia et al. 2000a; Xia

ef al. 2000b; Xia et al. 2000c; Xia et al. 2000d).

24 CHALLENGES

Every available system provides a representation of the object imaged. Due to
inherent faults in technology and the distortion of light, none of the three-
dimensional imaging systems ‘are accurate over the full field of view. Furthermore,
all systems sqffer from potential for patient movement and alterations of facial
expression between multiple views needed to construct a three-dimensional model of
the face (Mah and Bumann 2001; Mah 2002; Mah and Enciso 2003). However, the
challenges to re-create thé virtual environment for better clinical care and assessment
of outcomes cannot be ignored The continuous improvements in technology and
software mean that researchers and clinicians are closer to realistic three-dimensional
imaging though it may never be fully attainable. Table 2.2 outlines the advantages
and disadvantages of the various systems.

Therefore the challenges of surface acquisition systems are to create normative
three-dimensional craniofacial images that are age, gender and race specific. These
are réquired to facilitate advancements in diagnosis and treatment planning (Mah and
Bumann 2001; Mah and Sachdeva 2001; Mah 2002; Mah and Ritto 2002; Mah and

Enciso 2003; Mah et al. 2003a; Mah et al. 2003b; Mah and Hatcher 2003).

S
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2.5 JUSTFICATION FOR THE STUDY

A review of the literature has shown that no longitudinal study has been performed
to evaluate three-dimensional facial change in a cohort of 11-12 year old children. Laser
scanning technology has been the gold standard for imaging objects and detecting defects in
the engineering and automotive industries for many years (Blais 2004). Some biomedical
companies have tried to introduce this technique into the medical field but early attempts
have produced cumbersome and relatively slow (1 to 30 minutes) imaging times.
Furthermore, laser safety has also been a raised concerned (Mah and Bumann 2001; Mah
2002; Mah and Enciso 2003).

However, in early 2000, the Minolta VI-900 laser imaging device with a Class I
(eye-safe) FDA approved device was introduced. This system has an accuracy up to 0.5mm
| and could capture a subject in less than 2 seconds per camera. The Minolta had a superior
dimensional precision, a relatively quick surface acquisition time and sufficient software
support compared with othér systems.

Table 2.2 Advantages and disadvantages of the different three-dimensional imaging systems

Device Advantages Disadvantages
(1) | Direct Contact Inexpensive set-up costs Poor resolution
Quick landmark point capture | Pseudo three-dimensional

image
Geometric shapes only

(2) | Photo-grammetry | Cheap and easy to set up Magnification errors -
Tedious work to map surfaces
Pseudo three-dimensional
: image
(3) | Lasers High resolution Expensive equipment
Quick capture Technique sensitive

Non-invasive
Contour topology and surfaces
Medium photorealistic quality

(4) | Computer-aided Very rapid capture Technique sensitive
Structured Light Photorealistic Varying resolution quality

Non-invasive

(5) | Video-imaging Multiple motion capture Low resolution
Photorealistic Processing capabilities
Speech and animation capture | required

(6) | Radiation Reasonable resolution Radiation dosage not feasible
Good correlation to hard for multiple exposures

tissues

Expensive equipment
Long scan time
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3.1 AIM:
The aim of this study is to assess and quantify growth changes in children
aged 12-14 years old.

The objectives of the study are:

‘(a) To quantify the accuracy and validity of a three-dimensional laser capture
system

(b) To compare facial morphology in males and females

(c) To highlight different rates of growth in children

(d) To identify differences in facial morphology in children who did and did

not receive orthodontic treatment
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4.1 LONGITUDINAL GROWTH SAMPLE
4.1 (a) Sample recruitment and ethical approval

The subjects for the study were Caucasian children drawn from the Year 7

(approximately 11-12 years of age) in two large comprehensive schools™

in the
South “Wales Valleys Area in the United Kingdom. All subjects with craniofacial
anomalies and facial disfigurement were excluded.

Ethical approval for the study design was obtained from the relevant ethics
committées [Appendix 1] and permission for the subjects to participate was sought
from the Director of Education, Head teachers and School committees. An
introductory letter was sent to the parents by the School’s head teachers, inviting the
subjects to participate and written informed consent was obtained prior to obtaining
the three-dimensional facial scans.

4.1 (b) Sample distributions

A total of 95 children agreed to participate in the study. It was anticipated that
around 35% (20-30 subjects) of the study group would receive complex orthodontic
treatment in line with contemporary studies undertaken in the England and Wales
(Richmond et al. 1993).

4.1 (c) Sample size estimation

.No longitudinal study analyzing three-dimensional facial changes has been

reported in the literature prior to this study. This study was designed to be

exploratory in nature and the primary aim of the study was to assess and quantify

growth changes in children aged 11-14 years old. Hypothesis testing was not

.

- X Cardinal Newman Catholic School, Dynea Road, Rhydyfelin, Pontypridd, Rhondda Cynon Taff
CF37 5SDP
XV Coed-y-lan Comprehensive School, Albion Site, Cilfynydd, Pontypridd, Rhondda Cynon Taff
CF37 4SF
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undertaken as it is anticipated that this exploratory study would enable sample size

calculations for future studies.

4.2 THREE-DIMENSIONAL IMAGING SYSTEM ,

The imaging system used in this project consisted of a pair of commercially
available laser scanners. The system was set-up in a standardized way to capture the
facial morphology of clinical subjects in an effective and efficient manner.

4.2 (@) Camera System and Theory of Operation

The laser scanﬁing system consisted of two high-resolution Minolta Vivid
VI900*Y three-dimensional cameras, with a reported manufacturing accuracy of 0.1
mm, operating as a stereo-pair. Each camera dimension was 213 (W) x 413 (H) and
271 (D) mm and a weight of 11.0 kilograms. In this study, the /<14 mm focal length
lens (middle of three types available) was used. This set—up‘ had a maximum
resolution of 0.068 mm and accuracy to the z reference plane as x = +0.38 mm; y ==+
0.31 mm and z =+ 0.35 mm [Appendix 2].

The principle theory of image capture was by laser light triangulation. Each
of these cameras emitted an eye safe Class I light-striped laser (FDA) k=690 nm at
30 mW [Appendix 3] with an object to scanner distance of 600 to 2500 mm. The
camera had two scan modes (fast and fine) with scan times of 0.3 seconds and 2.5
sccoﬁds respectively. The system used a one-half-frame transfer charged couple
device (CCD) and was able to acquire 307,000 data points. Each subject to be
measured was placed in the path of the camera and a plane of laser light emitted from
the VI-900’s source aperture. The plane of light was projected across the field of

view (FOV) by an in-built mirror and rotated precisely by a galvanometer. The

XV Minolta Co, Ltd 3-13, 2-Chrome, Azuchi-Machi, Chuo-Ku, Osaka 541-8556, Japan
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distortion of the projecied laser light on the subject was captured by a CCD within
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Fig 4.1 Representation of the laser light triangulation within the Minolta VI900 system

The scanner’s output data was 640 X 480 pixels for three-dimensional

es and red, green and blue (RGB) colour data. Data was recorded on a

P4

desktop workstation (Dell 8200 Inspirion) with a 2GHz Pentium 4 processor. The
two cameras were placed at a distance of 1350 mm from the subjects (Fig 4.2).

The scanners were controlled with Multi-scan™ software™ and data

coordinates were saved as a Minolta document known as a vivid file format {(vvd).
Each data file possessed up to 40,000 coordinate points that could be transformed
into a data mesh and different textures were applied to generate a highly accurate

al representation. Information was transferred to a reverse modelling

*¥I Cebas computer GmBH, Lilienthalstr. 19, 69214 Eppelheim, Germany
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software package Rapidform™ 2004 Plus Pack 2 — RF4 PP2*V! for analysis. This

software provided nine different three-dimensional work activities that included:
e Three-dimensional scan data processing

e Polygon cleaning, editing and optimization
e Rapid prototyping work preparation

e Polygon-to-NURBS conversion, modelling and editing

o Freeform inspection and geometric dimensioning and tolerance

o Three-dimensional reconstructicn of MRI / CT DICOM data
e Customized application development in VB, VBA, C++, and Java
CLINICAL SET-UP CLINICAL SET-UP
AERIAL VIEW NATURAL HEAD FOSTIIRE
—
|;»': ROR
{
‘ |
""*"!“ ! I ADJUSTABLE STOOL
\

Fig 4.2 (a) Imaging System acting as a stereo-pair, (b) Patient positioned in natural head

(S

Together these functions allowed high quality pelygon meshes, accurate freeform

Non-Uniform Rationale B-Spline (NURBS) surfaces and geometrically perfect solid

|

models to be created. RF4 PP2 generated data as absolute mean shell deviations,

¥ Global Headquarters, INU
Korea

8 Technology Inc 601-20 Yeoksam-dong Gangnam-gu Seoul 135-080,
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standard deviations of errors during shell-to-shell overlaps, maximum and minimum
range maps, histogram plots and finally colour maps.
4.2 (b) Camera Calibration

In order to determine the real three-dimensional position and rotation of each
entity, -a process known as camera calibration was carried out at the start of each
scanning session. A calibration cube, of known fixed dimensions and coloured
surfaces, was used. The cameras were placed in the set-up described earlier and
“fired” off individually using the Multi-scan™ software. At least 3 surfaces of the
cube need to be visible for the three-dimensional data to be accurately captured. This
calibration process allows the software to use a series of complex mathematical
algorithms to calculate the three-dimensional co-ordinates of the cube and
subsequent objects to be measured. This is a cﬁcial step, without which the cameras
were unable to function together and to compute the “full face” three-dimensional
images.
4.2 () Soﬁare Jfor image processing

Each set of scanned images (Fig 4.3a and b) was imported into RF4 PP2. The
initial raw images had a semi-rough image texture due to the irregularity of the
surface contours and the way in which the light was reflected off the surfaces of
differeht objects (Fig 4.4a and b). Further data processing was required to obtain a
workable image that preserved shape, surface and volume (Fig 4.4c and d). This is
known as the rendering process. These computer methods had to be carefully
developed as part of the project and involved close co-operation with colleagues in
the research group. The shape preservation technique consisted of a mathematical

formula known as the la Place method with volume preservation for smoothing and
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Fig 4.3 Left and right photo snap shots of the patient in nature head posture

&

Fig 4.4 Raw data images of left and right scans pre-processed and ulc:d'lc:u ) 'prf‘ duce

workable le

VI @ Cardiff Unive rsity Wales College of Medicine 3D Facial Macro Version 1.4a June 2005.
Developed by Dr Alexei Zhurov
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4.2 (d) Data processing of left and right facial scans

After the image processing stage, the left and right scans were aligned to one
another using thé iterative closest point algorithm (ICP), based on the areas of
overlap of the faces and point clouds.

“The pre-merged scans were carefully checked individually and unwanted
areas that could not be automatically removed were done so manually by dividing the
unwanted areas from the main shell before proceeding to the next stage. The fit of
the two facial meshes was checked by determining the degree of overlap error
derived from a colour contour map (Fig 4.5). In general, the error of overlap
generally did not exceed a mean value of 0.5mm (Zhurov et al. 2005). Surface
meshes with “defects” or “holes” were filled-in automatically by RF4 PP2. These
were generally located in areas of the eye and eye sockets, where the reflection of the
laser light was lost and therefore not recorded. Finally, one composite whole face,
per individual subject, for every time frame was generated (Fig 4.6).

4.2 (e) Data capture technique

In order to standardize the lighting conditions a custom made portablé studio
was created (Fig 4.7). The studio is sufficiently compact to fit into a corner of a
classroom or medical room without difficulty and housed all the necessary
equipment. Two Bowen’s tri-lite lamps were used to ensure consistent lighting
conditions in the neutral white light zone with a wavelength varying from 400-

800nm.
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Fig 4.5 Colour map showing the surface differences when two shells are aligned together.

The error is approximately 0.15mm.

Fig 4.6 Final merged image. Facial shell is ready for evaluation and superimposition.



Kau et al. 2005a). The subjects sat on a self-adjustable stool and were asked to look

level their eyes to the horizontal line and the midline of the face is aligned to the
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4.3 METHODS AND PARAMETERS FOR ANALYSIS

The following parameters and methods of analysis were carried out in the
analysis of three-dimensional data in the longitudinal study.
43 (a) Demographic Evaluation

Each child was assigned a specific code number based on the school and the
order in which they were scanned. For example — TICN001 was the first child
scanned at the first period in Cardinal Newman School. The gender and dates of birth
were also recorded. In addition, a history of orthodontic intervention was taken. If
the child indicated that a history of appliance treatment had been carried out then the
name of orthodontist was obtained. A sample form is enclosed in Appendix 4.

4.3 (b) Body Mass Index (BMI)

Height and weight measurements were recorded in metres and kilograms for
each patient respectively. The BMI score was calculated using a formula that divided
the weight in kilograms by the square of the height in meters.

4.3 (c) Linear Measurements and Histogram plots

Linear measurements representing the mean differences between two surface
shells were recorded in millimetres. This value represents the sum total of all
differences recorded between overlapping surfaces of two shells and the value could
be used as an indicator of the best fit between two shells. Furthermore, it could also
show the changes in surface fit or regions of changes on the full faces as the time
intervals increased.

Colour deviation maps, as previously mentioned, were produced using the
software tool RF4 PP2. ’i‘he colour maps gave an indication ’of the areas of change
that occurred between two time intervals. In this study, blue areas showed “negative”

changes and red areas showed “positive” changes (Fig 4.8).
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This in-house sub-routine was created from tools available within RF4 PP2
and ‘produced as a separate computer macro’".. The steps required to produce an
average faée has been reported on previously (Kau et al. 2006a) and may be
summarized as follows: .

(i) Pre-alignment of images by determining the principal axes of rotation,
based on computing the tensor of inertia of each three-dimensional image
(Fig 4.9).

(ii) Manual positioning, when necessary, to improve the previous stage.

(iii) Best fit alignment using the built-in algorithm in RF4 PP2 (Fig 4.10).

(iv) Averaging of “z” coordinates of the images based on normals to a facial

template.

(v) Point cloud is triangulated to obtain an average face.

(vi) The average face is improved by ﬁlling in small holes and removing
possible mesh defects.

(vii) Colour texture is applied.

(vii_i) Shells with one positive and one negative standard deviation are creéted.

The averaging procedure may be further outlined mathematically as follows (Kau

et al. 2006a): suppose there are K facial masks appropriately aligned at steps (1) to

(3). All of them are bounded within a box {x , <x<x_ ., Y, <Y<Y,
Zyin <Z < Zg,.}. Suppose that all the faces “look” in the z-direction, with the y-

axis pointing vertically from chin to forehead and the x-axis pointing horizontally

from right eye to left eye. Each face is considered to a function Z = £, (X,Y), where

XX Cardiff University Wales College of Medicine (CUWCM) 3D Facial: Averaging Macro V1.1c.
Developed by Drs Alexei Zhurov, Chung How Kau and Stephen Richmond.
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k represents the number of the face. In order to perform the averaging, the

functions f; are evaluated at nodes (i, ) of a rectangular mesh, so that

Zk = filXnY)), k=LK, i=0,.,M, j=0,..,N;
X = X

X; = Xpyin +1AX, AX = Emec S X = X, Xy = Xpes (1)

_ Yoo — Y
Y; =Y +jAY, AY:“IEQN—%a Yo =Ymins Yn = Ymax

The averaging is performed along the Z-coordinate and hence,
ave l X
Z; i = E ; (2)

The average face is thus defined by the point cloud {X;,Y;, Z;} (Fig 4.11).

is4jo»
The point cloud is then triangulated to obtain an average facial surface. Then +/- 1

standard deviation (SD) shells are created. The respective z-coordinates are evaluated

by:
+1SD e k2
@ 2P =z S -2, ®
(b) Zave -18D Zave \/Z(Zave _Zk (4)
The respective point clouds are defined by the sets {X;,Y;,Z av°+ISD} and
{X;,Y;, Z5° 15D} The point clouds are then triangulated. The constructed average

faces are illustrated in Fig 4.12.
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Fig 4.9 Frontal view and three-quarter views of thirty-three male faces lined up on the

principal axis.

4
S

|

Fig 4.10 Frontal view and three-quarter views of thirty-three male faces after the faces have

been automatically aligned on best fit using the “fine” registration function in RF4 PP2.
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3D Facial: Averaging - vi.1c

Before averaging, make sure that all shells are
preaiigned and registarad. The averaging i
performed in the Z-axis direction,

Cantre shels I Average shells 15D I

Register al shells | Avarage shalk 25D

Options
Hole threshold {B): [ -] Restore defaults l

Grid soe (13000, 1..3000): o x 300

_ o= |

Fig 4.11 Point cloud generated after the averaging procedure. These points are tri-angulated

to create a meshed surface. A surface texture is applied to produce a life like face.

Fig 4.12 Figure shows an average face of a cohort of 12 year old males +/- standard

deviation shells.
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4. 3 (¢) Surface Shapes and Volume Changes
A procedure for measuring three-dimensional volume changes between two
selected facial shells was also developed using in-house software™*. The procedure

involved the following stages;

(i) The two selected shells were checked and appropriately aligned.

(ii) Areas where the two shells diverged from each other were determined (i.e.
diverge by more than a prescribed distance, which can be set by the user. In
this case the threshold was set at 0.425 mm). Each of the shells was treated as
a collection of vertices. The software scanned each facial shell vertex,
looking for and removing the pairs of vertices that are closer to each other
than the selected threshold. This resulted in two facial shells with only
essentially divergent areas remaining.

(iii) Small areas of no or little importance were removed. This was set manually
at 200 vertices and often required further manual selection ;to remove such
areas.

(iv)The resulting divergence maps were separated individually by connecting the
regions mathematically for further analysis. This was equivalent to the
surface area maps.

W F inally, volumes representing three-dimensional shape changes were created.
This was done by manually selecting two matching regions and invoking the
appropriate software function in the macro.

(vi)This procedure of creating a volume difference shell involves the following.
A selected surface region, which refers to one of the two facial shells being

compared, is extruded towards the other reference shell by a distance of

XX Cardiff University Wales College of Medicine (CUWCM) 3D Facial: Volume and Area Changes
Macro V1.2b. Developed by Drs Alexei Zhurov, Chung How Kau and Stephen Richmond.



1.2dmax, Where dnmax is the maximum distance between the selected region and
the reference shell. This creates an extruded volume shell. Then the reference
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4.4 VALIDITY AND RELIABILITY

Before actual three-dimensional data collection could be carried out on the
longitudinal cohort, a number of evaluations were undertaken to test the validity of
the soft tissue morphology in children. Unlike the évaluation of hard tissue data,
often réported in cephalometric studies, soft tissue image capture could be potentially
variable due to changes in muscle tone, head posture and facial movements (Kau et
al. 2006¢).

4.4 (a) System Validation and Reliability

Different manufacturers claim that their systems are accurate and produce
reliable results accurate to less than lmm. However, these systems are normally
tested and reported by the manufacturer rather than in a clinical research
environment. As a result, the Minolta scanning system was validated for accuracy in
a clinically reproducible .environment. Validity was assessed by scanning a number
of objects of known dimensions and clinical reliability by repeated measurements on
subjects.

(i) Calibrated Cube

Nine dimensions representing the lengths, breadths and depths of the cube
were evaluated. The mean error for the actual cube measurements versus the three-
dimensional image produced was calculated by subtracting the physical length
againsk the length measured on the computer generated image. This error was
expressed as a percentage and calculated as [(Mean Error / Physical length) X
100%].

(ii) Phantom Head
Applying a similar method to the calibrated cube, a life sized phantom head

was obtained. The phantom head investigations had the following aims:
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e Determine the errors associated with producing a final scanned full-
face image when two laéer imaging devices were used.

e Determine the mean errors present when linear measurements were
obtained of known physical objects from three-dimensional laser
scans.

Seven simulated landmarks were established randomly at different points on
the face that created ten distances. The landmarks were made from circular plastic
rings, each 2.5mm in diameter. The centres of these rings were used as the desired
landmark identification points. The mean error was calculated for each distance by
subtracting the three-dimensional image measurement against the real image length.

4.4 (b) Human Subjects

Three-dimensional facial scans were taken randomly of human subjects. This

was done to determine the different errors associated with:
(i) Image registration and full-face shell distortion

(ii) Sequence in which left and right surface shells were superimposed to

produce final full faces
(i) Image Registration and Superimposition of longitudinal data

Due to the scanning technique used in this study (i.e. Minolta system
capturing a left and right facial scan), it was crucial to know whether any distortion

took place due to the superimposition method used to create the final composite face.

To evaluate this, two types of scans where obtained to create the final full
face. One method utilized the set-up described in Section 4.2 whilst the other method
had the subject facing directly into one camera only (Fig 4.15). The latter scan

produced an intact final composite not requiring a merging procedure. These two



85

scans were selected and superimposed using the best fit method or ICP algorithms in-
built within RF4 PP2. This was repeated on 5 different subjects randomly selected
from within the department of Orthodontics, School of Dentistry at Cardiff
University. Each set of scans was tested to determine the deviations between shells

and a colour map with histogram was produced.

4.4 (¢) Feasibility of using three-dimensional laser imaging for the capture of

Jacial soft tissue morphology in children

One previously cited criticism of the laser scanning device is the ability to
capture three-dimensional facial images of children (Hajeer et al. 2004c). An
investigation to determine the feasibility of measuring soft tissue morphology in
children versus that of an adult population was therefore carried out (Kau et al.
2004b).

Thirty adults (15 males and 15 females, with a mean age of 28.4 years) and
thirty children (15 males and 15 females, with a mean age of 11.6 years) were
selected to participate in this study. Positive written consent was obtained for the
children and adults to participate in this evaluation.

To obtain a fuller clinical picture, coloured face maps and histograms were
generated to determine the patterns within the face where the errors were considered
to be high. Tolerance levels were set for mean shell deviations at levels
corresponding to 0.3 mm, 0.5 mm and 0.75 mm.

The mean shell deviations were tested for normality and differences between
the groups measured were analysed using the Students ¢ test (SPSS, Chicago, IllI). P

values less than .05 were considered significant.
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4.4 (d) Reproducibility of three-dimensional laser imaging for soft tissue facial
morphology in children

As mentioned before, assessing the accuracy of soft tissue simulation is a
complex process (Mah and Enciso 2003). All surface acquisition systems are
affected by changes in muscular tone and head posture of the subjects measured.
This investigation was carried out to determine the reliability in soft tissue facial
morphology of children over time. This was important as any changes that are
reported in the study of facial morphology could be due to inherent errors of the
technique or to actual growth or treatment changes. As part of the preliminary
investigations, a randomly selected number of Year 7 children in one large school
were scanned again after three minutes and invited to return for a facial scan three
days later. These scans were obtained at the first time interval at the start of the
longitudinal growth study.

Individual whole faces of subjects were superimposed over one another to
determine changes that occurred at T1 and T2, T1 and T3. This systematic process
starts by manually aligning the 5 points on the facial scans (4 points at the outer and
inner cantus of the eyes and 1 point on the nasal tip) and subsequently by fine
registration where the computers determined the best fit of the two scans (Fig 4.15).

In order to obtain a fuller clinical picture, coloured face maps were also
generated to determine the patterns within the face where the error was considered to
be high. Tolerance levels were set for shell deviations and calculated automatically
by the software. Any dgviations between the faces during the two time intervals that
corresponded to a tolerance level above 0.85mm were shown in colour and any
values below the tolerance interval showed up in black. Levels corresponding to

0.5mm, 0.85mm and 1mm were used. This helped to determine the reproducibility
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of the face over the periods T1 and T2, Tl and T3. A further attempt was made to

quantify the errors by dividing the face into fifteen segments. Nine segments in the

upper and mid facial regions represented muscuiar movements that would occur as a
result of facial expression and six stringent segments represented movements to the

lips and mandible. Whenever a patch corresponding to one third of the zone wa

1741

!
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were tested for normality and differences between the groups measured were

considered significant. This was undertaken for pre-merged left and right scans and
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Fig 4.15 Initial facial alignment using 5 points on the face. Red points — outer cantus of right
2 g g P
eye, Green points — inner cantus of right eye. Grey points — inner cantus of left eye, Purple

points — outer cantus cf left eye, Blue points — nasal tip

imaging system. Each set of scans (left and right images) was saved in the raw data
format and pre-processed into the final format at the Dental School in Cardiff.

During the course of the study, a small number of subjects was unavailable due to

leaving school on permanent basis, illness or other activities. Only subjects who had

3 or more scans were used in the final data analysis. The data was broken down into

the following sub-categories for evaluation:
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) Demographics

The gender and age of the subjects were recorded. Age was recorded
according to the date of birth.

(i) BMI

Thé sample was sub-divided into the various study groups:

(i) Males with norﬁal BMI who received no treatment (MNT),

(ii) Females with normal BMI scores who received no treatment (FNT),

(iii) Males with normal BMI scores who received some form of orthodontic

treatment (MT),

(iv) Females with normal BMI scores who received some form of orthodontic

treatment (FT),

(v) Males with high BMI scores who received no treatment (MHBMI),

(vi) Females with high BMI scores who received no treatment (FHBMI).

The children were subdivided into groups with normal and high BMI scores as it
was anticipated that children with high BMI scores are liable to greater variation in
soft tissue due to variation in thickness and positioning of the fatty layers.
Furthermore, there has also been evidence of variation in the increment growth rates
of children with high BMI scores (Riolo et al. 1987).

There has been considerable debate as to how to define a high BMI in children in
the literature (Cole et al. 2000; WHO 1997). For the purposes of this study, a high
BMI is defined as a child in the 95™ percentile of a recorded chart for his or her age
[Appendix 5], indicating that the child is obese (Cole et al. 2000; WHO 1997). These
figures were obtained from data resources and international respected charts
available in the United States. The “cut of” score for children in the high BMI

category at the age of 12 years was a BMI of more than 25.
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S.1.1 VALIDITY AND RELIABILITY

The following results were obtained as part of the system validation exercise
carried out to determine the reliability and reproducibility of data obtained from

three-dimensional surface laser scanning with the Minolta VI-900 set-up.
5.1.1 (a) Calibrated Cube

The results of the calibrated cube study are displayed in Table 5.1 as mean
errors, standard deviations in millimetre and percentage errors. The average errors in
measuring the true length, breadth and depth for the cube were 0.12% (0.09-0.20%),
0.29% (0.21-0.37%) and 0.87% (0.78-0.93%) respectively. Un-paired #-test
comparing the mean differences between the true length and three-dimensional
reproductions revealed no statistically significant differences between two groups (p
> .05) (Kau et al. 2004a).

5.1.2 (b) Phantom Head

In the phantom head experiment, the sum of errors produced as a result of the
shell deviations between left and right scans was 0.13 + 0.18mm. This indicated that
even for inanimate objects, a small degree of discrepancy occurred when the two
halves of an image were used to construct a complete face.

The results also showed that some errors existed when measurements of
landmarks were made on the three-dimensional image compared with the actual
phantom head. Table 5.2 shows the distribution of errors associated with measuring
distances between landmarks. The range of errors recorded was between 0.22mm and
0.83mm. The resulting: mean error in linear lengths between pre-determined
landmarks was 0.56 * 0.25mm (max=0.86, min=0.22). These errors were not

statistically or clinically significant.
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5.1 (c) Human Subjects

In addition to inanimate object evaluation, shell to shell deviations were
calculated to determine if laser scans could be captured of compliant adult subjects.
The average error associated with merging a left and right scans was 0.25 + 0.09

mm.

Table 5.1 Error difference between computer generated measurements and actual
measurements of the cube expressed in mm and as a %.

Parameter Error SD Error

(mm) (mm) (%)

1 0.56 0.39 0.28
2 1.65 0.17 0.83
3 0.49 0.37 0.25
4 1.19 0.36 0.60
5 0.14 0.35 0.07
6 0.55 0.33 0.28
7 0.55 0.38 0.28
8 0.37 0.36 0.19
9 1.86 0.49 0.93

Table 5.2 Error difference between computer generated measurements and actual
measurements of the simulated points on the phantom head expressed in mm.

Parameter Actual 3 D Mean Error
(mm) (mm) (mm)

1 47.70 48.54 0.83

2 47.70 48.35 0.65

3 78.80 79.38 0.98

4 78.20 79.01 0.61

5 68.00 68.58 0.58

6 87.80 88.15 0.35

7 55.30 55.52 0.22

8 75.30 75.53 0.23

9 85.40 86.02 0.62

Average 0.56
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5.1.2 IMAGE REGISTRATION AND SUPERIMPOSITION OF DATA

I'he resuits showed there was a small difference of 0.03 mm when the two

right was superimposed first to reproduce a final facial image (Fig 5.1). Coloured

4

g a single front-on scan and a stereo method of

obtaining final facial images were performed on five random subjects. These scans
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5.1.3 (b) Mean shell deviations of left and right scans for the adults and children
The mean = 1 SD shell deviations for the total sample of adult and children
groups were 0.25 + 0.09 mm and 0.30 + 0.09mm respectively. The difference in
mergiqg errors associated in left and right scans for these two groups was less than
0.05 mm. Once again, un-paired #-test revealed that there was no significance

between these two groups of subjects (p > 0.05).

Table 5.3 Average Mean + 1 SD of the left and right laser scans of the adult and children
groups.

Subjects Number Mean SD Min Max
(mm) (mm) (mm) (mm)
Males 15 0.27 0.10 0.16 0.49
Adults Females 15 0.24 0.08 0.16 0.45
Total 30 0.25 0.09 0.16 0.49
Males 15 0.31 0.11 0.20 0.53
Children Females 15 0.30 0.08 0.18 0.45
Total 30 0.30 0.09 0.18 0.53

Table 5.4 Mean differences of the shell deviations of the males and females within each
group and the total sample as a whole.

Subjects Number in Mean SD P value
each group | Differences
: (mm) (mm)
Males Adult and Children 15 0.04 0.19 0.42
Females | Adult and Children 15 0.06 0.10 0.44
Total Adult and Children 30 0.05 0.15 0.18

5.1.4 REPRODUCIBILITY OF SOFT TISSUES CAPTURE IN CHILDREN
The results of the reproducibility studies are as follows. Forty randomly
selected individuals (21 males, 19 females, mean age of 11 years 3 months) were

recruited to participate in a validation exercise (Kau et al. 2005b).
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5.4 (b) Reliability of whole face as T1, T2 and T3

The mean shell differences between the faces at T1, T2 and T3 are shown in
Table 5.5. The results showed that the mean difference of the merged composite face
for T1 and T2 was 0.31 £ 0.08 mm and T1 and T3 was 0.40 £+ 0.11 mm. Paired t-tests
were ;:anied out on the mean shell differences (P = 0.91) and found to be not
statistically signiﬁcaﬂt.
5.4 (c) Level of tolerance

The level of tolerance was used as a basis of measuring the minimum
clinically acceptable limit for reproducing facial pose. The results indicated that the
amount of overlap between 2 faces, expressed in percentages for the tolerance levels
of 0.50mm, 0.85mm and 1.00 mm, were 72.26%, 90.16% and 93.53% respectively
(Table 5.6). In general, if the clinical difference was seen in less than 90% of the
face, this was deemed to be reliable and reproducible. The superimposed vfaces atTl,
T2 and T3 showed that on average 90% of the created composite facial scans
correlated to one another with an error less than or equal to 0.85mm. This was

considered to be a clinically acceptable level of reproducibility.

Table 5.5 Mean shell deviations of composite facial images at T1 and T2, T1 and T3

Mean shell
Subjects deviations SD Max Min
(n=40) (mm) (mm) (mm) (mm)
T1 and T2 0.31 0.08 0.51 0.02
T1 and T3 0.41 0.082 0.76 0.21
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Table 5.6 Tolerance level between shells at 0.5mm, 0.85mm and 1.00mm expressed as a
percentage.

Subjects 1.00 mm 0.85 mm 0.5 mm
(n=40) (%) (%) (%)
Mean 93.53 90.16 75.26

SD 4.00 5.08 9.65
Max 99.67 99.30 92.96
Min 85.40 79.45 50.71

5.1.5 SUMMARY OF VALIDATION FINDINGS
The validation studies performed on the laser scanning system proved that

system was accurate and reliable in capturing facial morphology. These results serve
as the foundation for future studies for the capture of facial morphology in young
children and also as a measurement tool for three-dimensional cranio-facial imaging.
The following conclusions could be made from the validation:

(1)  The error in measuring linear distances was less than 1%.

(2)  The error of the system in aligning left and right scans of inanimate

objects is 0.13 £ 0.18 mm.

3) The error in measuring linear lengths on a phantom. head was 0.56 +
0.25mm.

(4)  The system could be used in adults and children and the associated errors
did not prejudice against either types of groups.

(5)  There was little or no distortion of the final facial images as a result of
combining léﬁ and right scans. The advantage of using a two scan
technique meant that a greater surface area of the face could be captured

in one sitting.
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The mean errors associated in capturing facial posture were 0.31 + 0.08
mm for scans taken within 3 minutes and 0.40 £+ 0.11mm over 3 days.
The overall reliability associated with facial posture was 0.85mm.

Three-dimensional imaging could be reliably undertaken on young

children and adults.
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5.2.1 RESULTS OF THE LONGITUIDNAL GROWTH DATA

The results of the longitudinal cohort study are presented in this section.

5.2.2 DEMOGRAPHIC EVALUATION

5.2.2 (a) Sample Size

‘A total of 95 subjects from two large comprehensive schools gave written
consent to participater in this study. The sample was further separated into male and
female groups with normal or high BMIs and a recorded history of whether
orthodontic treatment had been undertaken (Table 5.7). During the course of the
study, a number of subjects were not available either because they had left the school
or were not physically present in the school (due to a variety of reasons) on the days

of the screenings.

Table 5.7 Results of recruitment. Subjects distribution placed into the various sub-groupings
based on gender, weight and treatment type (NT — No treatment and T — Treatment).

MALES FEMALES
Normal BMI High BMI Normal BMI High BMI
NT T NT T NT T NT T
37 12 4 0 27 12 3 0
TOTAL =95

The final sample available for the three-dimensional imaging study
evaluation was 86 subjects. Nine out of 95 subjects were not included, as they did not
meet the requirement of three or more physical attendances during the study period.
This represented a drop out rate of 9.5% of the overall study group. The numbers of
subjects who were present at the scanning sessions were recorded according to time
intervals as follows: T1 (Base line), T2 (2™ investigative session)..Tx (x
investigative session). Eight hundred and sixty left and right facial scans were

obtained. These sample numbers are represented in Table 5.8. A further 4240
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computer models were generated, pre-processed and transformed into usable images

for analysis.

Table 5.8 Subject numbers arranged by sample groups, time intervals, subjects lost to the

study and final sample size.

Subjects Sample | T1 T2 T3 T4 TS | Lostto | Sample
(Start) Study | (Final)

MNT 37 36 32 33 32 31 4 33

FNT 27 24 25 26 24 25 1 26

MT 12 10 10 10 10 9 2 10

FT 12 12 11 11 12 12 0 12

MHBMI 4 4 4 4 4 4 0 4

FHBMI 3 2 2 1 1 1 2 1

Total 95 920 84 85 83 82 9 86

5.2.2 (b) Age

The data used for this study forms part of an on-going longitudinal growth
study. The study period started on the 10™ of May 2003 and consists of data acquired
up to the 20™ of April 2005. The mean age of the subjects at the start and completion
of the trial were 12.1 years old and 14.1 years old respectively. (Table 5.9) ‘
5.2.2 (c) Appliance Indicators

Twenty-five of the 86 subjects (26% of the cohort) received some form of
orthodontic treatment during the course of the study. All children in the treatment
groups received fixed multi-band orthodontic appliance treatment. Eight of the
female subjects and 6 male subjects had teeth removed for orthodontic reasons. The
appliances were placed \at various time intervals within the study. The information as
to when these appliances were placed exactly were not available as it was not part of

the original study design. However, due to the possible influence that this form of
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treatment might have on the lower thirds of the face, these subjects were evaluated

separately.

Table 5.9 The children represented as means, standard deviations, minimum and maximum

ages at the various time intervals

Sample (n=86) | Mean Std. Deviation Minimum Maximum
Age at T1 12.14 0.31 | 11.41 12.78
Age at T2 12.71 0.31 11.98 13.35
Age at T3 13.13 0.31 12.40 13.77
Age at T4 13.67 0.31 12.95 14.32
Age at T5 14.07 0.31 13.33 14.70

5.2.2 (d) BMI

Five subjects fell into the High BMI grouping (BMI scores 25 and above).
The numbers in this subject groups were considered too small for clinical
comparisons and meaningful data evaluation. In addition, none of the subjects in the
high BMI groups received any form of orthodontic treatment. As a result, it was
decided that these subjects were to be excluded from analysis.

The BMI scores of the subjects in the other sub-groups with normal BMI
scores fell within the ranges of the 50" and 75" percentiles of the BMI charts for
recognized averages. The fluctuations in BMI scores during the course of the study
for these sub-groups are displayed in Figure 5.3.

Interestingly, the BMI scores for the MNT group were consistently lower.
This score was approximately two BMI scores lower than all other groups but the
rate of increase wés similar to the other study groups over the period. The differences

in mean weight between the FNT (females) and MNT (males) were 4.4 Kilograms
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Fig 5.5 The figures should be read in a clockwise fashion starting from the top left. a)

differences in the faces at T35, average maies (MNT) versus Female (FINT). The mean error

between the two facial shells was 0.65 £ 0.58mm and the composite errors had a range of

presented as colour distributions i
localised to the followings areas: the nasal bridge, length of the nose, zygomatic

s and lower thirds of the face. The distribution of surface changes was similar

There were large surface difterences beiween the two groupings for average

faces MNT and MT (Fig 5.4b and 5.4b). These surface differences were seen at the
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the surface changes was larger than the surface changes seen between MNT and
FNT. One analysis was carried out for the male HBI and MNT groups. The results
showed a large variation between facial shells. This indicated that a large variation
existed between average facial shells of subjects with normal and high BMI’s.
Finall);, the surface changes seen in the last two groups FNT and FT were the
smallest, as indicated By the mean shell deviation scores and colour maps. The
greatest shell deviations were seen at the tips of the nose and lower jaw areas.
However, whilst a good proportion of the faces was similar at T1 there was a greater
distribution of surface change at T5.
5.2.3(c) Surface shapes and volumes

The diversity of the surface changes meant that it was more accurate to treat
each sub-group of average faces as separate entities. As a result, surface shape and

volumes were not established for these groups.

5.2.4 FACIAL CHANGES OVER TIME

The facial changes over time were compared using average facial shells
evaluated over five time frames from T5 to T1 (Baseline). The average faces were
brought into close alignment by superimposing corresponding points on the inner and
outer canthi of the eyes and the corners of the mouth as previously described.
Finally, these averages faces were superimposed using the iterative closest point
algorithm or best fit method for analysis (Kau et al. 2006a). The four main groups
identified earlier: a) MNT, b) FNT, ¢) MT and d) FT were analysed. A tolerance of
0.425mm was used as it represented the mean of the reproducibility error previously
obtained (0.85mm is the reproducibility error for faces of an individual subject) from

validation investigations and also took into account mathematical and clinical errors
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frame (T1). The deviation between the shells were obtained and illustrated in Fig 5.7.

5.2.4(a) Linear Measurements and histogram plots

sub-group over time. These changes are best described pictorially and illustrated in
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Fig 5.6 2) and b) Mean shell deviation between the two shells depicting surface changes
over time. Percentages correspond to a value of 0.425mm or less between time frame

intervals.
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surface changes as a color map and histogram plot. The changes range from +2.18mm and -1.31mm. There was a greater proportion of the face exhibiti
than negative changes. ¢) The black areas of the face indicated areas of *little or no change” consistent to a tolerance value of 0.425mm. This was applied to take into
account clinical reproducibility and mathematical errors. Positive changes were seen in the brow areas, nose and facial heights, whilst negative changes were seen at the

cheeks.
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5.2.4(b) General Description of Surface changes seen on average faces

This section shows the general trends seen for the surface changes and will be
described in a manner that incorporates the upper and lower face.

Surface changes were seen at the brow areas and these thin wafer projections
were o}asewed pointing towards the mid-line of the face. These areas increased in
size and thickness as the time intervals ‘increased. This occurred mainly in the
vertical (y-axis) direction and was most marked in the MNT group.

The nose exhibited the most change with time and its greatest change
occurred at the tips of the nose. The patterns and shapes observed were uniformly
triangular in nature. There was a widening of the alar base and general deposition
along the nasal bridge. In general, the isolated surface area changes suggested that
there was a gradual increase in the nasal surface volume and that these surfaces
widened to a triangular shape in all three planes of space. The changes occurred in an
asymmetrical manner on the left portion of the nose at first but eventually occupied a
more central portion corresponding to the middle of the face.

There was also a flattening of the cheek areas with time and this could be best
seen as an increasing elliptical pattern in the cheek areas.

There were translations of the upper lip in T2 but this increased to a more
downward translation of the upper and lower lips by T5. There was also a
corresponding translation of the lips in the downward direction. There was a general
increase in the facial heights of most of the average shells. There was also an
ihcrease in the vertical height of the lower face with the mandible occupying a more

inferior position relative to the cranial base.
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S5.2.5 DETAILED DESCRIPTION OF SURFACE CHANGES ON THE

AVERAGE FACES

The average faces were analysed in detail over the two year study period for
all 4 groups (MNT, FNT, MT and FT). The superimposition was carried out on the
T1 baseline face unique tq that study group. For the ease of discussion, 6 monthly
changes were labelled as comparison periods (i.e. T2vsT1, T3vsTl...etc). Each
analysis was made from the glabella down to the mandibular region.

5.2.5 (a) Males (n=33, No Treatment)

There were no apparent changes to the central portion of the forehead region.
There was a general thickening of the lateral glabella region. This ranged from
0.01lmm to 0.91mm. The nose showed the greatest and most prominent change with
time and all these changes were positive. There was a general forward and downward
thrust of the nose and the linear measurements taken the nasal tip ranged from
0.90mm to 2.08mm at T2vsT1 and T5vsT1 (Fig 5.8al-a4, Fig 5.9b). There were
visible and negative changes in the cheek areas. This change became evident only on
the left side of the face at T2vsT1 before becoming more symmetrical on both sides
of the face at T4vsT1 and TS5SvsT1. The negative change was as a range from -
0.52mm to -1.25mm at its deepest points. These differences were similar on both
sides of the face. There was a forward and downward translation of the lips away
from the forehead. This change mirrored the growth of the nose. These changes
ranged from 0.52mm to 1.25mm for the upper lips and 0.30mm and 1.03mm for the
lower lips. There was an el\ongation of the face leading to the downward projection
of the soft tissue chin. This ranged from 0.45mm and 2.08mm. The amount of
forward projection of the chin was approximately 2mm. A full illustration may be

viewed on the electronic file in the CD enclosed (Fig 5.9).
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Fig 5.9b) Different projected views showing the changing morphology of the average
face for the subject group MNT at T5.
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5.2.5(b) Females (n=26, No Treatment)

There were no apparent changes to the central portion of the forehead region.
There was a general thickening of the lateral glabella region. This ranged from
0.58mm to 0.84mm.

;l“he nose showed the greatest and most prominent change with time. These
changes were positive. Tﬁere was a general forward and downward movement of the
nose and the linear measurements taken at the nasal tip ranged from 0.73mm to
1.90mm at T3vsT1 and T5vsT1 (Fig 5.8 b1-b4 and Fig 5.10b).

There were visible and negative changes in the cheek areas. This change
became evident only on both sides of the face at T4vsT1 and T5vsT1. The negative
change was as a range from no change mm to -0.83mm at its deepest points. These
differences were similar on both sides of the face.

There was a forward and downward translation of the lips away from the
forehead. This change mirrored the growth of the nose. These changes ranged from
0.52mm to 0.79mm for the upper lips and no changes and 0.60mm for the lower lips.
There was an elongation of the face leading to the downward projection of the soft
tissue chin. This ranged from no changes and 1.12mm. The amounts of forward
projection of the chin were minimal (Fig 5.10b). A full illustration of the changes in

facial morphology can be viewed on the file in the enclosed CD.



X 0126421 m
v 0104328 m
Z 0082496 m

X 0130625 m
Y 0189134 m
Z 0087386 m |

e
B ‘ g

Fig 5.10b) Different projected views showing the changing morphology of the average face

for the subject group FNT at TS.
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5.2.5(c) Males (n=12, Treatment)

There were no apparent changes to the central portion of the forehead region.
There was a general thickening of glabella region. These changes began on the left
side of the face first from T2vsT1 before relatively symmetrical on both sides. The
changes ranged from 0.49mm to 1.12mm (Fig 5.8 c1-c4).

The nose showed the greatest and most prominent change with time. These
changes were positive. There was a general anterior and downward thrust of the nose
and the linear measurements taken the nasal tip ranged from 1.14mm to 2.30mm at
T2vsT1 and T5vsT1 (Fig 5.11b). There were visible and negative changes in the
cheek areas. This change became evident only on the left side of the face at T2vsT1
before becoming more symmetrical on both sides of the face at T4vsT1 and T5vsT]1.
The negative change was as a range from -0.52mm to -1.34mm at its deepest points.
These differences were similar on both sides of the face.

There was a forward and downward translation of the lips away from the
forehead. This change mirrored the growth of the nose. These changes ranged from
1.11lmm to 1.60mm for the upper lips and no changes and 1.53 for the lower lips.
There was an elongation of the face leading to the downward projection of the soft
tissue chin. This ranged from no change to 1.60mm. The amounts of forward
projection of the chin were minimal (Fig 5.11b). A full illustration is given in the CD

enclosed.
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Fig 5.11b) Different projected views showing the changing morphology of the average face
for the subject group MT at T5.
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5.2.5 (d) Females (n=12, Treatment)

There were no apparent changes to the central portion of the forehead region.
There was only a general thickening of lateral glabella regions in the last time
intervals T4vsT1 and T5vsT1. This ranged from 0.62mm to 0.60mm at these time
intervals (Fig 5.8 d1-d4).

The nose showed little change with time and there was no characteristic
forward and downward thrust as seen in the other three groups. There were some
changes confined to the bridge area of the nose and there changes were positive.
These changes ranged from negligible changes to 0.54mm (Fig 5.12b).

There were visible and negative changes in the cheek areas. This change
became evident only on the left side of the face at T2vsT1 before becoming more
symmetrical on both sides of the face at T4vsT1 and TSvsT1. The negative change
was as a range from -0.59mm to -1.31mm at its deepest points. These differences
were similar on both sides of the face.

There was backward and inward translation of the lips. These changes ranged
from 0.79mm to -0.50mm for the upper lips and 0.40 and -0.50 for the lower lips.
There was an elongation of the face leading to the downward projection of the soft
tissue chin. This ranged from 0.45mm and 1.2mm. The amounts of forward
projection of the chin were minimal (Fig 5.12b). A full illustration is given on the

CD enclosed.
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Fig 5.12b) Different projected views showing the changing morphology of the average face
for the subject group MNT at TS.



118

In general, the three groups MNT, FNT and MT had similar patterns of
change. There was an increase in the mean differences with time. There was a
gradual deposition of the brow areas that were triangular in nature with the apex
pointing towards the middle of the forehead. The nose tended to exhibit
asymmetrical growth which finally assumed a triangular pattern described earlier.
The cheeks in all three groups had elliptical patterns that flattened with time and
increased in surface area. There was also a gradual translation of the lips along the
vertical axis of the face and an increase in the general face height.

The exception to these data sets was the female group that underwent
treatment. This group had early pronounced flattening of the cheeks and an early
increase in face height. There was, interestingly enough, less changes to the nose

than the other groups.
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Surface shape changes followed a similar pattern in the groups MNT, FNT
and MT. These surface changes were seen developing in the earlier stages in the
nose, followed by changes in the cheeks, changes in the brow and increases in the
vertical dimension. Interestingly the facial patterns on FT group showed little

changes to the nose region and large changes to the cheek regions (Fig 5.14).

Fig 5.14 Shape danges for the 4 different groups over time

The meaurements showed an increase in volume as the time line increased.

These results areshown in Table 5.10.



Table 5.10 Volume measurements in mm® according to the various regions.
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Subject Region T2vsT1 T3vsT1 T4vsT1 TSvsT1
Brow (L) 289.67 224.52 413,21 491.26
Brow (R) 145.18 450.72 394.67 460.00
Females (NT) Cheek (L) 1.00 1.00 416.66 465.54
Cheek (R ) 1.00 1.00 298.54 428.82
Lips 70.15 72.68 96.90 167.32
Mandible 1.00 1.00 143.05 647.98
Nose 78.71 74.20 415.11 454.87
Brow (L) 1.00 1.00 1.00 466.38
Brow (R) 1.00 1.00 1.00 557.83
Females (T) Cheek (L) 237.29 155.73 317.66 414.47
Cheek (R) 378.70 270.93 461.88 651.92
Lips 296.69 86.41 104.19 91.49
Mandible 379.15 1.00 1.00 2031.98
Nose 91.95 141.02 145.00 147.92
Brow (L) 1.00 1.00 199.93 766.73
Brow (R) 1.00 274.13 225.36 710.43
Males (NT) Cheek (L) 132.42 356.37 698.86 907.83
Cheek (R) 1.00 132.93 633.62 1017.29
Lips 11.31 177.36 451.46 541.35
Mandible 125.07 1728.48 2288.51 483298
Nose 279.70 710.57 1470.61 2220.94
Brow (L) 220.87 471.59 715.60 760.70
Brow (R) 1.00 338.55 992.15 756.68
Males (T) Cheek (L) 1.00 1.00 358.76 1071.69
Cheek (R) 1.00 113.78 385.12 954.15
Lips 92.40 66.21 140.90 584.76
Mandible 1.00 892.88 1401.60 3478.42
Nose 1630.10 2378.43 3000.18 3340.98
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The volumes seen in the male groups (MNT and MT) were generally larger
than the female groups (FNT and FT) (Fig 5.15).

The volumes seen in the brow areas of the males were 1.54 times (710/460)
to 1.6§ times (67/460) the size of the female groups in the brow regions. The changes
in the cheek areas were in general 2.19 (907/414) times and 2.59 times greater in
males than females. The largest differences seen were in the nose. The males
generally had larger changes to the nasal volumes and this ranged from 4.88 times to
7.34 times.

The changes in the lips were less reliable as these structures did not necessary
change in size but were the results of a down and forward translation. However, the
percentage changes were consistent to the changes seen in the brows and cheeks.

The changes in the mandibular region produced large volumetric changes.
However, these readings needed to be interpreted with caution as the volumes were

often not fully closed.
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Figure 5.15 Graphical representation of the changes in volumes of the 4 groups of averages as the longitudinal study progressed.
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5.3 FACIAL SURFACE CHANGES AND AGE

Facial surface changes and the ages of each individual subject were further
analysed according to the five recorded time intervals and the results studies in the
following manner: 1) Shell to shell surface differences, 2) Facial changes and age.
5.3.1 Shell to shell surface differences

The faces of each subject were analysed at each time interval against the
subject’s original baseline face at T1. The shell-to-shell differences for each subject
represented a sum total of the absolute difference of the match for the two facial
shells. The mean value and the range of differences were recorded on a histogram.
These scores are represented in Tables 5.11 and 5.12 as the percentage and mm
readings of the means, standard deviations (SD), minimum and maximum values. As
these shell differences were measured for individual subjects rather than the average
faces, the reproducibility error of 0.85mm was applied at each comparison to reflect
the findings of the validation findings in studies in Chapter 5 (Kau et al. 2005b).

The results showed that, in general, there was a decrease in percentage (%)
match of the faces as the study progressed with time. This was mirrored by an
increase in the absolute mean face to face deviations over time. This meant that as
the age of the subjects increased, there was a corresponding decrease in the matching
of two faces together. The overall magnitude of change between shells, measured in
mm, also increased in line with the percentage decrease in shell-to-shell match.

Males generally had larger shell-to-shell differences ranging from 0.53mm to
0.84mm for males (no treatment) and from 0.66mm to 0.90mm for males (treatment).
Females had a shell-to-shell difference ranging from 0.47mm to 0.69mm for females

(no treatment) and 0.54mm to 0.65mm females (treatment).



Table 5.11 Recordings of shell-to-shell deviations over the comparison periods using T1 as a baseline. The percentage scores indicate the surface areas of the
shells matching one another within a value of 0.85mm.

T2 vs T1 (%) T3 vs T1 (%) T4 vs T1 (%) T5 vs T1 (%)

Mean | Sd Min Max Mean | Sd Min Max Mean | Sd Min Max Mean | Sd Min Max

’

Males (NT) 81.41 {776 65.41 | 96.50 | 7542 | 8.61 56.12 {8992 |69.09 |11.32 |45.02 ]91.03 |63.63 | 12.08 | 39.89 | 89.62

Females (NT) | 84.80 | 8.51 66.70 | 99.77 | 80.49 | 1038 | 58.99 {95.65 | 74.17 | 9.32 60.97 | 9536 | 70.25 |9.75 54.24 | 87.70

Males (T) 74.47 | 11.44 | 57.04 | 88.80 | 70.06 | 11.35 | 46.74 | 86.07 | 64.43 | 7.99 5494 | 7991 |[57.78 |[10.70 |40.95 | 79.91

Females (T) 80.21 | 8.46 63.29 |9293 | 7642 |17.70 62.40 | 86.63 | 7698 | 17.16 64.88 | 89.78 | 72.36 | 8.61 60.72 | 87.22

Table 5.12 Recordings of shell-to-shell deviations over the comparison periods using T1 as a baseline. The means, standard deviations (sd), minimum and

maximum values are recorded in millimeters.

T2 vs T1 (mm) T3 vs T1 (mm) T4 vs T1 (mm) TS vs T1 (mm)

Mean | Sd Min Max Mean | Sd Min Max Mean | Sd Min Max Mean | Sd Min Max

Males (NT) 0.53 0.11 0.28 0.73 0.64 0.14 0.45 1.02 0.73 0.20 1.19 0.43 0.834 0.22 0.39 1.50

Females(NT) | 0.47 0.15 0.07 0.84 0.55 0.16 0.34 1.00 0.63 0.16 0.34 0.98 0.69 0.15 0.42 0.99

Males (T) 0.66 | 021 0.43 1.08 0.72 0.22 0.46 1.23 0.79 0.16 0.54 1.04 0.90 0.20 0.54 1.18

Females (T) | 0.54 0.14 0.36 0.80 0.59 0.11 0.45 0.81 0.60 0.11 0.41 0.81 0.65 0.14 0.43 0.85




T35 and T1 was larger for males. These were 0.31mm for the males (no treatment)

he results in section 5.3.1 were further analyzed and a histo-plot made of the
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The scores for little to no changes between composite faces was based on the
previous validation findings that 90% of the maps should be well aligned before a
reproducible facial morphology was acceptable (Kau et al. 2005b). A 5% leeway was
incorporated and hence the value of N > 85%. The moderate change grouping was to
take into account changes that would incorporate a change in shell-to-shell difference
of 1/3 of the face. Significant change was deemed to have happened to less than 65%
composite faces match one another.

5.3.2 (a) Subject Examples

It is not possible within this thesis to analyze each change in the face for each
individual subject. Therefore an appreciation of the results will be made for example
in the 4 different groups.

o Little or no change (MNT)

The composite face CL0036 was chosen at random to depict a male subject
with little or no changes between all 4 intervals (Fig 5.17). The shell-to-shell
differences in percentages were 88.10%, 86.72%, 91.30% and 89.62% for T2vsT1,
T3vsT1, T4vsT1 and T5vsT1 respectively. The shell-to-shell differences in linear
measurements represented as mean scores were 0.47mm, 0.48mm, 0.44mm and
0.39mm for T2vsT1, T3vsT1, T4vsT1 and T5vsT1 respectively.

There were no apparent changes to the central portion of the forehead region.
There was only a general thickening of glabella regions just above the central
portions of the eyes in the last time intervals T4vsT1 and T5vsT1. This ranged from
0.60mm to 0.62mm at the most prominent points at the two intervals. It seemed that
the eyes moved anteriorly as the face changed with time. This area was confined to
the eyeballs rather than inner and outer canthi of the eyes. The ranges of

measurements were -2.93mm and -4.50mm. The nose showed the most changes with



time and that general straightening of the nasal bridge and elongation of the nose in

an anterior and downward direction.

There were no apparent changes in the lower lip area. There was negligible soft

jection and elongaiion of the face.

Male - Liiile Change CL0OD36
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Fig 5.17 Male Subject CL0036 showing little or no change. Final Composite Face
vsT1, T3vsT1. T4vsT1
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o  Moderate Changes (FNT)
The composite face CN023 was chosen at random to depict a female subject

with reasonable surface changes between all 4 shell-to-shell comparisons. (Fig 5.18).
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70.50% for T2vsT1, T3vsT1, T4vsT1 and TSvsT1 respectively. The shell-to-shell
differences in linear measurements represenied as mean scores were 0.41mm,
0.6lmm, 0.60mm and 0.70mm for T2vsTl, T3vsT1l, T4vsTl and T5vsTl

respectively.
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Fig 5.18 Female Subject CN0023 showing moderate change. Final Composite
Faces Comparisons. Body Parameters and soft tissue surface changes at T2vsTl,

T3vsT1, T4vsT1 and TS5vsT1.

There were no apparent surface changes to the forehead region and eyes in
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translation of the lips in a downward direction in correspondence with the nose. The
changes ranged from 1.36 mm to 2.06mm of change for the upper lips. The lower lip
changes ranged from negligible readings to 2.06mm. There was a small area of
elongation of the vertical dimension of the face. This range was from 1.98mm to
3.53mm.

o Significant Changes (MNT)

The composite face CN046 was chosen at random to depict a male subject with
great changes between all shell-to shell comparisons against the baseline. (Fig 5.19)
The shell-to-shell differences in percentages were 96.50%, 71.97%, 61.44% and
59.69% for T2vsT1, T3vsT1, T4vsT1 and TSvsT1 respectively. The shell-to-shell
differences in linear measurements represented as mean scores were 0.28mm,
0.86mm, 0.94mm and 1.00mm for T2vsT1, T3vsTl, T4vsT1 and T5vsTl
respectively. The changes at T2vsT1 were not clinically significant.

There was little change to the majority of the central portion of the forehead
region with the exception of T4vsT1. The eyes deepened as the face changed with
time. This ranged from -0.30mm to -1.36mm. The nose showed changes with time
and there was a general straightening of the nasal bridge and elongation of the nose
in an anterior and downward direction. There was also a general broadening of the
nose in a triangular fashion. These changes had a maximum difference of 2.35mm.
There were considerable visible negative changes in the cheek areas. These values
ranged from -1.42 mm to -2.58mm at its deepest points. The lip changes seem to
follow the translation of the lips in a downward direction in correspondence with the
nose. There was a greater translation of the upper and the changes ranged from
0.lmm to 1.95mm of change for the upper lips. The lower lip changes were

approximately 0.90mm. There was a projection of the chin in an interior direction



i O Y bl 4 £ a 4 4 4
of the first recall and the appliance treatment was completed

shell-to-shell differences in linear measurements represented as

respectively.

W
-
5
z,
5
7
&,
i
S
=
(2]
=+
S
—*
(2]
g
i
m
w

at random to depict a female subject who

es were placed in the mouth during the time



132

There was little change to the majority of the central portion of the forehead
region. There were changes to the lateral portions in the time frame T5vsT1 and
these were confined to the lateral portions above the orbits. The nose showed the

most consistent changes with time and this was seen as a straightening of the nasal

bridge and elongation of the nose in an anterior and downward direction. These
changes had a maximum difference of 2.36mm. There were some changes in the

this was approximately 3.35mm. There was a considerable elongation of the vertical

dimension of the face. This was approximately 4.75mm at its most prominent points.

Female — Treatment Group CN0O019

T,
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5.3.2 (b) Summary and analysis of the normal BMI subjects

The results showed that as age increased, there was a corresponding increase
in the surface differences of the individual’s composite faces. To analyze the data
further, the subjects were grouped by surface differences: little, moderate and
significant changes. A tabular representation of the number of subjects grouped by
gender and treatment and non-treatment groups are attached (Table 5.13). The
number of subjects exhibiting the surface changes at the time intervals is displayed as
well.

The subject numbers for each gender group was compared to determine if
there were inter-pair differences between independent proportions (Newcombe
1998). For example, the numbers of males (MNT) and females (FNT) were
compared at a particular time interval to determine if that particular inter-pair
relation was significant. Only subjects in the non-treatment group were tested as the
subject numbers in the other groups were too small to make meaningful comparisons.

The results of the statistical analysis showed that was a significant difference
during the last time frame, T5vsT1, between males and females. The value of 0.28
obtained with a 95% confidence between 0.02 and 0.48, suggested that males
exhibited a significantly greater amount of change and the magnitudes were larger

(Kau and Richmond 2007b) (Table 5.14).
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Significant 0 4 10
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(NT) Moderate 9 12 14
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Significant 2 2 5 8
Females (T) Little 4 3 2 1
n=12 Moderate g 8 10
Significant 1 1 g
Table 5.14 Statistical Analysis between male (NT) and females (NT) for
changes. (L)-Little Changes, (M)-Moderate Changes and (5)-Significant
Comparison Statistical Value 95% confidence
T2vsTIM(L)*T2vsT1F(L) -0.17 -0.39-0.08
T2vsTIM(M)*T2vsT1F(M) 17 -0.08 — 0.39
T2vsTIM(S)*T2vsT1F(S) NA NA
T3vsTIM(L)*T3vsT1F(L) -0.22 -0.43 - 0.02
T3vsTIM(M)*T3vsT1F(M) D -0.08 — 0.40
T3vsTIM(S)*T3vsTI1F(S) -0.04 -0.14 - 0.21
sTIM(L)*T4vsT1F(L) 0.07 0.27-0.12
TavsTIM(M)*T4vsT1F(M) -0.04 -0.20 — 0.28
TavsTIM(S)*T4vsT1F(S) -0.03 -0.20 -0.25
TSvsTIM(L)*TSvsT1F(L) -0.05 -0.21-0.09
T5vsTIM(M)*TS5vsT1F(M) -0.23 -0.45-0.03
TSvsTIM(S)*TS5vsTI1F(S) 0.28 0.02-0.48
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5.3.3 DISTRIBUTION OF LEFT TO RIGHT SURFACE CHANGES

In this section, the distribution of left and right surface changes is presented.
The face was also sub-divided into left and right halves to determine if there were
differences in the surface changes with time. Two lines were incorporated manually
and p}ojected onto the face; one horizontally passing through the inner and outer
cantus of the eyes, aﬁd one vertical line perpendicularly intersecting the horizontal
line through soft tissue nasion. The surface change on the left and right sides was
analyzed. If a surface change representing more than half the visual surface area was
present, an asymmetric type pattern was deemed to have occurred.
5.3.3 (c) Summary of Results

The numbers of subjects exhibiting these types of surface changes are
represented in Table 5.15. From the results there seems to be a presence of
asymmetric difference in surface changes in 35% of the cohort of normal BMI
children. This presence was present more in the right side (60%) of the face than the

left side (40%).

Table 5.15 Distribution of right and left sided changes of facial surfaces.

Subjects (n=81) | Right Surface Left Surface Total Percentage
Changes Changes
MNT 6 5 11 13.58
FNT 9 3 12 14.81
MT 1 2 3 3.70
NT 1 1 2 2.47
Total 17 11 28 34.56
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5.3.3 (b) Case examples

Two case examples are reported as an illustration to the results.
o Female (FASY)

The composite face CN034 was chosen at random to depict a female subject
with asymmetric changes on the facial surfaces between progressive shell-to shell
comparisons of all four time intervals (Fig 5.21).

The shell-to-shell differences in percentages were 85.85%, 84.29%, 79.44%
and 74.40% for T2vsT1, T3vsT1, T4vsT1 and TSvsT1 respectively. The shell-to-
shell differences in linear measurements represented as mean scores were 0.58mm,
0.73mm, 0.79mm and 0.76mm for T2vsT1, T3vsT1, T4vsT1 and T5vsTl1
respectively. There was little change to the majority of the central portion of the
forehead region with the exception of T4vsT1. There were some changes apparent
more on the left side of the forehead region. These were small surfaces and ranged
from 0.86mm to 2.44mm

The nose showed little surface changes with time. There were considerable
visible negative changes in the cheek areas in time T4vsT1 and T5vsT1. These
values ranged from — 0.42mm to -1.43mm at its deepest points. There was
translation of the upper lips and the changes were in the period T5vsT1 and this
ranged from negligible changes at T2vsT1 to 1.44mm of change for the upper lips.
The lower lip changes were approximately 1.12mm. There was a small projection of
the chin point downward resulting in an elongation of the vertical dimension of the
face. In addition, there were asymmetric changes in the mandibular areas with the

left side of the jaws exhibiting more changes than the right.
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o Male (MASY)

The composite face CN002 was chosen at random to depict a female subject
with asymmetric changes on the facial surfaces between progressive shell-to shell
comparisons of all four time intervals (Fig 5.22).

“The shell-to-shell differences in percentages were 81.78%, 73.80%, 50.70%
and 45.79% for T2vsT'1, T3vsT1, T4vsT1 and T5vsT1 respectively. The shell-to-
shell differences in linear measurements represented as mean scores were 0.52mm,
0.67mm, 1.06mm and 1.10mm for T2vsT1, T3vsTl, T4vsT1 and TS5vsTl
respectively. There was little change to the majority of the central portion of the
forehead region in time T2vsT1 and T3vsT1. However, there were surface changes
in the entire area above the orbital regions. These incorporated soft tissue nasion and
the superior portions of the nose. These changes ranged from 1.02mm to 1.93mm.
The nose showed large changes with time. There was a triangular pattern of growth
seen in the frontal scans and these ranged between 1.31mm and 3.70mm. There were
considerable visible negative changes in the cheek areas in time T4vsT1 and T5vsT1.
These values ranged from — 0.0lmm to -1.76mm at its deepest points. There was
translation of the upper lips and the changes were in the period T5vsT1 and this
ranged from 2.19mm to 2.85 for the upper lips. The lower lip changes were
approximately 3.78mm. There was a small projection of the chin point inferiorly
resulting in an elongation of the vertical dimension of the face. This was
approximately 3.24mm to 5.17mm in the vertical direction. In addition, there were
asymmetric changes in the mandibular areas with the left side of the jaws exhibiting

more changes than the right and these changes seem to “shuffle” with time.
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Female - Asymmetric growth
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Fig 5.21 Figure showing the asymmetric pattern of growth in the mandible especially on the

left side.

Male — Asymmetric Growth CN002

Fig 5.22 Figure showing the asymmetric pattern of growth in the nose and mandible

especially on the left side.



Female - Asymmetric growth
CNOO34

«
PiAEERNN

138

Fig 5.21 Figure showing the asymmetric pattern of growth in the mandible especially on the

left side.

Male — Asymmetric Growth CN002

Fig 5.22 Figure showing the asymmetric pattern of growth in the nose and mandible

especially on the left side.
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CHAPTER6

DISCUSSION
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6.1 INTRODUCTION

The availability of low-cost, portable three-dimensional scanners has made
the evaluation of soft tissue change due to growth or treatment possible (Kau and
Richmond 2007a; Kusnoto and Evans 2002).

- This study represents the first longitudinal growth studies using a three-
dimensional laser imaging scanner. The subjects in the study were evaluated in a
qualitative and quantitative manner. Careful attention was made to ensure
standardization of image capture, in an attempt to determine the changes in facial
shells over time to represent soft and hard tissue changes resulting from growth. This
section will discuss the results and make inferences and evaluations based on current

knowledge in the literature.

6.2 VALIDATION STUDIES

The use of three-dimensional laser imaging scanners on children is generally
considered less ideal in the study of facial morphology (Ayoub et al. 2003).
However, the validation studies have shown that the reliability of laser scanning in
children and adults are of an acceptable level.

Interestingly, the validation studies showed that in general, males had higher
mean shell deviation scores than females. The male subjects tended to be easily
distracted when asked to remain perfectly still for the scanning process. Further
analysis revealed a small difference in the facial maps of adults and children. The
tolerance levels for the adults were more uniform than the children. This may be
attributed to the fact that adults maintained a stable facial posture (Fig 6.1). The

children scanned also seemed to be prone to minor muscular responses in the eyelid
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region and areas near the lips and chin. These errors were however, small, patchy and
did not exceed 1.2mm (Fig 6.2).

Finally, the scanning time to capture facial morphology may be considered as
being too long. This study has shown a high level of compliance both for a group of
adults and children. It has been reported that the image capture of three-dimensional
soft tissue morphology is complex (Mah and Enciso 2003) and should not be based
solely on the speed of a scanning system alone, but on the ability to capture reliable
soft tissue morphology over a range of time frames. Many facial expressions can
occur within a couple of secoﬁds, and it is important that the best and most consistent
representation of facial morphology is captured each time a subject is scanned.
Therefore, the reliability and quality of a laser-scanned image is dependent not onl)"
on the accuracy and speed of the capture system, but on an ideal and relaxed subject
free from distractions. The system as described enables the accurate facial

morphology to be captured.

6.3 REPRODUCIBILITY OF FACIAL POSTURE

There are very few studies that report the reliability of facial soﬁ tissues.
Only one study to date has attempted this but the small sample consisted of adults
and the images were averaged before measuring between time frames (Nute and
Moss 2000). This potentially amalgamates all errors during the averaging process
(for example, cancellation of positive and negative errors) and may not give a true

picture of reliability. |
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acial maps set at a tolerance level of 0.5mm. Black < 0.5, Green <0.7

and Red< l.Imm. (a-d) Tolerance maps of female subjects. (e-h) Tolerance maps of male

Fig 6.2 Facial maps of children set at a tolerance level of 0.75Smm. Black areas <0.75mm,

This investigation within the validation studies, attempted to give an accurate

the results were similar, This implies that the subjects had the ability to adopt th




change within reproducibility limits (Fig 6.3). The greatest errors generated were in
zones L, M and N in the lower jaw area (Fig 6.4). This finding was not unexpected as
the lower jaw is freely movable. This error however does not, with the exception of

one subject, affect more than 2 adjacent zones and never exceeds a mean error of

Fig 6.3 These figures illustrate the shell deviation maps when merged composite faces are
aligned on top of one another with a tolerance level set at 0.85mm (black). Coloured areas
indicate that the errors are higher than 0.85mm. Red scores range from 1.5-1.8mm and green
scores from 0.9mm to 1.5mm. Fig 6(a) scores (1) in zone M, Fig 6(b) scores (1) each in zone

F and G, Fig 6¢ (the worst facial map) scores (1) in each zone D, E, F, K and N, Fig 6{(d)

scores (1) in zene J, K, Fig 6(¢) sc , Fig




reproducibility value of 0.85mm was applied to all comparisons of surface changes

between faces in the longitudinal cohort study and represented an accurate means to

in the validity studies.

6.4 LONGITUDINAL GROWTH STUDY

As previousiy mentioned, the resulis of this study form part of an on-going
longitudinal investigation of soft tissue changes in a cohort of Welsh children now

known as the Cardiff longitudinal study of facial morphology. Longitudinal studies

have the advantages of providing real indications of changes that occur in individual

This study was set up to assess the feasibility of quantifying facial change in a

cohort of children aged 12-14. The sample size consisted initially of 95 subjects and
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86 remained at the end of the investigation. Nine subjects left the school due to a
variety of reasons. Nevertheless, it was possible to determine facial change in males
and females greater than 0.85mm. Other challenges within the study cohort included
the difficulty in monitoring the orthodontic treatment undertaken. The number of
subjects who had not received orthodontic treatment was reduced to 64 (75%) at the

end of the study period. .

6.5 SUPER-IMPOSITION METHODS

Many superimposition methods have been used by orthodontists to assess
facial change as a result of growth and orthodontic treatment. The main approach is
to superimpose stable structures of the face at two time points and to evaluate
changes around those stable structures. However there are no truly stable points in a
growing child. Some researchers have found that the anterior cranial base is relative
stability after 8 years of age (Stamrud 1959) but its absolute stability is questionable.
In later years, techniques have been simplified to incorporate super-imposition points
(e.g. Sella and Nasion) to provide clinicians with a quick and easy way of evaluating
change. However, depending on the point of superimposition (either S or N) different
changes are observed (Ghafari et al. 1998). Probably the gold standard for a stable
point is to create them (e.g. Implants) but these come with ethical issues and may be
displaced if placed in regions that undergo remodelling and deposition (Bjork 1968).

The variability of soft tissue superimpositions of the face is even more
contentious than hard tissues due to changes in these surfaces. However attempts
have been made successfully in the past to study soft tissue changes. Nute and co-
authors (2000) used 5 points (the inner and outer corners of the eyes and nasal tip) to

create a plane from which 5 other points were mathematically constructed to line
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faces for analysis. Hajeer and co-workers identified anthropometric landmarks to line
faces before using a Procrustes best-fit method for analyzing soft tissue changes
(Hajeer et al. 2002b; Hajeer et al. 2004a). Guest and co-workers (Guest et al. 2001)
evaluated four different methods of superimposing faces on two surgical patients.
They found that all the methods employed produced some error when calculating the
final surface changes. However, the “closest point” algorithm and Correspondence
by Sensitivity to Movement (CSM) algorithm produced the most promising and
realistic results as these methods made no assumptions to the direction of the
displacement between surfaces.

In this study, the superimposition method known as the “best fit” or “iterative
closest point” algorithm was used. This method is mathematically derived and
essentially matches closely related triangular vertices of two similar surface shells
and approximates them to one another. The resultant errors in distances
corresponding to two surfaces are averaged and the shells are fitted together. This
method is used in the automotive and aeronautical industries to detect defects and
quality control to an ideal template mould of different service parts and has been
showed to be a reliable tool.

To evaluate the reliability of the method, the sets of facial scans of 5
individuals were randomly selected. The method of superimposition showed points
of stability matching to areas previously known to be stable. For example, the outer
canthi of the eyes did not change and a line running over the eyelids stayed
essentially unchanged when seen on the lateral view (Fig 6.5). — CD version

included.



dimensional growth (Farkas and Posnick 1992; Hennessy and Moss 2001) to identify
changes in shape and landmarks. Growth, however, is more complex as facial
anatomical landmarks do not exist in the same sense as projected landmarks.
Coombes (1991) reported one of the first articles utilizing mathematical
modelling to quantify facial changes. The author used measurements of facial
changes on 2 subjects and described surface types based on an extension from an
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Mathematical models are a clever way to say describe three-dimensional information
but they do not describe volumetric changes and the general shape of the face.

Another method of facial analysis utilised colour facial mapping. These were
used in the laser based studies and often had large measurement intervals (1-2mm)
and were carried out predominately on facial averages (Ismail et al. 2002a; McCance
et al. 1992b). |

Early volume measurements were inaccurate as they required a skilled
operator to manually outline the volumetric change and extract the data. Later
versions were semi-automated but still required human manipulation and the errors
were in the region of 3-5% of the volumes measured (Hajeer et al. 2005; Yip et al.
2004).

Three-dimensional assessment of growth requires quantification in terms of
topography, surface area and volume. This study has shown that colour mapping
with associated histogram evaluations could be used as an' efficient tool.
Furthermore, the automatic quantification of surface 'and volume changes has

enhanced the visualization of facial changes over time.

6.7 THE USE OF AVERAGE FACES

Three-dimensional average faces have been described previously in the
literature and serves as an excellent basis to understand complex three-dimensional
data sets (Kau et al. 2006¢c). Hutton and co-workers built dense surface models from
421 facial scans of subjects aged 1-80 years old (Hutton et al. 2001). In his study, the
faces were aligned, ba;sed arbitrarily on 10 surface landtﬁarks before a hybrid

combination of iterative closest point and active shape fitting algorithms were

applied. The final dense surface model was used to assist in the diagnosis of



Noonan’s Syndrome (Hammond et al. 2004). Average faces have also been described
by Moss et al. His group used average faces to compare treatment changes amongst
extraction versus non-extraction (Ismail and Moss 2002a) cohorts and also cross-

sectional growth changes amongst children (Nute and Moss 2000). However, the

: was not mentioned.

aces

regions, nose and lips. The proi

height tended to be greater in males. Females tended t

the cheeks and lips (Fig 6.6).

Fig 6.6 Facial averages of males and females superimposed on one another. Areas in blue

show negative changes whilst areas in red show positive changes.
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6.9 ANALYZING FACIAL GROWTH

Not many studies have been reported in the literature on soft tissues changes
in the face. The majority have been undertaken on photographic and cephalometric
soft tissue profiles. The results from this study in part supports some of the previous
reported soft tissue studies.

Genecov and co-workers (1990) looked at the soft tissue changes of 64 cases
(32 Class I and 32 Class II cases). Three time frames were selected (T1- 7 years and
6 months, T2 — 12 years and 5 months, T3 — 17y years and 2 months). Anterior
posterior changes were present in the early years (7-12 years) with females
exhibiting more anterior posterior nasal changes. During the middle years the males
showed a much greater change of 4-5mm compared with 2mm for females. In
addition, the vertical dimensions were larger for males than females at age 17 years

by almost 7mm.

6.10 SURFACE CHANGES AND CLINICAL IMPLICATIONS

Most of the available data on the changing soft tissue profile has been
obtained from cephalometric data with additional material from a small number of
three-dimensional studies. Research into soft tissue imaging must take into account a
valid and reliable set up to capture facial posture and the premise that changes to the
soft tissue should be correlated to the underlying hard tissues (Riolo et al. 1987).

Correlating soft tissue profiles to body parameters like BMI, can be
questionable. Probably\ the only reference correlating BMI to soft tissue profile was
carried out by Riolo and co-workers on a pre-selected sample of the Michigan
growth. He used data collected from the ages of 6-16 years (Riolo and TenHave

1986) and found that the BMI had a significant effect on the relationship between
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growth changes in the hard and soft tissue profiles in children with higher BMIs.
This group of children also had thicker soft tissue profile measurements and greater
horizontal profile measurements. However, no conclusive differences were found in
other sample groups. As a result of these findings, children with a high BMI (n=7)
were excluded from this study due to the variability to the possible findings.

6.10.1 Surface Change.ﬁ and age

In this sample of normal children who received no history of orthodontic
treatment, it was found that the magnitude of soft tissue changes, measured as
absolute values between individual and average facials shells, was larger in males
when compared to females. This was consistently the case in all the time frames
measured. Previous studies have shown that the magnitudes of change are larger in
boys than in girls (Bishara 2000; Vig and Fields 2000). For example, male subjects
exhibit larger changes in facial dimensions and also at a later stage than their female
counterparts. This was certainly the case in this sample group. In addition, the
number of subjects falling into the “significant changes™ category was significantly
more in males and females. Interestingly, this change was also seen at around the age
of 14 years for males, indicating the possibility that these changes could be related to
the timing of puberty for males (Proffit 2000a).

In the average faces, there was a general downward and forward growth of
the nose in relation to soft tissue nasion. The lips also translated in a downward
direction as the nose grew and there was a general increase in the vertical dimension.
The brows become more prominent and there was a flattening of the cheeks on both
sides of the face. If thé soft tissue nose is taken into accouﬂt, then the profile of the

face also increases in convexity with time.
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The results seem to suggest that clinicians have to be careful when treatment
plans are prescribed and administered (Kau and Richmond 2007b). Clinicians must
therefore be weary not to be over zealous in extraction treatment or borderline
camouflage treatments (retraction of the upper lips in mild Class II cases), as these
may “inevitably worsen the profile. The timing of such treatments should also be
taken into consideration, as males seem to have later facial changes. Furthermore,

these changes are relatively large in magnitude.

6.11 SURFACE AREAS AND VOLUMES

Surface areas and volume changes were successfully illustrated and
quantified in this study of facial changes in time. This represents a unique addition to
the literature as no previous studies have been carried out. This study was able to
illustrate the surface changes by means of visual video sequences. Furthermore, a
unique way of presenting volumes was also illustrated.

Studies in the literature have reported on the three-dimensional volume
changes to a varying degree of accuracy. O’Grady (1999) was one of the first to
show that volumes could be calculated. His study on a plaster model and silicone
implants reported a 16.2% error in volume from the originals. Yip and co-workers
used a model involving 20 human subjects to simulate facial swelling for image
acquisition and measurement in order to assess the accuracy and reproducibility of
the a light structured three-dimensional range finder. A systematic error of 1.25%
and reproducibility of 3.27% was determined for the imaging system. Finally, Hajeer
and co-workers used 30 facial silicones explants and added these to various regions

of the face. They found that a 2.82% error existed in volume calculations.
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Volumes are becoming more important in quantifying surface changes. It

gives an added dimension and adds to the diagnostic database in treatment planning.

6.12 ORTHODONTIC VERSUS NO ORTHODONTIC TREATNIENT

- The extraction and non-extraction debates of Angle (1900) and Case (1896)
are well known. These debates led to a change in the extraction philosophies of
Tweed (1944) and Begg (1954) and have had a profound influence on the way
orthodontics has been practised and taught clinically (Begg 1954; Tweed 1944).

In recent times, the treatment philosophies have moved from an extraction to
non-extraction approach based on facial aesthetics rather than the dental occlusion.
Most studies to date have used retrospective two-dimensional data from lateral
cephalograms for analysis (Paquette et al. 1992; Young and Smith 1993).

Ismail and Moss (2002) carried out a three-dimensional laser scanned study
on 24 patients with similar occlusions . They found that the average face of the non-
extraction patients was of generally greater in dimension compared to the extraction
average, both at the start and the end of treatment. During the fixed appliance
treatment, the vermilion of the upper lip became more protrusive to a similar extent
in both groups in relation to the reference plane. The lower lip vermilion and the
philtrum showed no change for either group over the treatment time. The labio-
mental fold area showed a slightly greater forward movement in the extraction group
with treatment. Three-dimensional optical surface scanning allows data from the
whole of the face to be assessed, as opposed to the lateral profile view used in the
majority of the studies to date. The effects of the two types of treatment on the facial
soft tissues were very similar, indicating that orthodontic treatment involving the

extraction of teeth does not have a detrimental effect on the face.



The findings in our study indicated that large differences existed between the

MNT and MT groups evaluated over time. As a result it was not possible to make

the subjects in this group did not differ in great detail as they grew.

Interestingly, the FNT and FT were better matched as indicated by a closer

match of the average faces (Fig 6.7). The final TS result showed
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6.13 FACIAL ASYMMETRY

The assessment of facial asymmetry can only be carried out on from the
frontal view. The posterior anterior, frontal photographs and traditional
anthropometry are such examples. Whilst many growth studies have evaluated
proﬁle changes in anterior posterior and vertical dimensions, the transverse
dimension has been largely ignored.

The results show that up to 35% of the subjects studied exhibited some form
of asymmetry during the growth period examined. Some asymmetric growth patterns
may lead to pathological problems in the future whilst others may account for the
“normal asymmetry” described by some authors (Proffit 2000b).

These findings have shown that three-dimensional serves as a useful tool for
the better understanding of transverse diagnosis and problem solving in the

transverse dimension.
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CHAPTER 7

CONCLUSIONS



morphology:

1. The three-dimensional laser capture technique described is both valid and
reliable.

2. The study has shown that the use of three-dimensional imaging is a feasible
method in the analyzing and perceiving of changes to the face over time.

3. Males and females show differing facial morphology.

4. The magnitudes of surface changes are larger in males than in females.

5. There is a significant difference in the timing of the surface changes in males
than in females, with males exhibiting later changes.

6. There is forward growth particularly occurring in the nose, brows, lips and
vertical dimensions of the face.

7. Theré seems to be a deepening of the eyes and flattening of the cheeks.

8. Clinicians should be aware of three-dimensional surface changes that result
from growth and treatment.

9. Growth was shown to be variable in this age group of 11-14 year olds. Some
children have illustrated significant growth changes whilst others very little,
and this may depend on the period of capture related to their growing period.

10. There was a difference between the facial morphology of females who
received and did not receive orthodontic treatment. These differences were
seen particularly in the upper and lower lip regions.

11. However, there was very little difference in individuals who received and did
not receive orthodontic treatment.

12. Asymmetric growth patterns were seen occurring in 35% of the cohort
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The following conclusions could be drawn from this study of facial

studied with right sided differences being more than left sided differences.
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CHAPTER 8

REFLECTION AND FUTURE
WORK
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This thesis forms the first known longitudinal study using a three-
dimensional scanner. The ease of use and its portability means that this device can be
taken directly to the subjects (i.e. school setting) rather than the subjects travelling to
a specialised facility.

The results have shown that three-dimensional scanning is both valid and
reliable. As a result of the initial investigative work, a number of software macros
and analysis procedures have been developed to create a better understanding of
facial morphology. There was a unique way of representing facial changes and the
exact nature by which the face changes with time were better illustrated in the third
dimension. This data may be used in the future to monitor and predict facial change
during growth, identify differences from normal plan treatment and surgery for those
patients presenting with craniofacial anomalies (Appendix 5) and allow facial
modelling for missing persons over time.

In recent years, three-dimensional technologies (hard and soft-ware) have
improved. Newer systems are lighter and more portable and possess a quicker image
acquisition. The surface mesh qualities have also improved.

During the course of this study, land-marking was avoided as points in three-
dimensional co-ordinate of space did not fully represent the changes that occurred.
As a result tools were developed to depict surface and volume changes and used to
evaluate changes on the average faces. As result, a clearer understanding of facial
changes was achieved. However, these tools are still prototypes and are being refined
to compute surface and growth changes on individual samples, and were not
available during this study. These will be carried out at a later date and for future

analysis.
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It is hoped that this study will serve as a basis for the recruitment and analysis
of larger cohorts of subjects and patients. In combination with CBCT, magnetic
resonance imaging and ultra sound imaging, surface imaging will provide a better
understanding of the three-dimensional relationships of the hard and soft tissues.

Three-dimensional imaging is becoming readily available and the methods
and techniques used in this thesis form the basis of routine assessment that can be

applied to other areas of craniofacial research.
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Appendix 1: Ethical Approval

21 October 2002 JISAIL

Professor S Richmond,

Dept. of Dental Health & Biological Sciences,
Dental School,

University of Wales College of Medicine,
Heath Park,

Cardiff.

Dear Professor Richmond,

Thank you for your letter of the 17" October 2002, regarding the above application’
for ethical approval.

The Chairman of the Bro Taf Local Research Ethics Committee (Panel D), DrD EB
Powell, has confirmed that your response is satisfactory.

Dr Powell has therefore taken ‘Chairman’s Action’ to grant full ethical approval to
this application.

)

Yo incerely,

i

Jagjit Sidhu
Deputy Executive Officer
Local Research Ethics Committee

= 029 20402446/20402309
a8 JSidhu@bro-taf-ha.wales.nhs.uk

/

L‘IHS PRIF SWYDDFA:
YMRU A
WALES Ty Churchill

e

HEADQUARTERS:
Churchill House
17 Churchill Way, Cardiff, CF10 2TW

Ffordd Chiorchl, Caerdydd, CF10 2TW
Tel: 029 20 402402 ax/Ffacs: 029 20 402403 WHTN: 1809
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Appendix 3

)
-

MINOLTA

The sssenticls of Imaging

3T WwWW.minolta.co.|p

CERTIFICATE

DESCRIPTION OF GOODS

NON CONTACT 3D DIGITIZER

MODEL NAME : 'VIVID900/VIVIDS00T/ VIVID910

Wehezebycerﬁﬁ/thattheabmmmodelsamdassiﬁedmasslandwnipbwﬂhﬂm
requirements of 21 CFR 1040.10 and 1040.11 (FDA Regulation).

“CLASS I levels of laser radiation are not considered to be hazardous.

W%w /\ﬁ/[u\

Quality Assurance Department .
Instrument Systems Company A ' 18 December 2002

MINOLTACo.Lid. Toyokawa Administrative Cantar
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Appendix 4
STUDY TO ASSESS FACIAL GROWTH
CARDINAL NEWMAN SCHOOL
Section A:  Biostatistics
(1) Child’s Name
(2) Form
(3) Sex
(4) Date of Birth
(5) Height
(6) Weight
Section B:  Questionnaire
(1) Have you had your teeth removed for orthodontic reasons? Yes No
(2) Have you ever worn a brace? Yes No

(3) If you have worn a brace, when was it fitted?

(4) What type of brace did you wear?
a) Upper removable brace only
b) Upper fixed brace only
c) Lower removable brace only
d) Lower fixed brace only
¢) Head-Gear
f) Upper and lower removable appliances (Functional)
g) Upper and lower fixed braces
h) Don’t know

(5) Who were the dentists / orthodontists who fitted your braces?

Name:

Address:
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Appendix 6

EIEE NEWS
Helping teenagers face the world

Scores of children are taking part in a study using state-of-the-
art technology to find out how their faces grow.

The aim of the research, by doctors in Cardiff, is to plan better treatment for
people with conditions like missing teeth or cleft lip and palate.

A laser scanning system has been used to make three-dimensional (3-D)
images of the children's faces.

The team has also taken pictures of children with a range of conditions
which affect their facial appearances.

Dr Chung How Kau from the University of Wales College of Medicine said
about 100 children at two secondary schools in Pontypridd, south Wales, had
1 already taken part, and the team would return to take more 3-D pictures of
them over the next year.

__It was something like an animation in a computer game or a film -
I felt a bit like a character in Toy Story
Megan, aged 11

"They're really amazed that we can move their heads all the way around -
they've never looked from the top view down at their heads, or up their
noses before - it's really interesting for them," he said of the children's
reaction.

"It's interesting from the point of view of lay people, but it's also good for
science because we can see much more now, and we can understand things
better," he added.

Braces

Dr Kau said the benefits of the £60,000 laser scanning system included the
fact that it was portable, and avoided invasive technology like X-ray.

"The purpose of the study is, using new technology, to evaluate how the
face grows with time," Dr Kau said.

He explained that it would help doctors plan surgery or other treatment for
people with facial anomalies.
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"We don't know, how, say moving the skeleton forward by one centimetre
will affect the soft tissue. The soft tissue, the outer shell, is the more
important part of the facial appearance, so by using this technology we can
understand what will happen, in 3-D." '

He said it could, for example, better predict how braces on a young person's
teeth would affect their appearances, and there had been an interesting
early discovery about the way faces develop.

"We are starting to see that growth doesn't just occur bilaterally on both
sides (of the face)...growth happens on one side first, and then the other
side catches up.

That might mean that we might need to change our health care
intervention... we need to find a way to use that information," Dr Kau said.

One of the children who has taken part in the study is 11-year-old Megan.

She and her eight-year-old sister have a genetic condition called ectodermal
dysplasia which has left them with teeth missing.

"It was a bit strange to see yourself on the screen," she said after being
photographed.

"It was something like an animation in a computer game or a film - I felt a
bit like a character in Toy Story.

"I'm hoping it'll help Dr Kau with his research so that he'll know more about
how to make me and my sister look like other people," she added.

Story from BBC NEWS:
http://news.bbc.co.uk/go/pr/fr/-
/2/hi/uk_news/wales/south_east/3881581.stm
Published: 2004/07/15 12:26:07 GMT

© BBC MMVII
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PEER REVIEWED

LECTURES AND PUBLICATIONS
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(A) LECTURES

International Invitations

1.

10.

11.

12.

13.

14.

Three-dimensional Cone Beam Technology, North East Society of Orthodontists,
American Orthodontic Association, 13® September 2008, Rhode Island, UNITED
STATES OF AMERICA

Three-dimensional imaging in dentistry, Course in Prague (Carolina Servis), 16"
June 2007, Prague, CZECHOSLOVAKIA

Mapping the face and its underlying structures for wuse in
epidemiological surveys and clinical trials, British Orthodontic Society Conference,
23-26 September 2007, Harrogate, UNITED KINGDOM

Surface Acquisitions Systems, New Horizons in Diagnosis and Treatment Planning
of Cranio-MaxilloFacial Deform1ty,10 11 November 2006 Burges, BELGIUM
Three-dimensional imaging in orthodontics, The st Congress of the Baltic
Orthodontic Association, 18-20 May 2006, Tallin, ESTONIA

Three-dimensional soft tissue imaging in clinical orthodontics, 106™ American
Association of Orthodontists Annual Session, 5 -9 May 2006, Las Vegas, UNITED
STATES OF AMERICA

Orthodontic technology in skeletal problems, Hungarian Orthodontic Congress, 7-12
April 2006, Gyula, HUNGARY

Surface Acquisition systems in Orthodontics, The Dental Branch, University of
Texas Health Science Center, 1 March 2006, Houston, UNITED STATES OF
AMERICA

Three-dimensional imaging in Orthodontics, Enrichment Seminar, The School of
Dental Medicine, The University of Pittsburgh, 28 February 2006, Pittsburgh,
UNITED STATES OF AMERICA

Facial Growth — A new perspective in three-dimensional, 32" Annual International
Conference on Craniofacial Research (Moyers Pre-symposium), The University of
Michigan, 24 February 2006, Ann Arbor, UNITED STATES OF AMERICA
Three-dimensional imaging in Orthodontics, Clinical Seminar, School of Dentistry,
The University of Indianapolis, 20 February 2006, Indiana, UNITED STATES OF
AMERICA

Three-dimensional Soft tissue imaging and its clinical application in orthodontics,
31" Annual International Conference on Craniofacial Research (Moyers Pre-
Symposium), The University of Michigan, 25-26 February 2005, Ann Arbor,
UNITES STATES OF AMERICA

The application of three-dimensional Technology in soft tissue imaging in
Orthodontics, Continuing Professional Education, Department of Orthodontics, The
School of Dentistry, The Ohio State University, 30 November 2004, Columbus
Ohio, THE UNITED STATES OF AMERICA

The application of three-dimensional imaging in orthodontic diagnosis, Continuing
Professional Education, Faculty of Dentistry, National University of Singapore, 10
March 2004, REPUBLIC OF SINGAPORE
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Local Invitations

1.

2.

3.

4,

Soft tissue applications for the orthodontist, South Wales Orthodontic Group
Meeting, 30 June 2006, Cardiff, UNITED KINGDOM

Invited Press Interview, Helping Teenagers Face the World, BBC News Online
-and BBC Good Morning Wales, Wales Today; 15,17 July, 30 November 2004
Three-dimensional imaging of cleft patients, Network Development Day,
Frenchay Hospital, 12 November 2004Bristol, UNITED KINGDOM

Modern three-dimensional imaging in Orthodontics, 30 MScD Reunion, Cardiff
and Vale Country Club, 14-15 October 2004, Cardiff, UNITED KINGDOM

Oral Presentations

1.

2.

Three-dimensional evaluation of facial growth, 6 International Orthodontic
Congress, 11-15 September 2005, Paris, FRANCE
A three-dimensional analysis of facial growth in a cohort of children, 81%
Congress of the European Orthodontic Society, 3-7 June 2005, Amsterdam, THE
NETHERLANDS ’
The construction of the three-dimensional average face — A clinical evaluation
and application, 2" International conference for Advanced International
Technology in Head and Neck Reconstruction, 10-13 March 2005, Banff,
CANADA
Natural Head posture in the measurement of facial morphology. 80™ European
Orthodontic Society Congress, 4-10 June 2004, Aarhus, DENMARK
Three-dimensional laser scanning as a method of studying craniofacial growth,
Senior Colgate Prize at the BSDR Annual Scientific Meeting, 6-8 April 2004,
Birmingham, UNITED KINGDOM
Measuring three-dimensional soft tissue morphology in natural head posture, 6™
International Symposium on computer methods in biomechanics and biomedical
engineering, 25-28 February 2004, Madrid, SPAIN
Reliability of measuring three-dimensional soft tissue images in children, 6™
International Symposium on computer methods in biomechanics and biomedical
engineering, 25-28 February 2004, Madrid, SPAIN

~ Validity and reliability of a portable three-dimensional optical scanning device
for field studies, 7" European Craniofacial Congress, 20-23 November 2003,
Bologna, ITALY

(B) PUBLICATIONS

1.

An analysis of facial growth — three-dimensional perspective. Craniofacial Growth
Series. Centre for Human Growth and Development, The University of Michigan,
Ann Arbor, Needham Press. Vol 44, 2007.

Three-dimensional construction of the 11 year average face — A clinical evaluation
and application. Kau CH, Zhurov A, Richmond S, Knox J, Sugar S, Bibb R, Hartles F
(Journal of Oral Maxillo-facial Surgery 2006, 64(7): 1086-1092)



205

3. Facial Templates — A new perspective in three dimensions. Kau CH, Richmond S,
Zhurov Al, Savio C and Mallorie C (Orthodontics and Craniofacial Research, 2006,
9(1), 10-7) ;

4. Three-dimensional soft tissue imaging and its clinical application in orthodontics.
Kau CH, Zhurov Al and Richmond S (Digital Radiography and Three-dimensional
imaging: Craniofacial Growth Series. Centre for Human Growth and Development,
The University of Michigan, Ann Arbor, Needham Press, 2006, Vol 43, 157-179)

5. Three-Dimensional Cone Beam Computerised Tomography. Kau CH, Palomo JM,
Richmond S and M G Hans (Journal of Orthodontics 2005, 32 (4) 281-292)

6. Reliability of measuring facial morphology using a three-dimensional laser scanning
system. Kau CH, Zhurov Al, Knox J, Chestnutt I, Playle R, Hartles FR and
Richmond S (American Journal of Orthodontics and Dentofacial Orthopedics, 2005,
128(3):424-430)

7. The investigation of the changing facial appearance of identical twins employing a
three-dimensional laser device. Kau CH, Zhurov Al, Bibb R, Hunter ML, Richmond S
(Orthodontics and Craniofacial Research, 8(2): 85-90)

8. Naturliche  Kopfhaltung fur die messung der  dreidimensionalen
weichgewebmorphologie. Kau CH (KN Kieferorthopadie Nachrichten 2005, April
Pg 3-7, ISSN: 1612-2577)

9. Feasibility of measuring three-dimensional morphology in children. Kau CH, Zhurov
Al, Bouwman S, Scheer R and Richmonds S (Orthodontics and Craniofacial
Research, 2004, 7(4) 198-204)

10. Natural head posture for measuring three-dimensional facial morphology. Kau CH,
Zhurov Al Harltes FR, Knox J and Richmond S (Computer methods in
biomechanics and biomedical engineering — 5, Editors Middleton J, Shrive NG and
Jones ML, 2006, ISBN: 0-9549670-0-3)

11. Measuring facial morphology in young subjects. Kau CH, Zhurov AI, Harltes FR,
Knox J and Richmond S (Computer methods in biomechanics and biomedical
engineering — 5, Editors Middleton J, Shrive NG and Jones ML, 2006, ISBN: 0-
9549670-0-3)

12. Computer Methods in three-dimensional modelling of human facial images. Zhurov
Al Kau CH and Richmond S (Computer methods in biomechanics and biomedical
engineering — 5, Editors Middleton J, Shrive NG and Jones ML, 2006, ISBN: 0-
9549670-0-3)

In Press

1. A textbook of three-dimensional imaging for orthodontics and maxillofacial surgery,
Kau CH and Richmond S (Eds). Blackwell Books 2009

2. A three-dimensiondl analysis of surface changes to the facial morphology in a
longitudinal study of 12 year normal untreated children. Kau CH and Richmond S.
American Journal of Orthodontics and Dento-facial Orthopedics, 2008.
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About the author.....

Chung How completed his dental training at the Faculty of Dentistry at the National
University of Singapore. In 1999, following a period of general practice, he moved to Cardiff,
Wales in the United Kingdom to complete his orthodontic speciality and academic training as a
visiting specialist registrar and orthodontic postgraduate at the Cardiff Vale and Morriston
Hospital NHS Trusts. He was appointed as a clinical lecturer and specialist in orthodontics at
the School of Dentistry, Cardiff University in November 2002 and held this position until June
2006. He was subsequently appointed as a locum Consultant Orthodontist at Gloucestershire
Royal Hospital until his present appointment. He keeps a link with Europe as a visiting Clinical
Senior Lecturer in Orthodontics at Cardiff University.

He is an active researcher with a keen interest in three-dimensional research. He is an
invited speaker on this topic and has shared his work on an international stage that in’cludes
North America, Western and Central Europe, the Baltic States, Hungary and the Far East. He
actively contributes and publishes in the orthodontic literature and currently has Ibook, 4 book
chapters, more than 35 peer reviewed publications and 35 conference papers, that have been
published or are in preparation. His other research interests include multi-centre randomized
control trials in orthodontics and the clinical management of hypodontia. He is also the winner
of two of the British Orthodontic Society’s prestigious prizes — the Chapman (2002) and
Houston Prizes (2006).

He completed an AMBA accredited Business Program programme and was awarded a
Masters in Business Administration from the Leeds University Business School in 2003.

"He is an Associate Professor in Orthodontics at the Dental Branch University of Texas,
Health Science Center at Houston and Director of the 3-dimensional facial imaging laboratory.
His lab possesses US$250,000 worth of 3-dimensional imaging equipment and has 3 support
staff and 2 adjunct faculty. '

He also participates in the Faculty Practice in at the Dental Branch, University of Texas
Health Science Center. He is fully registered as a specialist and dentist in the United Kingdom

and Singapore and holds a Sfaculty license in orthodontics in the United States..




