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ABSTRACT

Introduction
This report investigates the ability of surgeons to achieve predicted surgical movements in five 
different groups of patients, and analyses both the predictions and the changes in two dimensions 
using scale space analyses (Campos 1991). The report then progresses to the three dimensional 

analysis of the bone, the soft tissues and the ratio of soft tissue to bone following surgery, using 

a colour coded techniques (Fright and Linney, 1991) to illustrate the changes.

The average soft tissue scans from each group of patients were averaged and compared to a 
control group at the preoperative, three months and 1 year postoperative stages (Fright, 1991)

Data Acquisition
Bone measurements were recorded from lateral skull radiographs preoperatively and 48 hrs 
postoperatively, and CT scans preoperatively and 1 year postoperatively.

Soft tissue measurements from an optical scanner, preoperatively, three months and 1 year 
postoperatively.

Patients
1) Control group: 30 females and 30 males
2) Skeletal class 2 patients: 15 Females and 2 Males r;
3) Skeletal class 3 patients: 9 Females and 7 Males ' l?
4) Cleft Palate Patients i 3,

a) Unilateral cleft lip and palate: [,
6  Females: 2 left and 4 right sided clefts 3

7 Males: 3 left and 4 right sided clefts
b) Bilateral cleft lip and palate: 5 Males and 1 Female
c) Clefts of the Hard and Soft palate: 5 Females

Results
Prediction
There was a surprisingly poor match between the predicted and achieved movements in both the 
horizontal and vertical direction in all patient groups. The scale space analysis provided an 
efficient method of illustrating profile changes.
Soft tissue movements
There were definite patterns of change and relapse in the patient groups. The relapse being most 
marked in the cleft palate patients.



Bone movements and soft tissue to bone ratios

Definite patterns of movement for the maxilla and the mandible became apparent for both the 
bone and soft tissue to bone ratio of movement in each group. For maxillary impactions in the 
skeletal 2  group there was a 1:1 ratio of movement of the soft tissue to bone in the midline 
increasing to 1.25:1 in the canine region and 1.5:1 in the paranasal region.

Conclusions
There is a need to develop a technique to aid the the surgeons in carrying out planned surgical 
movements.

The colour coded method was shown to be a simple, efficient and easily understandable way of 
analysing surgical change. Diagnosis of surgical requirements was aided by the ability to 
objectively compare the individual to a control group.

The prediction of surgical change should be greatly aided by adapting the current database to 
include the distinct patterns of movement in the bone and ratio of movements of the soft tissues 
to the bone.
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INTRODUCTION

The purpose of the study was to examine the post surgical changes in both the soft tissue and bone 
in five separate group of patients and address the following hypotheses:

1) It is possible to reliably achieve predicted surgical movements of the bone, during 
Orthognathic surgery.

2) The soft tissue profile of the predicted and post - operative scans can be reliably matched.

3) There is a constant 1:1 ratio in the movements of the soft tissue to the underlying bone. 
This ratio being constant over the whole of the mandible and maxilla.

4) There is no difference in the soft tissue movementratio in the cleft palate patient compared 
to the non cleft patient.

5) The surgical changes achieved are stable three months and lyr post operatively.

6 ) It is possible to surgically correct every patient to a normal or average appearance.

13



LITERATURE REVIEW

There is very little written in the literature on three dimensional measurement of surgical change. 
In most surgical units in the country the prediction of surgical change and its subsequent 

measurement is currently assessed in two dimensions using lateral skull radiographs for a 
Cephalometric analysis. This section will outline the limitations and reproducibility of 
Cephalometrics. The expected relapse of differing surgical procedures in the mid-sagittal plane 
will also be reported. A brief discussion on the possible application of the Finite Element 
Analysis will be discussed, and then the review of the literature will concentrate on the 
acquisition and processing of three dimensional data.

CEPHALOMETRICS

Standard clinical diagnostic practice is aided by the careful evaluation of the Cephalogram 
where the patients head is placed in a head holder to ensure a standardised film distance and 
position. A large numberof points can be identified on the radiographs and a homology between 
thepoints of aparticularpatient and thoseof any other. Homology is the key to the Cephalometric 
system. Hence the normative databases of Riolo (1974), Broadbent (1975). Morphometric 
systems have evolved wherein distances angles and tensors are used to study shape changes 
between groups (Baumrind 1980, Bookstein 1978,1984a,1984b, Ricketts 1972,1982).

Reproducibility
It is essential that the points identified on the consecutive radiographs of any one case are highly 
reproducible. Only then will it be possible to make valid comparisons as to the effects of growth 
or of surgery.
There have been many studies on the evaluation of the errors on obtaining measurements from 
lateral skullradiographs. The pattern of erroris well documented (Richardson 1966, Baumrind 
and Frantz, 1966,1971). The greatest errors arise in landmark identification. To minimize errors 
in cephalometrics, itis thereforevery importantthataspectsofreconding are precisely controlled, 
with precise definition of the landmarks, calibration of the operators, and the replication of the 
tracings. The problem of head positioning errors even within a cephalostat, was generally 
ignored until investigated by Ahlqvist et al. (1986). They concluded that projection errors in 
linear measurements were not a serious problem in Cephalometry. However, not one of these 
studies was designed to allow the the quantification of errors arising at the different stages: 
landmark identification, obtaining the radiograph, and in measurements. Hatton, and Grainger 

(1958), attempted to discover the source of the errors and measured repeated radiographs on two 
separate occasions. Only one conventional measurement Nasion Bolton point distance was 
analysed from the lateral skull radiographs. The error variance of tracings from the pairs of 
radiographs was almost double that of tracings repeated from the same radiograph and so it was 

concluded that all the error introduced in taking the radiographs was almost as great as that of
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tracing and measurements. In direct contradiction to these findings Houston (1986), found that 
the between radiograph variance was generally small and inconsistent, and always much smaller 
than that of the tracings.

Bjork (1947), Solow (1966), Mitgaid (1974), and Ahlqvist (1986), showed that errors in 
Cephalometrics could be very low provided that due care was given to positioning the patient 

in the cephalostat

Soft Tissues
Wisth and Boe (1975), showed that soft tissue measurements are subject to all the uncertainties 
of the hard tissue landmark location, projection and mechanical errors, and even more dependent 
on thequality of thecephalogram and on the reproducibility of arelaxedposition of the moveable 
parts of the profile. They found that the reliability of landmark location for the soft tissue seemed 
to be comparable to that of the hard tissue, as previously reported by, Carlson (1967), and Wisth 
(1972). Savara et al. (1967), Carlson (1967), Midtgart et al. (1974,) had reported that the greatest 
errors in the placement of landmarks was in the identification of the landmark by the observer. 
It was also reported that there would be even greater errors in the identification of soft tissue 

because of the difficulty in finding well defined anatomical landmarks, and additional variation 
in facial expression.

Hillesund et al. (1978), agreed with the findings of Wisth and Boe (1975), that the differences 
were greatest for those reference points most affected by mimicry, that is upper and lower lip, 
soft tissue B point and soft tissue pogonion. They concluded that differences in the facial 
expressions from one recording to the next placed considerable uncertainty on the identification 
of points, and that each of the soft tissue points had its own envelope of error, similar to the hard 
tissues, (Baumrind and Frantz 1971).

Three dimensional Cephalometry
Attempts have been made to measure three dimensionally using the cephalometric process, 
(Broadbent 1975). Metallic implants have been used to monitor growth and surgery (Bjork and 
Skieller 1977). Baumrind et al. (1983) used narrow angle Xrays to localise anatomical points 
without the need for metallic markers. Cutting (1984,86 a,b), Grayson (1988) used the same 
approach using Posterior-Anterior (P.A.) films and standard Cephalometric points on lateral 

skull radiographs (L.S.). The point source of the xray beam is known as well as the location 

of the shadow of an anatomic landmark on a cephalometric film, thus defining a line in three 

dimensions. By correlating a P.A and a L.S. the intersection of the two lines gives the 3D 
landmark of the point in question, and is free of magnification errors. The limitations of this 

method are that the point must be readily visible in both radiographs. There are of course the 
same difficulties in landmark identifiction and method errors.



However, the main problem is that some of the points do not lie on the skeleton itself e.g. gonion 
as seen on the P. A. is lateral to the gonion seen on the L.S. The great avantage of this system 
is that it permits the use of the large normative databases in 2 dimensions to be used in the 3D 
analysis.

Finite Element Analysis
The Finite technique is a method independent of registration and can be applied to changes in 
growth. The technique measures the change in form rather than form itself. Homologous points 

are stable and do not move, and the change in form is measured in strain tensors and deformation 
gradients.

Richtsmeier and Cheverud (1986), in a criticism of traditional Cephalometrics, stated that 
registration and orientation of radiographs were based upon a given line or point. This was a 
problem, firstly because there is no single stable point in the skull, even Sella shows signs of 
movements because of accretion and resorption occuring locally (Enlow 1968, 1971, and 
Melsen 1974). Secondly the choosing of a line predetermines the growth trajectory of every 
point in a registered system (Pruzansky 1976). Shape changes were also found to occur at all 
landmarks including the sella nasion line which bends during growth. There is also an increase 
in size and shape with age and size does lead to a shape change (Cheverud et al. 1983).

Zienkeiwicz (1977), Rockey (1983) envisaged that the Finite Element Analysis would be the 
answer to the prediction of soft tissue response to changes in the underlying bone position. 
Volumetric tiling of the soft tissue over the bone along with shells for periosteum and skin would 
provide a method of soft tissue modelling. The parameters of shear and elasticity of the finite 
elements could then be adjusted until an optimal model for each finite elementmodel is achieved.
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SURGICAL PLANNING

One of the early ways of planning surgical movements was to cut up two dimensional profile 
photographs magnified to the same size as a standardised cephalometric radiograph and to 
superimpose these over the hard tissues which are then moved to achieve the most satisfactory 
result (Henderson 1974, Fanibunda 1983). The cephalometric radiograph is compared to 
standard cephalometric norms (Riolo et al. 1974) and the Bolton standards, although the greatest 
emphasis must be on the clinical appearance, to help with planning. This has been computerized 

to enable prediction offacial form using two dimensional radiographs (BhatiaandSowray 1984, 
Harradine and Bimie 1985, Moshiri et al. 1982, Walters 1986, Cutting e t al. 1984,86. a.b). If 
there are at least three non colinearpoints in each bone of these bone fragments then the optimum 
positions of the bones can be computed as long as the optimum position is known. The notion 
of optimisation is dependent on the establishment of a homology mapping between landmarks 
on the patient and those of the normative data set. The latter allows the optimization of the 
movements desired until a numeric degree of success had been achieved. The movements are 
repeated until the desired best fit is achieved. Automatic optimisation of the bone fragments 
requires 6  numbers to define a bone fragment. The radiographs are digitised through an on-line 
computer. The method does allow the prediction of the softtissueoutlineastheresultofthebony 
changes. This procedure is, however, time consuming and predicts only in the mid-sagittal 
plane. The lack of such a database on three dimensional data prevents the optimisation concept 
being used in CT and MRI surgical simulation.

BONE MOVEMENTS FOLLOWING SURGERY
Although it is desirable to quantify the amount of bone movement achieved following surgery 
to the jaws, it often proves very difficult to do so, as many of the landmarks commonly used to 
evaluate change are destroyed during the surgery itself. Thus to combat this problem and 

quantify the actual movements of the maxilla and mandible individually Houston et al. (1987) 
described a new method of measuring surgical change based on the method suggested by 
Ekstrom (1982). This technique was based on stable structures, as described by Bjork and 
Skieller (1977), and bony trabeculae in the cranial base, maxilla, and the mandible. The 
technique was found to be highly reproducible with linear method errors of 0.7mm and a standard 
deviation of 1 .2 mm.

SOFT TISSUE CHANGES FOLLOWING SURGERY
The assessment of the change in soft tissues following surgery and the subsequent relapse if any, 
has been limited on the whole to the assessment of three dimensional change using two 
dimensional lateral skull radiographs.

Hershey and Smith (1974), were in agreement with Robinson et al (1972), that for each 

millimeter of movement of the hard tissue points, lower incisor point, point B, and pogonion,

17



there was a 0.9mm posterior displacement of the overlying soft tissue. They also found that for 
a 1mm posterior displacement of pogonion there was a 0 .6 mm displacement of the soft tissue 
B point

Suckiel and Kohn (1978) confirmed these findings and observed that changes in the soft tissue 
of the chin and in the lower lip position relative to the underlying mandibular structures are 
related in almost a 1 :1  ratio.

Moshiri et al. (1982), used the soft tissue movement ratios developed by Worms et al. (1976), 

and Bell et al. (1980), and found that the ratio of soft tissue to bone movement varied according 
to the surgical procedures undertaken. In a total maxillary advancement the upper lip moved 
by a ratio to 1 :2  to the hard tissue: in totalmandibularadvancementthechinmovedina 1:1 ratio, 

the lower lip by a 3:4 ratio,: In a mandibular set back the chin moved by 1:1 the lower lip by 3:4, 
and the upper lip by 1:5 : in a augmentation of the chin there was a 2:3 movement when bone 
was used and 1:1 for a synthetic material.

Attempts to model the soft tissue movements on the conventional Cephalometrics techniques 
(Wilmott 1981), have been minimally satisfactory, and it is questionable whether other methods 
of analysis e.g. the finite element analysis (Cheverud et al. 1983), will resolve the soft tissue 
movements resultant from a specified bony movement.
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SURGICAL RELAPSE

Maxillary Procedures
From the early days it was realised that there was a tendency for relapse, and thus bone grafts 
were inserted, Araujo et al. (1978). Relapse of the maxilla following downward movements of 
the maxilla was also well documented (Wessberg 1981).

Weiss et al. (1989) reported on 39 patients who had maxillary advancements of more than 2mm. 
Fourteen of the patients had rigid fixation, and twenty two had bone grafts. There was movement 
in the first six weeks following surgery, although this was not statistically significant. There was 
a 2 0 % chance that the maxilla would slip posteriorly more than 2 mm and a 1 0 % chance that it 
would move anteriorly. Vertically there was a tendency for the maxilla to move upwards by 
1.5mm. This was particularly the case in maxillae that had been moved downwards surgically. 

Thus downward movement of the maxilla would appear to be very unstable, particularly if wire 
fixation is employed.

Impaction of the maxilla is one of the most stable surgical movements (Proffit et al. 1987, Bishara 
et al. 1988, Turvey et al. 1988). Proffit et al. (1987) reviewed 61 patients following a Le Fort 
1 downfracture impaction of no less than 2mm. The surgery was restricted to the maxilla. No 
relapse was recorded in this group in the first six weeks and indeed some of the cases continued 
to impact. In the period from six weeks toone yearpost operatively there was a slight downwards 
movement in 2 0 % of the cases, but 80% of the cases remained stable.
No direct relationship was found between the amount of impaction and the degree of relapse, 
i.e larger degrees of impaction did not result in greater relapse. Hedemark and Freihofer (1978) 

reported that in a group of 15 patients who had undergone Le Fort 1 procedures effecting vertical 
change, the movements were unstable. They recommended overcorrection of 50 to 100%, if 
conventional wiring techniques were used.

Wardrop and Wolford (1989) have employed hydroxyapatite andrigid fixation in the management 
of maxillary advancement and down graft procedures. They have reported minimal relapse in 
their cases.

Rigid Fixation
The stability of maxillary impaction is improved by the use of rigid fixation techniques. Rigid 
fixation also prevents the continued impaction of the maxilla in the first six weeks post 
operatively (Hennesetal. 1988,Satrometal. 1991). Rigid fixation also improved the short term 
stability of vertical movements, and was particulary effective in downwards movements of the 
maxilla (Luyk et al. 1985, Bennett et al. 1985, Bays 1986).



Bimaxillary Surgery
Moser et al (1980) and Lablanc et al (1982) have also reported that the stability of downward 
movements of the maxilla are more stable if the ramus osteotomy of the mandible is carried out 
simulataneously. This may be because of muscles being detached in the masseteric sling region 
and reducing the degree of muscle pull temporarily. Turvey et a l (1988) investigated 53 patients 
who had maxillary impaction and also surgery to the mandible. They found that the maxilla 
tended to tip up posteriorly in the first six weeks post operatively. In the period from six weeks 
onwards there was no tendency for the maxilla to relapse downwards posteriorly in those cases 
where the maxilla had continued to impact post surgically. Indeed the anterior maxilla in these 
cases was found to impact slightly.

MANDIBULAR PROCEDURES
Two types of mandibular procedures were undertaken and in view of their completely different 
effects these will be considered separately.

Advancement
It is generally accepted that there are three main time frames at which relapse can occur. These 
are during the first six weeks, when the bone is stabilising, the first year and the long term post 
one year stage. McNeill et al. (1973) and Ive et al. (1977) first reported that there was a tendency 
for the mandible to slip posteriorly during the fixation period. The cases reported were all wired 
across the osteotomy sites and had intermaxillary wire fixation. Recentinvestigations by Satrom 
et al. (1992) have alo confirmed that there is adegree of movement of the jaws during the fixation 
period. Bhatia et al. (1985) had reported a steady degree of relapse over the first year post 
operation, but these findings were contradicted by Philipps et al. (1989) who showed that there 
were two very distinct periods in the relapse.

These were the first six weeks and then the next 10 months. The mandible stopped relapsing 
posteriorly after 6  weeks and on average moved forwards with wire fixation. In rigid fixation 
the mandible tended to slip posteriorly after the first six weeks. The vertical changes were also 
different in that the wire fixation group stopped relapsing at the six week stage, but the rigid 
fixation group remained stable at the chin but the gonial angle continued to remodel.

Philipps et al. (1989) reported a success rate of 96% i.e. a positive oveijet of 3mm or less and 
a positive overbite of 3mm or less, on 76 patients who had received mandibular advancement 
and wire fixation. Watzke et al. (1990) reported a similar degree of success in the rigid fixation 
group at the one year stage. There is generally accepted to be very little relapse after the first year 
post-surgery (Ellis and Carlson 1983).

The most probable reason for this relapse as shown by McNeill et al. (1973), Ive et al. (1977) 
and Satrom et al. (1991) is that stretching of the soft tissues places a continuous gende pressure 
on the teeth and consequently they move. Thus as the teeth move the mandible is permitted to 
drop posteriorly.
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There are several variables to examine in the stability of mandibular advancements; the soft 
tissues, the use of supra-hyoid myotomy, the surgical procedure, the degree of advancement, the 
type of fixation, and the surgeon.

The Soft Tissues
The supra-hyoid muscles have been implicated by various authors (Steinhauser 1973 and 

Poulton and Ware 1973)asamajorfactorintherelapseofmandibularadvancements. However, 
Weesberg et al. (1981) reported that these muscles would only have a role in relapse if they were 
stretched significandy above 30%. This is interesting but rather impractical information for the 
surgeon as it is difficult to determine the actual vertical length of the muscles and it would be 
better for the surgeons to employ a supra-hyoid myotomy in large mandibular advancements of 
over 8mm.

Surgical Procedure
The sagittal split osteotomy was introduced in 1957 by Trauner and Obwegeser, and made 
popular by Obwegeser (1964). The technique was subsequendy modified by various authors 
including Dal Pont (1961).

Poulton and Ware (1973)reported on three cases of maxillary retrusion corrected by mandibular 
advancement and found that the degree of skeletal relapse ranged from 23 to 76%. The DalPont 
modification of the sagittal split was evaluated on 38 patients by Freihofer and Petresevic (1975) 
and was found to be successful in 90% of the patients. Four cases of severe relapse were 
documented and 8  patients had moderate relapse of up to 50%. Farrell and Kent (1977) 
investigated 10 cases of retrusion treated by the “C” osteotomy and found that there was an 
overall relapse of 23% on average and some upto 50%. It would therefore seem that relapse 
occurs following surgical procedures in some patients.

Degree of Advancement
Ive et al (1977) studied 21 cases of mandibular advancement and found a correlation between 
the amount of advancement and the degree of relapse. Relapse varied from 11 to 71% of the 
advancement and the average was 30%. They found no correlation with the mandibular plane 
angle, which contradicted the work of Reyes-Ratana Dahl (1977). However, the relapse was 

only measured in the horizontal plane.

Type of Fixation
Ellis et al. (1988) showed that there was less relapse if bone screws and rigid fixation were used. 
This was later confirmed by Watzke et al. (1990), who reported a 90% success rate and found 
that the mandible was less likely to relapse down and backwards if rigid fixation and bone screws 

were used. However, although the mandible was found less likely to move posteriorly there is 
evidence that the mandible may be more likely to move anteriorly following the surgery. The 

reason for this is that the condyle may be placed too posteriorly in the glenoid fossa at the time
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of operation and thus post-operatively the mandible will tend to return to its rest position. There 
is no real method of ensuring that the condyle is at rest and in the correct position at the time of 
surgery, although researchers are currently trying to stimulate the muscles during the operation 
to reproduce the rest position (Ward-Booth, 1991).

Surgeon
This is a particularly difficult factor to examine and assess, but without any doubt must be a major 

consideration, but no literature at present is available on the subject

MANDIBULAR SET BACK
Surgical correction of mandibular prognathism has been used for more than a century (Hulliken 
1849). There have been very many approaches to the problem using varying techniques, and 
they tend to monitor the result of the surgery from the analysis of the sagittal profile using lateral 
skull radiographs and study models. Most authors report a satisfactory occlusal result with a 
slight tendency for sagittal relapse of 2-3mm (Aaronsen 1967, Knowles 1965 and Robinson et 
al. 1972). The degree of vertical relapse varies and probably depends on the surgical method 
used, the stability of the fixation, and the amount of sagittal and vertical movement that was 
necessary to correct the original problem (Bell and Creekmore 1973).

Epker and Fish (1978) reported a high degree of relapse vertically especially in cases of anterior 
basal open bite. Wisth (1981) reported on 44 patients monitored overa 10 yearperiod and found 
that there was mesial movement of the mandible over the the first two years post operatively, and 
that there was a significant reduction in oveijet and overbite of 2mm and lmmrespectively. The 
soft tissues showed the same tendency to a forward displacement especially during the first two 
years. However, over the next 8  years the only area that showed any degree of relapse was the 
area of submentaleorthementalis groove. Overall they indicated that there was minimal relapse 

tendency in 65% of the cases, in 20%, the relapse was within acceptable limits, and in only 15% 
was therelapsesufficientto cause occlusal problems, Le.edge to edge bite, orpoorintercuspation.

Schendel and Epker (1980) evaluated 87 cases, 27 female and 60 male, from several institutions 
who had received surgery to correct their prognathism by several surgeons and using varying 
techniques, including 72 who received a sagittal split osteotomy. They found that in cases with 
a greater than 50% relapse, the mandible had been set back in the region of 9mm, and the 
maxillary mandibular planes angle had also changed by 6  degrees. This indicated a 
counterclockwise rotation during the surgery. There was also an increase in the posterior facial 
height after surgery in those cases showing more than 50% relapse. Kobyashi et al. (1986) 
reported that there was no greater likelihood of stability if rigid fixation was employed.



CLEFT LIP AND PALATE PATIENTS
Wilmar (1974), using Bjork markers, produced a well designed and documented study of 106 
consecutive Le Fort 1 maxillary osteotomied, of which 25 were in cleft lip and palate patients. 

The groups were divided into 17 males and eighty females, and analysed seperately.

Males
The mean horizontal advancement was 6 mm in the males, and 4.1mm in the females, with 
relapseof 17% and25% respectively duringthefirstyearpostoperatively. There was no further 
significant relapse over the ensuing 2 years. The mean vertical movement at the operation in 
males was 2.5mm in the anterior maxilla and 1.1mm in the posterior maxilla, with 52% relapse 
and 91% relapse respectively during the period of immobilisation.

Females
In the female group there was no mean vertical changes after surgery, but during the period of 
fixation, there was a 2.3mm and 1.9mm loss of vertical dimension. Neither males nor females 
demonstrated any further vertical change at the 1 year and 3 year post- operative stage.

Freihofer (1977) reported a series of 19 Le Fort 1 maxillary osteotomies in cleft patients, with 
horizontal advancements ranging from 3 to 13mm and vertical increases of 4 to 11mm. The 
mean antero-posterior relapse was not documented, but five of the cases relapsed 25 to 50%, and 
a further 2 cases relapsed totally. There was a postoperative loss of vertical dimension in all 

patients, with a range of 25 to 60%.

Kufner (1971) reported a series of 61 osteotomies of the midface, of which 49 were in cleft 
patients. There was no statistical analyses of the results. However, two of the patients showed 
partial relapse and another two exhibited total relapse. It is unclear whether these relapses were 
in cleft patients or not. Epker and Wolford (1976) carried out no statistical analysis of of their 
results but claimed that they had eliminated significant relapse in their cases, even in the cleft 
palate cases. They did, however, routinely overcorrect their cases, and recorded that some 
patients who had received maxillary advancements of greater than 1 0 mm had developed 
velopharyngeal insufficency post - operatively. This insufficiency did gradually improve in the 

post operative period and one might conjecture that this may reflect a degree of relapse as well 
as adaptation.

James and Brook (1985) studied 42 consecutive patients with maxillary hypoplasia, secondary 

to cleft palate repair, who had their maxillae advanced by a transpalatal approach Le Fort 1 
osteotomy. They a horizontal relapse of 13% in the first year, and thereafter the relapse was 
minimal. The vertical relapse was in the order of 20% in the four years after surgery.
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3D SURFACE DATA ACQUISITION

This section will report on the other methods of acquiring surface data. A brief description of 
each individual system will be given and a discussion of their advantages and disadvantages.

Several techniques have been suggested for the evaluation of the facial form in 3 dimensions, 

and they include, Morphanalysis, Holography, Moire Topography, Optical scanners, Stereo- 
photogrammetiy, Rasterstereophotogrammetry, and Sonic digitisers.

Photographs
Surface measurements can be taken from standardised photographs of the face, but this 
technique will only give a small amount of the detail available and will not depict subtle 

curvature changes on the surface.

Physioprint
A millimetre grid is projected onto the anterior aspect of the face and the contour map produced 
is recorded from the side by a camera. Sassouni (1957) claimed that when the camera was placed 
at 60 inches from the side of the face and the projector at 1 0 0  inches fron the front of the face 
distortion and magnification were virtually eliminated. Williams (1977), however, showed that 
the system was too inaccurate to record changes on the face, because of divergence. Divergence 
produces inaccuracies as objects closer to the camera are recorded as being larger than those 
further away (Leivesley 1983). The same limitations also apply to Morphanalysis and Moire 
Topography.

Morphanalysis
In 1968, Rabey described the ‘Analytic Morphograph’. This system allowed photographs to 
be taken in two planes at right angles to one another, and represented an early attempt at the 

analysis of the soft tissue changes relating to maxillofacial surgery, and permitted the 
superimposition of two dimensional radiographs, photographs and models. A special head- 
holder was developed to overcome the problems of attaining a constant head position by 
reducing the movements around the external auditory meatus. Ear rods were adjusted to a fixed 

pressure relation between themselves and the ears, thus eliminating errors in achieving a constant 

position with reference to the frame. The recording photograph was then doubly exposed: firstly 
with a photograph of a white grid and then with the superimposed image of the correctly 
positioned patient The equipment is, however, expensive bulky and divergence is a problem.

Holography
Ansley (1970) described the use of a high power laser to make a hologram of the face. However, 

the problems of such a system were firstly that the subject being measured had to remain 

absolutely still to produce accurate holograms, and the high power of the laser could damage the



skin or the eyes. Cobb (1972) used a dummy head to test the accuracy of holograms and found 
that this was only accurate to within 2 mm, and as such was not accurate enough for facial form 
analysis.

M oire Topography
Moire fringes or patterns are produced when figures with periodic rulings are made to overlap. 
Moire Topography can be produced by either additive or subtractive methods. In the additive 
technique a straight line grid is projected onto the face at an angle. The facial contours distort 
this projection and this is recorded by a camera. A flat reference plane is then placed where the 
face was and the grid projected onto this. A photograph is again taken. Moire fringes arise due 
to the interference between the distorted and straight lines on the reference plane.

Moire contour maps are very attractive for visual observation, but there are also difficulties in 
analysis and quantification. Also ambiguities in may exist with regard to fringe order, and sign 
noise patterns are generated by the master grating and are superimposed onto the useful 
information: The sampling may be highly non-uniform, and a system processing capability is 
required if some degree of automation is to be achieved.

Moire Topography has the advantage that large objects can be recorded and an instant image can 
be produced. The equipment is however, initially expensive but the running costs are low. The 
equipmentcan be fully automated andisconsequently moreadvanced than stereophotogrammetry, 
(Drerup 1980, Van Wijk 1980, Hierholzer and Frobin, 1980).

The possible disadvantages of Moire Topography are that its level of accuracy is not great 
enough to record small facial changes e.g. facial change during retention of a surgical case or the 
annual incremental change in facial shape with growth. It is best used on smoothly curving 

surfaces. Difficulty is encountered in following the fringe numbers where the features are sharp. 
Positioning of the head is also important as small changes in head position produce large changes 
in the fringe pattern (Kamazawa and Kamiishi 1978). Blurring of the shadow of the grid often 
occurs as the face is not very reflective. However this can be overcome by coating the face with 
white powder or by using bluish illumination (Takasaki, 1970). Divergence causes errors in that 
the points nearer to the camera are recorded as being larger than those further away.

Other drawbacks of Moire fringes are that data processing may take hours and the fringes are 
of low contrast and thus only appear where the brightness of the face matches that of the reference 
plane. This latter problem was tackled by Takasaki (1970) who developed a method to produce 

high contrast to the fringes.



Phase Shifting Moire
Phase shifted Moire is a full field technique which, unlike conventional Moire, maps 3D into 
2D space where there is no ambiguity as to the sign of the depth of the Z coordinate and no fringe 
centres to be located or fringe mapping to be done. Phase shifting naturally filters out noise in 
an image and can use contrast information that can help determine if data at any point is good. 
Being full field produces a data rich set of 3D coordinates for all points in an object surface.

Traditionally this would detail intense computer time and analysis and also several images to be 
acquired, stored and later processed in a serial fachion. However, by capturing and processing 

images with a massive parallel vision engine reduces the size of this task.

Fourier Transform Method
Improvements in the Moire method, aimed at increasing the accuracy and automating the 
measurement, are based on the use of phase modulation techniques (Perrin and Thomas 1977). 
These techniques are more suitable for automated operation, and are based on the use of the fast 
Fouriertransform analysis to digitally demodulate deformed grating images (Takeda and Mutoh 
1983).

The techniques avoid the necessity for determining the order of the fringes or of interpolating 
between the fringes. It is also sensitive to variation in height within the fnngesand can 
automatically distinguish between depressions and elevations in the shape of an object. 
Measurement of steep object slopes and step discontinuities, may, however, still require very 
high resolution imaging devices and large computing capability (Halioua and Liu, 1986).

Phase Measuring Profilometry and Interferometry Techniques
These techniques were developed for industry and body measurement (Halioua and Liu, 1986, 
1986,1989,1990, and Halioua et al, 1990a, 1990b).

1) Phase measuring Polarisation Interferometry, (PMPI), whereby the incident and reflected 
deformed wavefronts are passed through crystal optics and processed by a microcomputer 
using digital phase measuring algorithms.

2) Phase measuring Profilometry, (PMP) whereby a sinusoidal grating structure is projected 
onto the surface and the resulting deformed grating image is detected at an offset angle by 
a CCD camera and processed by computer, using algorithms (Halioua, 1989).

3) Phase measuring Holographic Interferometry, (PMHI), : two different aspects of the 

surface at rest and under stress are made to interfere by double exposure two reference 
polarized beam holography and the resulting interferograms acquired by a CCD camera 
and processed by a computer.
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The main advantages of the system are the speed of processing o f2,5000 points a second: low 
co st: high precision of the interpolation up to 1X1 0 0 0  of a fringe period with a measuring 
precision of 0.5mm on a body scan to 20 microns on a tooth. It can cope with a huge number 
of data points. Most importantly the acquisition time is very short and all in one view. The 
measurment is also insensitive to background and to contrast variations due to non uniform 

illumination surface reflectivity and detector array.

Using these techniques a vast amount of data can be acquired and video rated with spatial 
resolutions commensurate with the CCD arrays used and processing can be carried out at a rate 
on the order of 1000 points per second. The measuring accuracy is variable from millimeters 
to microns in the case of PMP and is in nanometres for PMPI and PMHI (Halioua, 1986,1989).

Halioua (1990a) found thatphase measuring profilometry allowed real time parallel asquisition 
and processing of large arrays of data points with high accuracy and speed.

Rasterstereophotogrammetry
This technique was first described by Frobin and Hieiholzer(1981) and was developed because 
of the great difficulties in interpretation of the Moire fringe patterns. The technique replaces one 
of the cameras in the standard Stereophotogrammetry set up with a projector. A light pattern is 
then projected onto the object and this is then recorded by a camera, which is placed at a different 
viewpoint The distortion of the projected pattern provides the 3D data. Coray (1990a) and Lerch 

and Barish (1978) have employed similar methods.

Until recently a long time was necessary to process the data. However, the replacement of the 
camera by a video camera and the automatic digitizing of the data as it is collected and in a form 
ready for computer analysis has reduced the processing time to minutes (Frobin and Hierholzer, 

1990).

The system has been used clinically to measure the surface of the human back (Frobin and 
Hierholzer, 1982,1984, Hierholzer and Drerup, 1990). Facial measurement have also been 

made by Coray (1990b).

The accuracy of the system has been recorded as a resolution of 0.4mm in the measurement of 
the back (Frobin and Hierholzer, 1990) and to 2mm in facial measurements (Coray, 1990b).

A similar type of system was produced by Altschuler et al. (1979). In their system dot patterns 
are projected by lasers onto a surface and then viewed from differing aspects. The system has 

been perfected in the measurement of teeth to a resolution of 20 microns (Altschuler, 1990). The 

system is capable of measuring small and large objects by changing lenses. Data acquisition is 
fast and the system is portable.



Telecentric Optics and Contour Photographs
Telecentric Optics is a refined development of light sectioning in which telecentric lenses are 
used to eliminate divergence. With the light sectioning technique an equispaced grid is projected 
onto the side of the face. When this is viewed from the front points of equal depth are illuminated 
byaparticularcontourline. This forms amap of the face. Asthelightdivergesfiromtheprojector 
to reach the face, points that are further away fron the projector have fewer lines intersecting a 
given depth than the points closer to the projector. Similary a photograph of the facial contour 
map gives a larger image for the nose which is closer and a smaller image for the ears which are 

further away. As camera and projector distances are increased the degree of divergence is 
decreased. As increasing the distance is not always practical other ways of collimating the 
projector beam were investigated; Roche and Wignall (1962), the acyrtographometer, (Lovesey, 
1973 and Cobb 1972), a telecentric lens with a large diameter piano convex lens placed in the 
optical path of the projector and camera.

Coloured grids were also found to help avoid confusion in areas with high line density. 
Robertson (1976) used a head-holder and using 2mm contour bands on the face from black and 
white grids. Measurements could then be taken directly from life size photographs. Leivesley 
modified the equipment to record the contour photograph with the subject, sitting upright, in a 
standardised head position, using a framework. Colour reversal film was used which was 
subsequently projected for life size photographs. This method is inexpensive, cheap to run, and 
does not require trained operators. An instant plot is produced which is easily stored and a 
stereoplotter is not required. Lastly as the recording method involves no contact there is no tissue 
distortion. The disadvantages are that it is only accurate to about 1mm on the face (Williams 
1977, Leivesley, 1983, Lovesey 1973), and the contour interval has to be fixed prior to 
photography and cannot vary over the face. The recording room has to be light proofed, and a 
long exposure time is required because of the low output from the projectors and the poor 
reflectivity of the face. This is not ideal as the patient may move during the investigation.

Sonic Digitisers
Sound and ultrasound have been used for many years in clinical applications, e.g. internal body 

structures. However, the waves from the systems are almost totally reflected at the skin surface, 
because of the very large change in the acoustic impedance as the wave passes from air to skin. 
Debate has raged as to whether the technique could be successfully employed in surface 
measurement

Short et al (1974) reported the feasibility of the technique and Lindstrom et al. (1982) found that 
a resolution of between 0.1 - 1 .0mm in the axial direction was possible.

Gallup et al. (1990) recently located a sonic emitter at a given point on the objects surface and 

a sound pulse was emmitted and detected by four microphones at differing positions. The
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distance of the microphones from the sonic emittor was then calculated by time lapsed between 
emmission and detection.

The precision of the technique has been reported as poor, 3mm at one point (Gallup et al. 1990). 
The imaging takes minutes, and in a harsh commercial world is unacceptably slow. However 
the technique can measure large objects and undoubtedly the processing time will improve. Thus 
in the future the technique will almost certainly be a major source of clinical data.

Stereophotogrammetry.
Stereophotogrammetry is the use of stereoscopic methods and equipment to dimensionally 
analyse photographs.
The principle is that of stereoscopic vision where each eye views the subject from a slighdy 
different angle. The different images from the subject allows the brain to perceive depth in 
addition to height and breadth. In photogrammetry the two images produced are placed in a 
stereoplotter where they are orientated to reproduce the exact relationship of the cameras to their 
images. When observed through the twin eyepieces of the stereoplotter each eye receives its 
corresponding image only and the differences in perspective allow a three dimensional image 
to be perceived thus similar to viewing the object directly. This viewpoint is then called a 
stereomodel. A black dot (floating mark) or electronic recorder is attached to the stereoplotter 
and produces either plots or X,Y,Z coordinates.

Advantages
The advantages of the system are that it has been well researched and standardised. A high level 
of accuracy can be achieved if a skilled plotter is used. Burke (1972) stated that for all linear 
parameters the standard deviation of the error of measuring was 0.69mm. The size of the contour 
interval does not have to be fixed at the time of photography and it can be decreased in areas of 
relative flatness to allow smaller changes to be neasured. The method covers the whole of one 
side of the face in one exposure. As it is a non touch method there is no tissue distortion. Sensitive 
areas such as the eye can be contoured. The stereophotograph can be digitised with an electronic 
coordinate recorder. The volumes and surface areas can be computed directly and the 
information can be stored and retrieved directly as required. The technique has been widely used 

and the precision of the measurements have been reported by various authors. Savara (1965) 
claimed an accuracy of 0.2mm; Beard and Burke (1967) 0.8mm; and Bjork (1954) reported an 

accuracy of 1.95% for volume measurements, and 1mm at the most for linear measurements with 
an average of 0.3mm for linear measurements. Burke (1971) found that the variability for linear 
parametres expressed as a standard deviation was 0.69mm and was largely related to the plotting 
error. Stereophotogrammetry is easy to set up initially and low cost but the per patient processing 
time and expense are high.
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Disadvantages
However, there are several disadvantages of the techinque. The equipment is specialised, 
expensive and trained operators are needed. The geometry of the available short base camera 
is such that only a small part of the negative format is used to record an object the size of the face. 
Full accuracy of the machine is not them realised. Facial contour cannot be seen at the time of 
recording the stereophotographs.

Optics and Lasers
Optical sensing methods with their inherently non contact mature and large data handling 
capability have generated much research activity in the past several years (Cutting et al. 1986a, 
1986b, 1987, Anidgeetal. 1985, Moss et al. 1988,McEwen 1987,Tumer-Smith 1988,Tumer- 
Smith et al. 1988, Halioua et al. 1990a, 1990b, Brunet 1990). The forerunner of all of these was 
the laser spot scanner developed by Ishida (1982).
These techniques are characterized by the following features. Non contact: full field imaging 
at very high spatial density: high acquisition speed; facility for instant computerprocessing: high 

measuring accuracy and repeatability: Ease of use: and low cost with available optoelectronic 
and PC hardware.

They are also systems that require a minimal degree of training for the operator.

The major drawbacks of the systems are that the collection time of the data is not instantaneous. 
However, in the system currently being employed at Univesity College London the capture time 
is now only 15 seconds. The problems of patient movement is not a real one except in the under 
4 years of age group.

Laser Scanning Techniques
Fanned laser beams have been used for range finding and studies on robotic vision (Shirac and 
Suwa 1971, Agin and Bindord 1973 and Altshuler and Altshuler 1981). These principles have 
been applied to the recording of facial coordinates and the principles of the system has been 
described by Arridge et al. (1985). Two vertically fanned laser beams were projected onto the 
face and viewed from an oblique angle by a television camera. The use of two laser beams 

avoided blind spots appearing in the final image, and mirrors were used to eliminate areas of 
undercuts. If only one laser was operating parts of the face such as the nose could be missed. 
The patient sat in a chair which rotates at the rate of one revolution per minute, for half a minute, 
which was under microprocesser control. As the rotation took place the video image of the line 

of intersection between a beam and the facial surface was preprocessed and passed via a Direct 
Memory Access interface to the memory of the computer, which had to be very fast to cope with 
the amount of information. Geometrical transformations were then applied to convert the raw 

data into a set of spatial coordinates. The relationship between the screen coordinates and the 

coordinates in real space may be derived from measureable systems parameters such as the laser 
angle, distance of the camera to the centre of rotation and the magnification of the television
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screen. The relationship may also be found by viewing an object of known dimensions. This 
requires only six measurements.

The main advantages of the system is that it is a non contact technique which permits the analysis 
of changes away from the midline, to an accuracy of approximately 1mm. The image is 

immediately available andean be viewed from varying directions usingthe appropriate shading. 
It is possible to store the image and retrieve it for superinposition and data can be linked to other 
data from a C.T. or an NMR scan. The software is easy to set up and user friendly. The 
positioning of the patient’s head is simple to arrange and the face can be seen during the scan.

The major disadavantages are that the equipment is specialised and costly. Areas such as the 
chin are distorted slightly as the laser line disappears with the head held with the Frankfort Plane 
horizontal, although this can be overcome by the use of a tilting platform for the camera and the 
lasers. Facial hair breaks up the laser line making data collection impossible, and not all skin 
types are as good in reflecting the laser light thus making image collection difficult The use of 
two laser beams can overcome the problem of undercut areas shaded by one laser e.g. in the 
region of the nose.

The initial set up costs are very high and yet the per patient cost is very low. It also takes a fifteen 
seconds to collect the data.
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3D VOLUMETRIC DATA ACQUISITION

C.A.T. SCANS
Computerized Tomography allows the collection of large amounts of 3D data in the form of 
slices mapped in terms of the X ray absorption coefficients and with a resolution of 

approximately 1mm.

Computerixed Axial Tomography, unfortunately incurs a large dose of radiation due to the large 

mumber of tomograms required. A low dose option can be fitted to some machines which will 

halve the dose of radiatiom. For a C. A.T. scan of the head approximately 50 slices are needed 
although where less detail is required this can be reduced to a minimum of about 24 slices. The 
slice thickness can be varied, 3mm or 1.5mm is usually used, and the separation of the slices can 
also be varied. The usual slice separation is between 3mm and 6mm. The greater the slice 
separation the poorer the resolution. The angle of the slices can be adjusted to avoid the 
radiosensitive structures e.g. thyroid and the eyes. Typical radiation values, calculated by 
Lithium Fluoride discs, using the Philips CAT scanner for 50 by 1.5mm slices with the low dose 
option at 1.5mm intervals are 30m Sieverts. When the slice separation is increased to 6mm then 
the radiation dosage is 15m Sieverts. These values are well below the permitted annual dose for 
radiation workers of300m Sieverts, and 150mSieverts for the thyroid and the eyes respectively.

Nuclear Magnetic Resonance
Nuclear Magnetic Resonance Imaging has been suggested as a means of obtaining data as this 
incurs no radiation hazard. However, because of the homogeneity of the MR image, low contrast 
structures are difficult to identify when using automatic thresholding techniques e.g. the 
difference in the signals from enamel, bone and air is very small. Thus segmentation in MRI 
requires multiple image features to allow classification (Herman etal. 1985,andHaleetal. 1981). 
Some tissues show a non uniform response producing varying magnetic fields, and problems 

exist with ferro-magnetic materials, e.g. Orthodontic brackets or amalgam fillings which distort 

the magnetic fields. Similar problems exist with articles of jewellery, or metal hooks in clothing 
and some constituents in cosmetics. However, some stainless steel, titanium and aluminium can 

be used.
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3D IMAGING FROM TOMOGRAMS

Many medical imaging systems produce cross sectional images of the human body. The most 
important being the C.T.scan and NMR scanners. It was developed in England by Hounsfield 
(1973) and the first machine was installed in 1972.

The first C.T. images were of single slices taken through the head and were used to diagnose 
conditions of the brain. It quickly became apparent however that multiple slices would enable 

a surgeon to gain an insight into and visualise the 3D anatomy. Since a scan took a few minutes 
and sampled a thick section, only a few widely spaced sections were at first used. By 1980 it was 
possible to scan a few millimetres in width in a few seconds and multiple scans had vecome a 

possibility.

There have also been marked advances in computer graphics and display technology, which now 
produce computer generated pictures which allowed the viewer to perceive the 3D aspects of 
an image with a degree of realism. The early images were referred to as 2 and a half images.

Three dimensional C.T. scans were first employed in management of the craniofacial 
malformations and the processing of the 2D slices provided by the CT scans was developed by 
(Marsh and Vannier 1983, Merz 1983, Vannieretal. 1984, and Marsh etal. 1985,1985b,1986). 
3D CT scanning is now a standard investigation in major Craniofacial centres. Some units use 
custom made hardware and others use the software available in the CT scanners themselves. In 
Craniofacial cases the surgeon is interested in the underlying bone structure, which is easy to 
separate from the other tissues using simple thresholding at the high end of the radiodensity 
spectrum. This technique worked well in the very dense bone and large areas but produced minor 
problems in the thin bone where “pseudo foramina” were produced as large holes. Much has 
been learned from the 3D images through the electronic dissection made available in the system. 
Custom editing allows the clinician to dissect an image of the patient, and requires an interactive 

computer graphics environment
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3D SURGICAL PLANNING

There are two main requirments for 3D surgical planning: a suitable detailed input measurements 
and a means of presenting and manipulating the data. The first images were for viewing only 
and were of the human knee and brain (Herman et al. 1977, Marsh and Vannier 1983). The 
computational and display requirements for the actual planning of facial surgery were found to 
be much greater than those available in the design systems, and the time to generate images varied 
from minutes to hours. Thus special purpose hardware has arisen from this need (Goldwasser 

1986).

Linney et aL (1989) employed two sources of data; laser scans of the facial surface and CT scans. 
For this data to be displayed requires two seperate databases these being a boundary, which gives 
an excellent images of the simple facial surface and a voxel, that represents the volumetric detail 
of the skull and allows solid sectioning. It is also important to be able to transform from one 
system to the other. For the facial surface a set of triangular facets are used for the boundary 
representation because they can be shaded to produce the high quality images needed to convey 
facial aesthetics. The facetted database is produced direcdy from the laser scan coordinates or 
from the CT scans by automatic contour following of the skin surface. A voxel database can be 

sectioned and reconfigured in a manner analogous to surgery.

Volumetric imaging makes use of a basic data volume to produce different kinds of images such 
as cross sections on planes other than that in which the data were collected by the scanner. This 
is called multiplanar reformatting (MPR). MPR was noticed early on in the development of 
C.T. (Peters 1975, Huang and Ledley 1975). The disadvantage of the database is that good 
surface rendering is difficult although recently high quality rendering techniques have been 
reported (Hoehne et al. 1986, Gordon 1985). To give aperception of depth in the image a surface 

shading technique is employed.

Ideally the computer should be able to predict and simulate the optimum surgical result for each 
case. However, the current lack of a database on 3D data prevents the the optimisation concept 
being used in CT and MRI surgical simulation.
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SURGICAL SIMULATION

Computer Simulation
The first attempts to simulate 3D surgery was by Vannier and Marsh et al. (1983) and Vannier 
et al. (1984). This entailed minor imaging, model making and the adaptation of commercial 
computer aided design. The most desirable method is to directly simulate the surgery onto the 
computer screen. Vannier and Marsh (1985a) and Vannier et al. (1983,1984) were the first to 

pursue the adaptation of commercially available design ‘CAD and manufacturing software’but 

were closely followed by workers outlining the requirements for surgical simulation, and 
including them in software (Brewster 1984, Udupa 1982 and Tuy and Udupa 1983).

‘Surgeon Friendly’
Cutting (1986a,1986b, and 1987) and Moss et al. (1988) were amongst the first to write custom 
programmes for the simulation of surgery by the operating surgeon. These were major 

breakthroughs in computer design systems as the users in the surgical field were not normally 
experienced computer operators. Most of the computer programmes had previously been 

developed with the experienced computer operator in mind. Ideally the software should make 
the operator feel that they are in the operating theatre and should be extremely easy to use.

They should also have the following features:
a) the ability to cut the model in osteotomy cuts.
b) to translate and rotate fragments around the three axes.
c) ability to make measurements.
d) the simulation should be instantaneous.
e) quality images.

There are now a number of systems of that type available commercially (McEwen et al. 1987, 

Moss et al. 1988, Udupa 1986). However, one of the main problems of the present systems are 
that there is no numerical concept of normal. Thus the present systems are no more than an artists 
tool and the surgeon works until his eye is satisfied. The real benefit is that several options can 

be explored before the operation. In orthognathic surgery the problem is not where to cut but 

where to move the segment.

The sampling of the facial surface will be very important in the longitudinal follow up of patients. 
The cost, radiation, sedation and availability of CT and MRI preclude their long term use. As 
the surgical planning process becomes more and more precise an ever widening gap is being 

created between the surgical plan and the surgeons ability to adhere to the plan.

Achieving a High quality Image

Several techniques are used to produce 3D images of the human anatomy depending on the

35



subject to be displayed. The most appropriate technique for simple surfaces such as the face is 

to produce a set of small tiles known as facets to represent the surface. Computer display 
programmes then determine which facets are visible from a chosen viewpoint and then apply 
appropriate shading of surface rendering to display the anatomy under study.

This technique is not usually considered appropriate to complicated structures like the skull and 
in this case the structure is considered to be made up of a large amount of elementary cubes 
approximately 1mm, in size, These cubes are often called voxels.

Displaying the anatomical component is then again a decision of which voxels will be visible 
and then using a shading strategy to bring out the 3D aspect

Movement of the Patient
It is important to prevent the patient moving both during the scans as well as in between the scans. 
Otherwise there will be motion artifacts and misalignment discrepancies. Attempts at 
restraining the patient’s head with adhesive tape have been used, but one wonders as to the 

reliability of this approach.

Scan Range
Secondly, in contrast with standard CT scans where only the area showing the pathology is 
scanned, it is necessary to extend the scan range and include some of the surroundings, i.e. the 
complete skull in craniofacial cases. However, most 3D systems are limited in sense that the 
height of the stack of C.T slices cannot exceed the field of view. This means that the skull is too 
big to scan in 1.5mm slices and thus it is important to scan at varying slice spacings e.g. 2mm 
over the most relevant areas and 5mm over the rest.

Image Processing
At the beginning of the image processing it is assumed that there is access to a consistent volume 
of CT data. Each element of this volume is a volume element called a “voxel” and has a separate 
C.T. number ranging from between -1000 representing air, 0 representing water and +1000 

dense bone all the way up to 3095 (Hounsfield 1973). The first stage in the processing of the 
data volume is the creation of cubic voxels, in the data volume, As the centre to centre distance 

from one scan to the next is usually not equal to the pixel size the resulting voxels are rectangular 

in shape.

Segmentation
Segmentation is the process of selecting the volume of the tissue structure of interest and isolating 
it from the total data volume of the tissue of interest. This is a discrete process which defines the 

volume concerned to the nearest voxel. The most commonly used segmentation technique is 

thresholding, although other techniques like volume rendering are employed as described later.
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Surface Description
The third step is to translate the volumetric description of the segmented tissue into a surface 
description. The surface of the tissue is imaged by assigning appropriate shades of grey,” surface 
rendering”, and by displaying it in the perspective corresponding to a given viewing direction. 
Shading and perspective are called “natural” depth cues as opposed to the “artificial” ones used 
previously such as wire frames, the projection of sets of parallel lines (Garelik 1983, Herron 
1977); grids onto a surface (Vannier and Marsh 1985) or finally the display of tissue contours 

with the removal of the hidden lines (Fram 1982 and Verbout 1983).

Surface Shading
The final stage in the image processing is shading of the surface. This can be done without the 
use of a virtual light source by calculating the distance between the observer and the surface for 
each surface element and assigning a gray level to the surface element corresponding to this 

distance. Long shading results in a dark shade and short a lighter shade. This is called “depth 
encoding” and some people refer to it as first generation imaging. It lacks surface detail, and 
hence a light source was used to illuminate the surface from a different direction as related to the 
viewing direction. Different approaches can be used to represent a surface e.g. diffuse lighting 
or illumination from one direction only. The reflection can similarly be diffuse or specular.

There are two ways to approach the visualisation of objects and surfaces, surface rendering and 
volume rendering.

Surface Rendering
Object surfaces are explicitly formed before creating their 3D depictions on a display screen 
using techniques like: hidden surface removal, shading, transparency, dynamic rotation, 
stereoprojection and colouring.

Levoy (1988) described displaying surfaces from volume data as applying a surface detector to 

the sample array, fitting a geometric primitive to the detected surfaces, then rendering these 

primitives using conventional surface rendering algorithims. The techniques differ from each 
other in terms of the type of Primitive employed. In medical imaging it is common to apply 
thresholding to the volume data, and if this is augmented with the local gray scale gradient at 
each voxel, substantial improvements in surface shading can be achieved, (Trousset and Schmitt 
1987, Hoehne et al. 1986, Bernstein 1986, and Goldwasser 1986).

Linney et al. (1988) reported that surface extraction and rendering of a voxel database is more 

difficult and of limited application unless clinically useful. They employed a particular 
interpolation (Gouraud 1971) for surface rendering, but pointed out that their is still great debate 
as to the optimal method for surface rendering.
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Edge Tracking
Alternatively a process of edge tracking can be applied to each slice to yield a set of contours 
defining features of interest Then a mesh of polygons can be constructed connecting the 
contours on adjacent slices, (Pizer 1986). As the scaleofvoxels approaches that of display pixels, 

it becomes possible to apply a local surface detector at each sample location. This yields a very 
large collection of voxel size polygons which can be rendered using standard algorithms, 
(Herman andLiu 1979, Herman etal. 1982,Farrell 1983, Vannier etal. 1983,and Lorensenand 

Cline 1987).

However, Lorensen and Cline (1988) noted that the images from this technique appeared rather 
block like, or stepped when compared to the real tissue. Attempts to smoothe the surface by 
averaging over the neighbouring voxels reduces the detail of the image. Existing methods for 
3D display generate images based on the distance from an imaginary observation point to a patch 
on the surface and on the estimated surface normal of the patch. They reported two algorithms 
that create 3D surface representations and use gradient shading to produce images of both bony 
and soft tissues. They felt that this normalized gradient of the original values in the CT data 
provide a better estimate for the surface normal and hence results in higher quality images.

Partial Volume Averaging
Other methods for visualising electon density maps include stacks of isovalue contour lines, 
ridge lines arranged in 3D space to connect local maxima and basket meshes representing 
isovalue contour surfaces (Purvis and Culberson 1987). These techniques suffer from the 
common problem of having to make a binary classification decision: Either a surface passes 
through the current voxel or it does not. Consequently these methods often exhibit false 
positives, spurious surfaces, or false negatives, which produces erroneous holes in surfaces, 
where the layers of that tissue are thin, known as “pseudoforamina”. This occurs particularly 
in the presence of small or poorly defined features. The cause of this problem called partial 
volume averaging, is that as the thickness of the tissue is smaller than the pixel size or voxel 
height, its CT number is averaged with the surrounding tissues within that voxel, resulting in a 
CT number usually lower than the threshold being used for the segmentation. As long as straight 
forward thresholding is used this phenomenon must be accepted unless the CT numbers are 

restored by some sort of preprocessing of the CT scans such as the use of edge enhancement or 

morphological filters (Maragos 1987).

The segmentation of the tissues sometimes gives erroneous results and often require too much 
interaction. Thus more sophisticated segmentation algorithms are needed that are less sensitive 
to noise and partial volume averaging and that take more features into account than just the CT 
number of a pixel (Haralick 1985).
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Volume Rendering
To avoid many of the above problems a technique called volume rendering was researched 

(Smith 1987) wherein intermediate geometric representation is omitted.

In this technique the object surfaces are not explicitly computed, but are depictions of surface 
interfaces and pseudosurfaces are generated through a process of projection of voxels, (Toenies 

et al. 1990). Images are formed by shading all data samples and projecting them onto the picture 
plane. The key improvement of volume rendering is that it eliminates the need for a surface to 
be either present or absent at a given location, when using geometric representations, and creates 
a mechanism for displaying weak or fuzzy surfaces. It also removes the need to make binary 
classification decisions. Volumerendering allows seperate shading andclassification operations. 

This seperation implies that the accuracy of surface shading and hence the apparent orientation 
of surfaces, does not depend on the success or failure of classification. This robustness can be 
contrasted to the rendering techniques in which only voxels lying on detected surfaces are 
shaded. In such systems any errors in classification result in incorrectly oriented surfaces.

Volume rendering is a versatile technique in that different opacities, colours and material 
percentages can be assigned to the attenuation ranges corresponding to different tissues and air. 
It maintains the continuity of data rendering and can generate images exhibiting approximately 
equivalent resolution yet containing fewer interpretation errors than techinques relying on 
geometricc primitives. However, the omission of an intermediate geometric representation 
makes selection of appropriate shading parameters critical to the effectiveness of the visualization. 
Slight changes in opacity ramps or interpolation methods radically alter the features that are seen 
as well as the overall quality of the images. Volume rendering is also very sensitive to artifacts 
in the acquisition process, and as the shading calculations are strongly dependent on the 
orientation of the local gradient, slight misalignments between adjacent slices produce strong 

striping. Structures are superimposed, making it more difficult to obtain an impression of depth, 
although this can be improved by increasing the tissue opacity (Drebin 1988).

The problem of thin bone was solved by combining techniques of linear and non linear filtering 

(Hemmy and Lindquist 1987), who had the images first judged subjectively by clinicians as to 
their visual quality and fidelity.
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ASSESSMENT OF 3D RECONSTRUCTION SYSTEMS

Tessier and Hemmy (1986) collected data on 231 patients who had been C.T. scanned and 
reconstructed 3 dimensionally using several systems. They divided the acquisition of the data 
from C.T. into three categories. The first being the acquisition of a sufficiently high spatial 
resolution within the scan plane as well as in the direction perpendicular to it, to permit a 
reconstructed 3D image of sufficient detail, and quality. This was later confirmed by the work 
of Zonneveld.1989, who stated that Craniofacial surgery demands sophisticated high quality 

images of the patients morphology. The resolution in the reconstructed image is limited to the 

pixel size, (the size of a single square image element in the C.T.image) whenever the 
reconstructed field of view, (FO V) is 154mm or larger the pixel is equal to the spatial resolution, 
as the reconstructed matrix has 256 pixels across the FOV.

Brewsteret. al.(1984)reportedthatrecentmethodsofreconstructing scans by three dimensional 
imaging had overcome the conceptual problems in the analysis of the C.T. data by providing 
an effective, accurate and reproducuble portrayal of the 3D anatomic structure. However, they 
also emphasized the need for the facility for interaction between the surgeon and the computer 
to permit visualisation of hidden aspects of the object Tessier and Hemmy (1986) realised that 
the images lacked the expected fidelity in terms of resolution colour shading and freedom from 
artefacts. In addition they found it difficult to interact with the relatively small images in the 
display screen as they expected to be able to handle them like a life size model. They also 
criticised several aspects of 3D imaging. They felt that the resolution needed to be in the region 
of 0.1mm. However, this would require an increase in the processing and scan time as well as 
a massive increase in radiation from 40 Gy to 130 Gy (1300 Rad).

Vannier etal. (1989) analyzed the use of 3Dcomputed tomography in the diagnosis of congenital 
and acquired craniofacial deformities. They compared the sensitivity and specificity of 3D CT 
in the detection and characterization of craniosynostosis with that of planar CT and skull 
radiography. Eighty two patients with isolated and syndromal synostoses were imaged with CT 
scans and 3D CT, and 42 with skull radiography. 3D CT scans processing was performed by 
shaded surface reconstruction, volumetric and depth coded methods. Two trained operators read 
each scan series as a blind trial. The observers ranked the 3D shaded image higher than the other 
types, with 3D volumetric images second and 3D surface images ranked third. It was concluded 
that 3D shaded reconstructions from CT scans are superior to conventional plain radiographs 
and CT scans in diagnosing craniosynostosis. These findings were collaborated by Offutt et al. 

(1990).

It is generally accepted that 3D reconstructions produce a satisfactory image in respect of visual 

fidelity, eliciting features even 1 voxel deep; providing the lighting and surface illumination 
models are carefully chosen (Magnusson 1988).
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Despite the many advances in the 3D techniques little has been done to validate the systems or 
quantify measurementerrors. Hildeboltetal. (1990),Linney etal. (1989) carried out a validation 

studies of 3D skull computerized tomography measurements. They compared measurements 
obtained from dry skulls, taken with a pair of callipers and a 3D electromagnetic digitizer, to 

measurements based on the original CT slices and reformatted 3D images. They concluded that 
the 3D CT techniques were superior, but that there was still room for significant improvement

Magnusson et al. (1988) investigated twelve methods of computing surface shading and Tiede 
(1990) carried out a similar investigation on the accuracy of determination of surface normals 
for anatomical surfaces. They questioned to what extent these surface normals play a role in 
giving real life appearance to bone and skin is unclear. Shape derivation from shading has not 
been successful even for the human face or anatomy and there are obviously factors other than 

surface normals which contribute to the facial appearance. Additionally, realism may not be 
necessary for clinical usefulness as C.T. slice images themselves seldom are blood coloured, but 
colouring may be important in patient visualisation of the outcome of the images themselves. 
Tiede et al. (1990) showed that there is no objective way of assessing fidelity or assessing 
anatomical images, by transparency and thus its application clinically is limited. Thresholding 
itself is based on the assumption that tissues either side of an anatomical surface are homogeneous. 
However, even skin is unlikely to have the same composition of absorption coefficient to the 
depth of a voxel. Probably no definite answer for accurate determination exists at present.
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SUPERIMPOSITION OF CT SCANS

Toenniesetal. (1990) attempted to find an operator that maps locations in one image and matches 

these with the same location on the second image of the same patient They defined certain 
criterion for a good match. The area of matching must be a stable area e.g. the cranium. The 
availableimagedata must preserveenoughinformationtogainasufficientlyaccurate identification 

of points. The computation of the transformation requires knowledge of at least 3 pairs of 
matching locations. These points did not have to be anatomical points, but points easily and 
reproducibly recognisable on both the images. If all the landmarks were specified correctly then 
the distance between any two landmarks should be the same for the two representations. They 
reported that the superimpositions were accurate within the resolution of the scans, no method 

errors were recorded

McCanceet al. (1992) found that it was possible to superimpose pre and post operative C.T. scans 
using 5 landmarks to an accuracy of within 1mm. They agreed with Toennies (1990) that these 
points did not require to be anatomical points. Indeed they found that it was prefeiTable to choose 
landmarks on areas of dense bone.
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THREE DIMENSIONAL ANALYSIS OF SURGICAL CHANGE

Superim position Techniques
One of the main problems in the measurement of changes is the difficulty of orientation of the 
head. Various methods have been attempted and they will be briefly described in the following 

section.

Head Holders
Newton (1974) investigated various makes of cephalostat, and found that the Mcgregor type 
with individualised ear rods and nose pieces gave a posing error of less than 1mm. Prieskel 

(1970) developed a fibre glass helmet that orientated the head in a fixed relationship to a given 

datum point

G rids
To overcome the scarcity of reliable points on two dimensional records grids can be constructed 
to overlay the three dimensional records producing artificial points, and enables any point to be 
expressed in relation to three axes. Ferguson (1983) used uniform coordinate grids, or grids 
based on anatomical points, and found that for any system employing rectangular coordinates 
the orientation error was of greater significance than the method enror. Ideally, the relationship 
between the grid and the recording system should remain constant at subsequent recordings.

Translational control of the subject is not important when anatomical points are used, but is 
important when the orientation of the coordinate axes is determined by the recording system.

Volumetric measurements and rectangular coordinate grids have been used in a number of 
studies (Bjork 1954, Haga 1964).

In ternal Landm arks
Burke (1979) reported that if measurements were required between points that were readily 
identified, then slight head posing errors would not matter.

Newton (1974) described the use of natural landmarks on the face e.g. freckles, and assumed that 
there would be a constant relationship between between these landmarks on seperate 

consecutive photographs. However, patients may not always have natural landmarks and they 
may not remain stable. Newton (1974) tested several landmarks on the face, and found that the 
inner canthi of the eyes showed the smallest error of identification. Ferguson (1983) also found 
that the inner canthi were the most reliable points except when that area had been affected by 
surgery. The outer canthi were the next most reliable the greatest error being in the identification 

of the tip of the nose. The mean identification error in all three planes for all three points was
0.3mm.
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Wictorin (1971) compared surgical change using stereophotographs, internal reference datum 
points, e.g. the inner canthus, and constructed horizontal and vertical planes. The mean changes 
were greater laterally than in the median plane. The accuracy was in the order of 1.5-2mm.

Combining Head Holder and Internal Landmarks
Berkowitz and Cuzzi (1977) studied 5 patients with various craniofacial problems pre and post 

reconstructive surgery. Three cameras were used to photograph the face. A common head 
reference frame was used so that the data could be compared using common coordinates. 
Supranasale and subnasale were used as the internal reference points and were related to the head 
holder to establish the coordinates. However these reference points were very close to the 
operation sites and the authors employed very complex methods of validation.

Traditionally, therefore, attempts at comparing profiles with a view to quantifying changes due 
to growth or surgery have involved an operator identifying and locating landmarks (Walker and 
Kowalski 1971, Denis and Speidel 1987). The landmarks are often sparse and objections have 
been voiced on their use. The main objections have been that individual analysis may be 
dependent on profile orientation and that the landmarks provide no information on the shape of 
the segments joining them. The location of the landmarks also relies in expert opinion to create 
homologous points (Mardia 1989).

Cutting et al. (1986a) stated that the “The principle requirement for the advancement of 
computer-aided planning and evaluation of facial surgery will be the development of a surface- 
based, facial shape analysis methodology.” This type of method would lead to the an 
establishment of quantitative normals that could then permit better rendition of the bones and 
the soft tissues of the face, as well as more accurate 3D reconstructions (Savara et al. 1985).

Complementary methods of describing shape must therefore be developed to provide a complete 
set of tools for the statistical and mathematical analysis of profile changes. This problem has 
recieved much attention in the literature of late, but so far no clear solution has emerged.

Mathematical Matching of Surfaces
A further method of orientating successive stereopairs was to try and mathematically match two 
flat areas in an area of non surgical change. The stereophotographs were rotated or translated 
until the mathematical coordinates of the flat areas coincide. Facial expression may, however, 

alter the surface area of the face, volume or distance between identifiable landmarks (Mcgregor 
and Newton 1971), and thus it is extremely important to attempt to standardise the patients’ 

expression at the time of the measurement.

Scale Space Analyis
Thus to combat these problems Campos et al.(1992) employed mathematically defined
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landmarks which are objectively defined extremal points on profiles. The technique which 
yields the best results for surface cross sections e.g. the midline profile, is based on scale space 
techniques reported in the pattern recognition literature (Witkin 1983,Mokhtarian andMackworth 
1986). This technique involves the calculation ofthe curvature ofthe cross section as one moves 
along it. Zero crossings, i.e. points on the profile where the curvature is zero are recorded. The 
profile is then subjected to Gaussian smoothing., and the curvature analysis repeated. As this 
process is repeated the profile becomes smoother and the number of zero crossings is reduced. 
The end point is reached when the curve following the last smoothing contains only a preselected 
number of zero crossings. Accordingly, a profile may be objectively divided up into the number 
of regions considered suitable for analysis. They are seen to correspond to parts of the face of 
interest to the surgeon e.g. the nose, upper lip, lower lip, chin. The results are independent of the 
orientation of the profile and free from subjective judgement

Thereafter the most difficult problem is making a meaningful comparison between extracted 
profiles and their segments. Although this has been researched in Orthodontics and Pattern 
recognition, Statistics etc. there is no clear statistical method to compare shape, despite relevant 
papers (Siegel and Benson 1982, Bookstein, 1986, Kendall 1989). It is important to have a 
quantitative comparison between the profiles, and to measure both the error and the consequence 
which that error has on facial appearance.

Campos et al. (1992) developed a method of registering the profiles over the forehead and 
shading the areas of difference. The differences were illustrated using two seperate metrics, 
based on a modified method developed by Burr (1981). In this technique the profile 
segmentation is independent of the spatial orientation of the profile and free from subjective 
judgement. Unlike the analysis of landmark movements, the method does notrequire registration 
of the profiles to be compared. The statistical comparison of two profiles is displayed visually 
and is thus easily understood.

Fright and Linney (1992) developed a system to compare two head surfaces without the need 
for a common coordinate system. The system enables surfaces measurements to be registered, 
or normalised, with respect to spatial position, orientation and optionally, scale in three 
dimensions. The operator is required to identify landmarks on regions of the surface that have 
remained unchanged or relatively unaltered. The error in the registration of landmarks is 
minimised in a least-squares sense, hence multiple landmarks are favoured to minimise the effect 
of individual errors incurred by the measuring system and the operator.

The areas to be compared are first registered by matching the part which has not been altered 
by surgery. The surgical or growth changes are then demonstrated using a millimetre colour 
scale to differentiate between various degrees of movement In this way both the area and amount 
of movement can be seen.
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Fright (1992) also developed a mathematical method for describing an average head surface to 
provide a useful reference for planning and assessing cranio-facial reconstructive surgery. 
Differences can be expected between the size of individuals heads and in their position and 
orientation during scanning. Thus before an average head surface can be produced a number of 
quantities must be normalised. A transformation matrix minimises the error between the 
individuals landmarks and the reference in a least squares sense. This matrix then maps the 
landmarks and the rest of the data of an individual onto the average. The surfaces are then 

resampled on a regular cylindrical grid in the common coordinate system. The new radial 

measurements of the surfaces are averaged to produce an average head surface. Thus the head 
surface acquires a standard (the average) position and orientation in space and a standard size 

and proportion. The results are independent of the spatial orientation of the profile and free from 
subjective judgement.

Coombes et al. (1990,90,91) described the face mathematically in terms of 8 fundamental 
surface types, which are themselves perceptually meaningful. The mathematics are summarized 
as the calculation of the mean and the Gaussian curvatures at each point on the surface and the 

sign of these, whether positive, negative or zero, is used to determine the “surface type”.

The decomposition of the surface into patches of each fundamental surface shape produces an 
objective, qualitative and quantitative description of the face. The two curvatures are used 
independently of each other and both are needed to describe the surface unambiguously. The 
great advantage of this system is that it is independent of surface orientation (rotation and 
translation), and the coordinates origin. It is a consistent description of the surface regardless 
of the viewpoint

The results of the surface types can be represented as a percentage of the entire surface and also 
graphically. This system of shape analysis will permit statistical analysis ofthe area of the patches 
of surface types on the face. It can also analyse the dimensions both horizontally and verticallly, 
and its bending energy (the measure of the degree of deformity of its boundary from a circle). 
Thus the comparison of a particular patch on the face from two different images of a face before 
and after surgery, would give details as regards the deformation and change that the particular 
patch had undergone. The analysis of many differing patches would be very time consuming 
and the same results would be gleaned from a series of varying thresholds surface type images. 
The level at which the change occurs gives a measure of the amount by which the curvature of 
the soft tissues has changed or is different
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MATERIAL

Patient Groups

In order to test the hypotheses four main groups of patients were investigated.

1) An adult control group ofmales and females, in the age range 20 to 25 years, with a skeletal 

class 1 jaw relationship.

2) An adult group of skeletal class 2 patients who required bimaxillary surgery to correct 
maxillary protrusion or mandibular retrognathism.

3) An adult group of skeletal class 3 patients, who had either a maxillary netrusion, a 
mandibular prognathism, or a combination of the two.

4) An adult group of patients with cleft lip and palate who required maxillofacial surgery for 
the correction of severe maxillary hypoplasia, with deficiency in all three planes of space. 
In view of the diversity of types of cleft palate patient, this group was subdivided into a 
further three groups: unilateral cleft lip and palate (U.C.L.P.), bilateral cleft lip and palate 
(B.C.L.P.), and clefts of the secondary palate (C.S.P.).

Patient Selection

The patients were selected from Joint clinics in Maxillofacial Surgery and Orthodontics at
University College Hospital Dental Hospital, London and the Hospital for Sick Children, Great
Ormond Street, London. The protocol was discussed at length with the patients and their
permission agreed.

Patient Numbers

1) Control Group: 30 females and 30 males

2) Skeletal Class 2 Patients: 15 Females and 2 Males

3) Skeletal Class 3 Patients: 9 Females and 7 Males

4) Cleft Palate Patients:
a) Bilateral cleft lip and palate: 5 Males and 1 Female
b) Unilateral cleft lip and palate:
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6 Females: 2 left and 4 right sided clefts
7 Males: 3 left and 4 right sided clefts

c) Gefts of the Hard and Soft Palate: 5 Females

METHOD

Patient Protocol

All patients were advised that they would receive an increased amount of radiation from the C.T. 
scans in comparison to routine radiographs. However, all precautions were taken to reduce 
patient radiation by utilising a low dose option on the CT scanner.

1) A laser scan of the patient’s face was arranged.

2) Orthodontic treatment required was then canied out.

3) Patient reviewed on the joint clinic after the orthodontic treatment.

4) The surgeons and orthodontists recorded the proposed surgical movements anticipated 
for the patient at this joint clinic review.

5) A lateral skull radiograph was taken.

6) Arrangements were then made for C.T. scans and Laser scans.

The C.T. scans were carried out following a written protocol at the scanning departments at 
University College, the National Hospital, and the Hospital for Sick Children, Great Ormond 
Street, London. The scan range extended from the supra-orbital ridges to just below the 
mandible. Small slice spacings (3mm) were used pre-operatively and over areas where the 
surgeons required fine details, the rest of the scan being (6mm) slices. Only (6mm) slice spacings 

were used in the post operative scans. A typical sequence would be for between 20 and 40 
contiguous slices at 3mm and 6mm intervals, at two of the scanning departments and at 2mm 
and 5mm at the other. This latter difference was due to the different scanner (Toshiba) newly 

installed in the Great Ormond Street Department

7) The reconstructive planning movements were then simulated on the 3-dimensional model 
generated from the cross sectional data by the use of the computer graphics.

8) Any changes in the surgical approach that resulted from the planning procedures were 
recorded and discussed with the surgeons.
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9) The surgery was then carried out as near as possible to the planned prescription.

10) Details of the surgical movements achieved at the time of surgery were recorded at the 

operation.

11) A lateral skull radiograph was taken within 48 hours of the operation.

12) A Laser scan was taken three months post surgery.

13) A further C.T. scan was taken at the one year post-operative stage.

14) A Laser scan was also taken at the one year post-operative stage.

15) The data from all the patients was entered on a database. Physical measurements in the 
form of C.T. and laser scans were stored on magnetic tape and floppy discs respectively. 

The results of surgical simulation, both images, and the modified 3D database were also 

stored on magnetic tape.

Surgical Protocol

Maxillary Procedures
Three maxillary procedures were employed for the surgical management of the patients:

1. The Le Fort 1 downfracture technique (Obwegeser, 1969).

2. The modified transpalatal approach Le Fort 1 osteotomy (James and Brook, 1985).

3. The Kuffner Le Fort 11 osteotomy (Kuffner, 1971).

The decision on the level and the type of operation was decided at the chair side on the joint
surgical and orthodontics clinics, and was governed by the following considerations;

1) Facial aesthetics.

2) The degree of surgical movements involved.

3) The dangers of adversely affecting speech, particularly in the cleft lip palate patients. All 
thelatterpatients werepreoperatively assessed by the speech therapists, usingnasendoscopy, 

for the degree of Velopharyngeal competence.
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M andibular Procedures
Three main types of mandibular procedure were used

1) The sagittal split osteotomy (Obwegeser, 1964).

2) The Vertical Subsigmoid (Caldwell and Letterman, 1954).

3) Genioplasty.

4) Infra - mandibular (Supra - Hyoid) myotomy 

Fixation
Champy plates were used on all the maxillary procedures. No plates were used on the mandibles 
and only very occasionally was it necessary to place a circum-mandibular or upper border trans- 
osseous wire. The mandible was wired to the maxilla by intermaxillary fixation for a minimum 
period of six weeks.
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DATA ACQUISITION

Lateral Skull Radiographs
Standardised lateral skull radiographs were taken of each patient in the study at the pre-operative 
stage and at the 48 hour, fixation release, and 1 year post-operative stages.

LASER SCANNER

The Laser
This system employs a Spectra-Physics Helium Neon Laser Model 155 (soft laser) to produce 
a randomly polarized laser with an 0.5 mw output power. A special neutral density filter inside 
the laser ensures that the output power will not exceed l.Omw which is the maximum output 
power for a class 2 laser as defined by the Bureau of Radiological Health B.S.4803 (1983).

A cylindrical lens is placed to produce a thin plane of light in one axis only, giving a beam 
divergence of 45 degrees on leaving the laser. When fanned out the laser has a skin exposure 
of less than 0.3 micro watts square millimetre.

The maximum exposure for skin is 2 mw per square millimetre over a 150 minutes and for the 
eyes is 10 mw per square millimetre over 60 minutes. As the total laser scanning time is less 
than this, and the eyes are usually closed, repeated scanning can be undertaken.

Patient Scanning Set-up
In order to obtain a satisfactory and accurate scan the scanning room has to be darkened, although 
light proofing is not necessary. A red filter is also fitted over the camera lens to reduce the effects 
of extraneous light other than that arising from the laser.

The patient sits on a chair, mounted on a platform, which is rotated under computer control so 
that the laser stripe passes over the whole area of interest The time for an average scan is 15 
seconds. The low power laser produces a thin beam of red light and is fanned out into a vertical 
line 0.7mm wide, which is in turn projected onto the patient’s face. The vertical line appears on 
the patient’s face as a thin red stripe. The form of the stripe running over the face is viewed by 
a video camera, which is driven to give a faster scan of 287 active lines with each line being 
sampled 590 times. An optical shaft encoder is attached to the platform and as the chair rotates 
a series of profiles are collected at programmed intervals. These are currently 1.4 degrees over 
the front of the face in the area of the nose where greater detail is required and 2.8 degrees 
elsewhere.

The patient’s head is supported by a headrest with a concave surface into which the nape of the 
neck rests. The patient usually has their head tipped backwards to mimimize the degree of
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undercut around the chin and neck. The vertical position of the chair is adjusted until the profile 
o f the patients face appears in the middle of the monitor screen, and is clear throughout its whole 
length. To maximise the resolution, the horizontal magnification of the camera is increased 
electronically by a factor of two. The patient and the chair are then rotated to the start scan 
position, with the laser line at least 2 cm behind the left ear.

The output from the camera is digitised and then passed through a digital comparator, which is 

adjusted dynamically so that its threshold is set a 50% of the peak intensity of the previous line. 
This improves the ability to detect the line and exclude extraneous signals, therefore allowing 
the system to cope with the large differences in intensity of the light reflected from surfaces that 
face the camera, such as the underside of the chin. Mirrors are also employed to enable undercuts 

to be mapped. The more prominent a feature is in the face the more the laser line is horizontally 

displaced to the left The Laser scan set up is illustrated in Fig.(l).

The digital data from the camera are stored in a data buffer and continually updated, and may 
be transferred at any time into computer memory.

Skin Types and Hair
There is no precise relationship between skin type and the quality of scan achieved. However, 
fairer skin colour and smoother skin texture generally scan better than darker skin and rougher 
skin texture. Facial hair such as a moustache or beard breaks up the laser line and produces a 
poor quality scan. However, skin surfaces with a slight beard stubble can be improved by 
coating the surface with talcum powder.

Some precautions were necessary to ensure adequate reflection of the laser light. Subjects wore 
a stocking cap to compress the hair and the head was reclined slightly to reduce the occurrence 
of shadow regions under the nose and chin. The maximum height of the profile was limited to 
the high forehead because profile intensity fades as the slope of the head surface increases at the 

top of the head.

Computer Specification and Preprocessing
The computer has to be fast, so that the procedures can be as interactive as possible and be able 
to access directly a large address space. The resolution of each frame provides 2 bytes perline 
and 312 lines per frame for a U.K. interfaced T.V.raster. The rate is thus 2bytes per 64 

microseconds or about 31 kB/S which is within the limits of most microcomputers. The only 
limit to the resolution in the stepping angle of the platform is that the scanning time must be kept 

short. The maximum rate is determined by the video frame rate of 25 frames per second in the 
U.K. Thus ideally a 32 byte processor is required.

The principle used by the preprocessing system is the measurement of the length of time 

separating the line synchronisation pulse from the video signals representing the laser line
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images in each video line. In order to increase the sensitivity of the system, the scanning voltage 
is increased so that the video image is magnified in the horizontal direction. To achieve this the 
preprocessing system generates the master frame pulse and the line synchronisation pulses. At 
the start of each line the line synchronisation pulse resets acounterregistering cycles from a clock 
running at 10 Mega bytes. Voltage level comparators now produce output pulses as the video 
signal rises and falls below critical values which are dynamically adjusted to take into account 
the variability of the laser brightness on the skin. These pulses are used to latch the contents of 
the clock register and line counter into a local First in First Out FIFO memory bank together with 
the contents of a register holding the line count A seperate clock operates for each half of the 
picture so that the output from each line is a sixteen bit word containing a seven bit encoding of 
the detected laser line in each half of the picture. The highest significant bit in each half is used 
for validation. The screen is resolved into 256 pixels per scan line. The accuracy could be 
improved if a higher resolution screen is used. At the end of each frame a consistency check is 
made to see whether the data is correctly recorded and if so the motor is stepped on.

A register is also continuously updated by the output from the shaft encoder connected to the 
drive shaft on the patient chair. Although the data may be sampled by the preprocessor at frame 
rate, it is transferred under programme control at selected intervals as required into the computer 
memory via the DMA interface.lt is possible to control both the number of lines recorded per 
frame and the angular step between frames so that in regions of greater interest more sampling 
can take place.

Once the data has been transferred to the computer each line is analysed to determine whether 
it contains valid data. The criteria for valid data are that the data represention a laser line position 
is within the known range in which lines are to be found in the video image and that where there 
are more than two video signals appearing on a video line, the valid signals can be unambiguously 
identified. Where these criteria are met the average value of the clock counter on the rise and 
fall of each signal is calculated and taken to represent the position of the video signals on the video 
line examined. These values together with the line number represent the positions of the laser 
leads in the final image.

Use o f Computer Graphics for Data Analysis
Data may either be compared using a number of profiles of the face or by using computer 
graphics. The use of the graphics overcomes the obvious difficulty of analysing40,000 to60,000 
points distributed in three dimensions by allowing the entire data set to be displayed as a surface 
on a video monitor. An image of the facial surface is produced from a set of closely spaced 
surface coordinates. The structured character of the data makes them ideal for use as a graphics 
database.

The software then produces a realistic shaded image of the face from the laser data, using 
Gouraud shading techniques (Gouraud 1971). This then allows the operator to use the cursor 
on the screen to measure 3D distances between anatomical points.
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Principles o f Image Production and Presentation
Facets making up the surface of the face are generated from the coordinates, the first stage being 
to produce regions from the vertical laser profiles. A set of transverse head sections planes with 
a selected separations are set up, and the points of intersection between these planes and the 
vertical profiles is determined. The set of points lying in each plane is used to define the contour 
at that level. There are in the region of 10 -1 5  thousand facettes per scan, but as the face is 

topologically simple the procedure is not difficult Triangular elements are chosen to simplify 
subsequent computational procedures.

The next stage is to view the surface on the television screen fron various angles with appropriate 
illumination. The smoothing of the image places a great demand upon the computational powers 
to eliminate hidden surfaces and generate the correct degree of illumination. The display system 
has a resolution of 512 x 512 pixels (but this represents only one quarter of the user definable 
area of the screen), by 24 bits deep (3 eight bitplanes). The computer keyboard allows interaction 
to show different lighting conditions for the image on the screen.

Calibration of the System
The system is calibrated on a daily basis to minimize optical distortions introduced by the 
proximity of the patient to the camera. This also takes account of the electrical and mechanical 
changes that may occur. The axis of rotation of the chair platform, which is vertical is used as 
the origin of the coordinate system A steel strip, with a painted white line is suspended over 
the axis. The operator first checks that the image of the white line is in the centre of the screen 
.Thus there is a line of known length, at known inclination (vertical) and radial position. The 
operator first checks that the image of the vertical white line is perpendicular to the TV scan lines 
and, if not an appropriate adjustment is made to the cmaera mount. The position of the line’s 
image is then recorded and the steel strip is moved to the next slot on the calibration jig. This 

continues at 10mm intervals for 15 cms and the images are then filed. This stored data is then 
used to set up an interpolation matrix to transform the subsequent digitised video input from the 
patient’s face into spatial coordinates.

Stability and Repeatability
The calibrations are stable over a period as long as three weeks except in respect of the zero 
position which shows a measurable change over this time. This drift is related to camera 

electronics, but is not a problem in practice as the aystem is calibrated daily. The reproducibility 

has been expressed in terms of the mid-line profile length: 85% of the profile length showed 
differences of less than 0.2mm 12% between 0.2 and 0.5mm, 2% 0.5 and 1mm. This variability 

may also include possible variation in the disposition of the soft tissue over the face from day 

to day. The computer graphics are extremely sensitive to any type of movement and when there 
has been movement the scan is repeated.
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COMPUTERIZED TOMOGRAPHY

C.T. Scanning Protocol

C.T. scans were taken of each patient pre - operatively and one year post - operatively.

A typical pre-operative scan consisted of30 to 60 slices 1.5mm thick separated by a gap of 3mm 
throughout the area of surgical interest and at greater intervals throughout the immediately 
neighbouring areas such as the eyes. The post - operative scans were restricted to 6 mm slice 
spacings and the patients were only scanned from the supraorbital ridges to just below the 
mandible. This reduction in scanning technique was to minimize the amount of radiation to the 
patient However, it was important to have sufficient area scanned to permit superimposition 
of the scans over a stable and unchanged area of the face. The CT data invariably required 
modification to exclude the presence of streak artifacts caused by amalgam fillings in the teeth 
or fixed orthodontic appliances. This is done semiautomatically by retaining only the bone 
information in those scans that are affected and losing the soft tissue detail. The time taken for 
the scan was dependent upon the number of slices required, but on average the patients were 
required to remain still for 40 to 50 minutes, for the pre - operative scan and considerably less 
for the post - operative scan. Four different views of a skeletal n  patient pre and post-operatively 
thresholded at bone and skin are illustrated in Figs.(2,3,4 &5).
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CT Scan
S k e le ta l  II p a t ien t

Thresholded for Bone -  Pre-operative

Fig 2
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CT Scan
S k e le ta l  II p a t ien t

Thresholded for Bone -  Post-operative

Fig 3
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CT Scan
Skeletal II patient

Thresholded for Skin -  Pre-operative

Fig 4
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CT Scan
S k e le ta l  II p a t ien t

Thresholded for Skin -  Post-operative

Fig 5
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DATA PROCESSING

Three Dimensional Reconstruction Technique

A voxel database is used to represent volume information as this can be easily sectioned and 
reconfigured in a manner analogous to surgical procedures. The disadvantage of this database 
is that good surface rendering is difficult to achieve. InterScan interpolation along the axial 
direction is needed to equalize inter slice interval and pixel size, so as to produce cubic voxels. 
These are stored in an octree encoded form which has certain advantages for procedures used 

in the display and simulation of surgeiy. The encoding retains information on the Hounsfield 
numbers in CT scans so that the anatomy with any selected range of these numbers can be 
displayed without the need to generate a fresh octree. This information is also used to improve 
the resolution in the depth buffer from which surface shading is calculated.

Graphic Algorithm
For the voxel database viewed along one of the principal axes a front to back display algorithm 
is used for speed. By taking advantage of the octree data structure it is possible to avoid 
projecting many of the voxels on to the screen. This is achieved by examinimg the parts of the 
screen which have already been painted after each level of the octree has been visited.

This technique minimizes computation and hence maximizes speed. The painters algorithm is 
used for a general view of the voxel database.

The value which is derived for each pixel projection is the depth of the nearest visible voxel along 
the projection line satisfying some threshold or criterion for its assigned density value. The 
simplest form of rendering which gives an impression of depth is to display a pixel illumination 
which falls off in proportion to the distance of the voxel surface from the observer. This is known 
as depth shading. It is possible to produce a more realistic image with a variable direction of 
illumination by estimating the surface normal at any voxel surface by using the relative depths 
of its density values of its nearest neighbours, Gordon and Reynolds, (1985). The use of density 
values of the original data can also improve the shading. A high resolution is achieved with the 
algorithms developed for the current system by using the original Hounsfield values in the CT 

scans to estimate the position of a boundary between tissue types at subvoxel resolution.
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SURGICAL SIMULATION

For the application of planning facial surgery two sources of data have been used: sets of 
contiguous transaxial Xray tomograms fron CT scanners and facial surface scans fron a purpose- 
built laser scanner. 3D graphics databases are constructed so that views of both external and 
internal anatomy can be created for display on a video monitor.

The system on which the surgical planning procedure was undertaken was a NORSK ND 540 

super-minicomputer which drives a GEMS display system that has a resolution of 512 by 512 
pixels and 24 bit planes. i.e. it has true colour capabilities, The system has a magnetic tape driver 

to allow transfer of data from CT scanners, a special interface to the laser scanner and the usual 
user input output peripherals. The GEMS system has a trackball and cursor generator allowing 
interaction with displayed images. Haiti copy for the operating theatre and for patient files is 
generated by a video printer an X-Y plotter and a printer (Fig.6).

The system has the capability to prescribe for the surgery and the movements of bone fragments. 
This consists of firstly modelling the bone movements under the skin and then calculating the 
effect on the overlying skin. (Figs.7,8,9,10,11,12,13,14 & 15).

The area of osteotomy is planned by using an image of the anterior view of the skull, the desired 
area is demarcated by the use of the cursor. Then by further rotation and modification the exact 
area of bone to be surgically moved is isolated from the rest of the skull. This same area of bone 
is then displayed independently on another part of the screen, and can be moved to any new 
location in respect of the whole face and the skull by marking a movement vector in two different 
projections. The section of bone which has been moved is then merged back into the original 
skull and the result can be viewed from any chosen direction. This can be repeated on other 
sections of the head using the hard and soft tissue data until the simulated surgery is regarded as 
producing a satisfactory aesthetic result

The prediction can then be viewed by simply selecting a Hounsfield threshold appropriate to 
either the bone or the soft tissue as the surgical movements applied to the bone automatically 
are applied to the overlying soft tissue. However, large deficiencies will appear on the skin 
surface as there has been no actual modelling of the soft tissues and they have been made to 
follow the underlying bony movements. It is possible to achieve better soft tissue images by 
adopting a slightly different approach. 2D axial sections from the modified database lying 
parallel to the original CT sections are generated and displayed. The contours of the skin surface 

are then extracted from these by simple contourfollowing. These are smoothed by a very simple 
model which takes the two extreme slices and smoothes the surface data between them. This 

algorithm will need refinement when enough statistical data has been collected. In this model
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the skin surface displacement between this point and the step produced in the surface in response 

to bone movement. The surgeons are thus able to visualize the effects of the intended surgery 
and to gain a view of the bony structure before the operation. Video prints of the different views 
are recorded and placed in the operation and patient notes. The degree of movement is also 
recorded in all three axes in millimetres.
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Fig 6. Schematic diagram of the surgical simulation system
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Computer Graphic Prediction of the Outcome of 
Surgery

Computer graphics have been developed for planning, simulating and 
predicting the outcome of facial reconstructive surgery. The following 
sequence of photographs is an example of this.

Fig 7. CT scan slices through the head; the data input
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Fig 8. Image of the patient (generated from the CT scans) 
before surgery, showing bone and soft tissue.

Fig 9. Anterior view of the skull with portion of bone to be 
moved outlined in red.
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Fig 10. Left view showing the required bone movement.

Fig 11. Predicted bone location when movement is performed 
(lower mandible removed).
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Fig 12. Predicted final bone position.

Fig 13. Relation of the soft tissue to the bone after surgery.
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Fig 14. Composite movementsoftheskinsurfaceasaresult 
of the simulated surgery.

Fig 15. Predicted skin surface after surgery.
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DATA ANALYSIS

Two dimensional Surgical Change 

Tracing Method and Digitisation
All radiographs were traced underideal lighting conditions using a 4H  pencil onto acetate paper 
and digitised twice using the Cas Program (Ross Instruments). Stable structures, as described 
by Bjork and Skieller (1977), and bony trabeculae in the cranial base, maxilla, and the mandible 

were identified on each Radiograph, and the radiographs were superimposed using the method 
suggested by Ekstrom (1982) and Houston etal. (1987). As described by Houston etal. (1987) 
a line of 80mm length was drawn to represent the cranial base, running close to but not on the 
Sella-Nasion line. Point PI was the perpendicular projection of Sella onto this line and point 
P2 was placed 80 mm to the right Similarly, a line of 60mm was drawn close to but not through 

ANS and PNS to represent the maxilla.In the maxilla, point P4 was placed proximate to ANS, 
and point P3 was placed 60 mm to the left A third line of 80mm was drawn for the mandible 
running close to the line from gonion to menton. Point P6 was placed close to menton and point 
P5 was located 80 mm to the left on this line (Fig 16). The linear and angular measurements 
recorded are shown in Fig.(17).

Registration
The first radiograph was attached to the registration table by adhesive tape and the first tracing 
was aligned to the cranial base. The three points on the cranial base P 1, P2 and the midpoint were 
digitised, and then without moving the radiograph the maxillary and then mandibular structures 
were aligned and digitised. This same procedure was then employed on the second and third 
radiographs, and the degree of linear and angular movement calculated (Fig. 17). This procedure 
was then repeated on two further occasions at weekly intervals.

Analysis
Results were calculated by superimposing the images from each of the three radiographs upon 
one another using the sella nasion as the baseline. This baseline was then rotated to be horizontal.

The replicate images from each of the two digitisations were analysed separately and the method 
errors for both the linear and angular measurents were calculated. The mean differences between 

the first and second were small and insignificant. The error variance of the averaged digitisations 
is therefore one quarter of the variance between digitisations:
Var((a+b)/2) = 1/4 var (a+b) = 1/4 var (a-b)
where a and b are the first and second digitisations and the errors between the first and second 
digitisations are not correlated. The method error described in Table 1 is the standard deviation 
calculated from this error variance.
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Fig 16. Cranial base and maxillary structurestracedforsuperimposition. 
The line P1 -  P2 is the cranial base reference line: the line P3 -  P4 is the 
maxillary reference line, and the line P5 -  P6 is the mandibular refence line.

A right facing profile
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Fig 17. Measurements of change in the maxillary and mandibular position. 
The digitized imageds ot the two radiographs from the sam e patient are 
superimposed upon the cranial base reference line. Linear displacements 
are calculated between p3 and p3', p4 and p4' etc. in X and Y. Angular 
changes are measured between the lines p3 - p4 and the line p3' - p4', and 
p5’ -  p6' and p5 -  p6.
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SURGICAL PREDICTION AND TWO DIMENSIONAL TISSUE 
CHANGES IN THE MID SAGITTAL PLANE

The assessment was based on the comparison of a set of selected profiles from both the predicted 

face, using the preoperative CT data, with the post operative laser scan. The pre and post 
operation laser scans were also compared. The means of comparison were designed to be 
sensitive to shape, rather than simply to spatial differences of location of selected points and 
regions of facial outlines.

Extraction of Profiles
To analyse the shape changes a number of sagittal sections of the face, including the midline 
profile, were chosen (Fig. 18). The sagittal sections were defined by mathematical landmarks 
and also by their displacement from the mid-line.

Landmarks and the Division of Profiles into Segments
Mathematically defined landmarks were objectively demarcated on extremal points on profiles, 
based on scale space techniques, Witkin, (1983), Mokhtarian and Mackworth, (1986).

The curvature of each profile was calculated and Zero crossings, i.e. points on the profile where 
the curvature is zero were recorded. The profile was then subjected to Gaussian smoothing, and 
the curvature analysis repeated (Fig. 19). As this process is repeated the profile becomes 
smoother anf the number of zero crossings is reduced. The end point is reached when the curve 
following the last smoothing contains only a preselected numberof zero crossings. Accordingly, 
a profile may be objectively divided up into the number of regions considered suitable for 
analysis (Fig.20). They are seen to correspond to parts of the face of interest to the surgeon e.g. 
the nose, upper lip, lower lip, chin (Moss et al. 1991).

Most importantly the results were independent of profile orientation and free from subjective 
judgement

Comparison and Difference Metric 
Registration of Profiles
The profiles were first registered by matching an area unaltered by surgery. In all cases reported 
here this area was the forehead.

The first part of the registration was to move the uppermost mathematical landmark on the two 
profiles into coincidence by simple translation. Then one profile was rotated to produce a 
coincidence over the forehead segment (Fig.21). The areas of differences between the profiles 

were then automatically shaded to assist visual appreciation and assessment (Fig.22).

73



The differences between profiles, independent of their orientation, were measured using a 
modified technique which relied neither entirely on landmarks nor shape characteristics 
(Campos et al.1991). The degree of similarity of the profiles was then described.

Segmentation
The data is first segmented by dividing up each profile into an equal number of more elementary 

portions (Fig.23).

The profile segmentation is independent of the spatial orientation of the profile and free from 
subjective judgement Unlike the analysis of landmark movements, the profiles do not require 
registration prior to comparison.

Metrics
Once the profiles have been divided up metrics can be derived from changes occurring in the 
individual regions of each profile. There are two different forms of metric that can be employed 
tocompare theprofiles. Thefirstmetric (Fig.24) is obtained by dividing each segment of a profile 
by a number of equidistant points. The difference metric for each individual segment is the sum 
of the distances between corresponding points within the segment Distances along the whole 
profile are represented by line lengths on the right of the same figure. A similar figure was 
produced for each group of patients, comparing the profiles before and at some time after surgery, 
and also comparing the postsurgical profile with that which was predicted, by the simple soft 
tissue model.

The first metric was, however, found to be quite sensitive to the accuracy of registration of the 
profiles.

The second metric is derived by summing a different distance. In this case, the profile segments 
are divided by points on the first profiles and for each point, the distance of the closest point on 
the second profile is found (Fig.25). The statistics of these distances are presented in exactly 
the same way for each patient as is the first inter profile distance.

The second distance metric is not very sensitive to registration errors, but does not obviously 
relate to earlier methods. Both have been used to give the clinician as good a view as possible.

The advantage of the method is that the statistics may be readily visualised and that emphasis 
is not placed on individual landmarks. Their main weakness, however, is that for two profiles 

which have a similar shape and are merely displaced from each other a large difference will be 
computed, and may thus be misleading. Situations of this kind may, however, be detected by 
visual inspection.
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The distance metric for each individual comparison will be represented as in (Fig.26). On the 
left side of each graph will be a figure for each segment from 1 -8  compared. There will also 
be a distance in millimetres which represents the mean difference over that segment between the 
two profiles. Hence if one looks at Fig.(33) the mean difference value for segment 1 is 1.34mm 
and for segment 7 the mean difference value is 2.63mm.

In the skeletal 2 group this alone will be reported on the left of each graph. However, as the 
research progressed the software was modified to print out a distance histogram as well. This 
histogram represents the percentage of the inter profile point distances. The x axis is divided into 
2.5mm increments, the Y axis into percentages. Thus if one looks at the same Fig.33 then 81 % 

of the comparative distances in segment 1 were less than 2.5 mm, 18% were beteen 2.5 and 5mm, 
in segment 7,50% were between 0 and 2.5 mm, 33% between 2.5 and 5mm, and 16% between 
5 and 7.5mm, the percentage at the first increment is 50% then 50% of the point distances in that 

segment had a mean difference of less than 2.5 mm.

The right side of the graph reports the whole profile comparison point by point and the histogram 

is the percentage of the point differences over the whole profile.
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Fig 18. Set of sagital sections extracted from a patient/Es face before (top) 
and after (bottom) surgery.

76



Fig 19. The smoothing process (by convolution) for a midline profile.

A sequence of profiles at various levels of detail is obtained, ranging from 
a  fine scale (S=1, on the left) to a coarse scale (S=24, on the right).
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C o n v o l v e d  P r o f i l e  a t  S=1  
and l o c a t i o n  o f  ZC p o i n t s  
( S= 2 . 0 0  => ZC= 9  )

C u r v a t u r e  S c a l e  S p a c e  D e s c r i p t i o n

C o n v o l v e d  P r o f i l e  X L e n g t h

C u r v a t u r e  X l e n g t h

Fig 20. Division of profiles into segments.

The horizontal line shown, at the Curvature Scale Space Description, 
indicates the level of smoothing used to define 9 zero crossing points. The 
profile on the left side shows the location of the zero crossing points and the 
defined segments.
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Fig 21. Illustrates the rotation and translation stages during the registration 
procedure performed interactively on the screen.
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Fig 22. The shaded areas indicate the difference between two profiles 
superimposed after registration.
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Curvature Scale Space 
Description

Convolved Profile X Length

Curvature X  Length

Fig 23. Automatic segmentation of the midline profiles 

Post-op (left) and Predicted (right)
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QHM.n.fĉ n-fc>.a)r\nn

Matched Profiles

13 ■

■ f l

16 14

. 00 2 . 5 0 '  5 . 0 0 '  7 . 5 0  1 2 . 5 8

Fig 24. Analysis of profile differences: first metric 

Pre-op (left) and Post-op (right)

82

Distance 
X 

S
egm

ent 
P

oints-



Segm
ent 

Distance 
Shape 

and 
Mean 

Distance 
Value

/
1 . 9 7

' V
p  .- 2.21

k(
1
1 3 - 4 . 5 1

\ 4 - 4 . 0 8

I 5 - 4 . 2 7

I
6 - 3 . 9 9

1

I
7 - 2 . 6 0

V. a -  1 . 9 4

Q-iuirocn^-icom

GO CO

Matched Profiles 00' 2 . 5 0  5 . 0 0  7 . 5 0  1 0 . 0 0

Fig 25. Analysis of profile differences: second metric 

Pre-op (left) and Post-op (right)

83

Distance 
X 

Segm
ent 

Points



Matched Profiles 3

Fig 26. The distance metric using the minimum distance method.

Histograms of the distance metric are shown. Units are in millitres. On the 
right hand side the whole profile is considered. On the left hand side each 
segment is individually analysed.
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THREE DIMENSIONAL SOFT TISSUE CHANGE

Laser Scans
The raw laser data file of each patient was loaded onto the system and was rotated until the face 
was central on the screen. The image was then saved as a view file to permit a constant postion 
o f the face, when the file was loaded again. Four standard views of laser scans taken before and 
after surgery from one skeletal II patient are shown in Figs.(27,28,)

Mirroring the Image
Unilateral cleft lip and palate patients
In order to create a larger sample size for overall comparison and averaging it was decided that 
all the unilateral cleft lip and palate patients should be made to be right sided clefts only. Thus 
to convert the left sided cleft patients laser scans, the images were mirrored by the computer in 
the X axis. The new images were then saved in this position and a view file created.

REGISTRATION OF 3D SURFACES USING MULTIPLE LANDMARKS

Two or more head surfaces often need to be compared or processed, but no common coordinate 
system may exist between them. In this report there is a need to compare the pre and post 
operative surfaces and also surfaces measured with different modalities. Thus for this purpose 
Fright and Linney, (1992), developed a mathematical procedure that enables surfaces 
measurements to be registered or normalised with respect to spatial position orientation and 
optionally scale in three dimensions. The operator is required to identify landmarks on regions 
of the surface that have remained unchanged or relatively unaltered e.g. the eyes and the 
forehead. The error in the registration of landmarks is minimised in a least -squares sense, hence 
multiple landmarks are favoured to minimise the effect of individual errors incurred by the 
measuring system and the operator.

Landmark identification
An operator identifies a set of landmark points, on the surface of each individual head. The 
illuminated surface image is displayed and a cursor is driven across the screen. The location of 
the landmarks is assisted by vertical and horizontal profiles of the object at the cursor point being 
displayed alongside the image (Fig.29). Thus points of maximum and minimum covexity or 
concavity are readily identified. The three dimensional position of the surface at the cursor point 
is computed from the two dimensional screen position, the value of the z buffer at that point and 
the matrix transformation, from viewing space to object space.The landmarks are located across 

the whole surface to give a good distribution of the coordinates in all three planes of space.
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Definition of Landmarks
Each point in a data set has an arbitrary position, in the sense that it does not necessarily 
correspond to any known feature on the head. However, the positions of a number of landmarks 
are required to describe, or locate, the head in space. The ten landmarks across the eyes and 
forehead were used for the comparison of surgical change.

Five points were chosen across the eyes and nose: (Fig.30)
1) Left lateral canthus:
2) Left medial canthus:
3) Soft tissue nasion: chosen as the position of themaximum concavity in the vertical plane 

profile, and the maximum convexity on the transverse plane profile.
4) Right medial canthus
5) Right lateral canthus

To these five points are added a further five mathematically constructed points across the 
forehead (Fig.30).

Construction o f Forehead Points
The five points across the eyes and nasion are joined to form a constructed line. The face is then 
orientated with the mid sagittal plane at 90 degrees to this line. Five further landmarks, arbitrary 
points, are then automatically constructed on the forehead. The first point being a perpendicular 
projection from the canthal constructed line at a distance of 30mm up from Nasion. The next 
two pairs of points being constructed at 15mm intervals across the forehead perpendicular to the 
mid sagittal plane.

Further Points Employed for the Averaging Procedure
As the scaling of the scans for the production of an average is dependent on the landmarks chosen, 

landmarks across the whole of the facial surface were recorded. This permitted radial data to be 

sampled from the whole face, and gave equal weighting to all parts of the scan. The following 
points were also identified and registered (Fig.30).

11) The left alar base: defined as the most inferior and lateral point on the alar base.
12) The base of the nose in the midline: defined as the point of maximum concavity on the 

vertical profile and the midpoint orpoint of maximum convexity on the horizontal profile.
13) The right alar base.

14) The most anterior point in the midline of the upper lip.
15) The most anterior point in the midline of the lower lip.

These latter two points were defined as the point of maximum convexity in both the horizontal 
and vertical profiles.
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F ig  2 9 .  F ig  3 0 .

Landmarks

On the left image the 3D position of the left inner canthus landmark is 
indicated on the vertical profile (a), and on the horizontal profile (b) by black 
dots. On the right, the individual landmarks identified on each scan are 
indicated
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Registration
The areas to be compared are first registered by matching the part which has not been altered 
by surgery. In all cases reported here, this corresponded to the forehead. Radial measurements 
are then calculated from the central axis of the head (Fig.31). to the surface of the face and the 

differences in areas of change are then demonstrated using a colour millimetre scale of colours 
to differentiate between various degrees of movement In areas where there had been no change 
the original colour of the laser scan remained. In this way both the area and amount of movement 
can be seen (Fig.32).
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Radial measurements from the centre of 
rotation of the skull to either bone or 

skin surface

Fig 31
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Millimetres

Fig 32. The superimposition of an individual’s scans pre-operatively and 
three months post-operatively.

The images were matched and registered across the forehead. Areas 
where there has been no change remain a neutral colour. The effects on the 
soft tissues of a maxillary impaction and a mandibular advancement are 
illustrated. The mandible has been advanced by 9mm over the chin but the 
movement reduced to 7mm at the corner of the mouth and 3mm over the 
body bilaterally. The maxilla has been advanced by 5-7mm across the 
upper lip region and this degree of change extended out to the paranasal 
regions, gradually reducing to 3mm by the mid-canthal line.

92



Averaging of Laser Scans

An average head surface would provide a useful reference forplanning an assessing cranio-facial 
reconstructive surgery. The individual surface measurements must first be registered using the 
technique of multiple landmarks, mentioned previously. The surfaces are then resampled on a 
regular cylindrical grid in the common coordinate system. The new radial measurements of the 
surfaces are averaged to produce an average head surface, (Fright and linney, 1991). Radial 
measurements of the surfaces are also used to construct an image representing one standard 
deviation from the average. The average male and female scans from control groups are shown 
in Fig.(33). The difference between the male and female control group are illustrated in Fig. (34) 
The average and the standard deviation images are superimposed and radius shaded to quantify 
the value of one standard deviation. In the male control group (Fig.35) the valuation of one 
standard deviation was 3mm overmost of the face, but there was little variation over the forehead 
region. The standard deviation was in the region of 5mm over the nose and 5 -8 mm over the chin. 
Thus the nose and the chin were the most variable parts of the face between individuals in the 
control male group. In the female control group (Fig.35) there was a similar pattern to the male 
control group over the forehead, the nose, the chin and the major part of the facial complex. 
However, in the female control group there was also little variation over the upper lip and the 
outer canthi of the eyes.

The data is collected from a laser scanner and is displayed as an image by Gouraud illumimated 
surface rendering techniques. A surface is recreated from the data points using a mesh of 
triangular polygons, or facets. Each facet is formed from three points, two adjacent points on 
one profile and a third point on the adjacent profile. Before computing an image two 
preprocessing steps are taken. Firstly the surface normal at each point is computed. This is 
simply the average of the surface normals of the four facets adjacent to the point Secondly, the 
data points and their surface normals are transformed by a derived vector, V, to the required 
viewing position. Following a transformation by a derived vector, V, the (x.y.) components of 
a point define its position in, or projection onto, the viewing plane, and the z component is the 
distance, or z depth of the point The surface illumination at each data point is calculated from 
the direction of the surface normal at that point, the viewing direction and the lighting source 
model. The calculation can be simplified if the lighting direction is the same as, or behind the 
viewer, i.e. the z axis, The scalar, or dot, product with the surface normal (i.e. its z component) 
is a useful approximation to a simple single diffuse light source.

The surface illumination and surface depth, or z buffer, are required at regularly spaced points, 
orpixel positions, in the cartesian coordinate system of the viewing plane. The values of all pixels 
falling within the projection of a facet are computed by linear interpolation, in accordance with 
the simple facet model of the surface. Hidden surfaces are resolved with reference to the z buffer.

Resolution of the Im age
Vertical resolution (within a profile) is better than 1mm and horizontal resolution (profile to 
profile) is typically 4mm.
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THREE DIMENSIONAL BONE AND SOFT TISSUE TO BONE 
RATIOS OF CHANGE

C.T.Scans
Because of the need to minimise the degree of radiation that each patient in the study received 

C.T. scans were only taken pre-operativley and at the one year post surgical stage. The 
measurement of the actual bone movements achieved at the time of surgery was carried out using 
standardised lateral skull radiographs, albeit it a 2 D midsaggital plane change. The bone 
movement at the one year post operative stage was measured in 3 D from recon structed C.T.scan.

The C.T. scans are loaded from file (Fig.36), and thresholded at +150 Houndsfield threshold, 
for the density of bone required. The scan is orientated in a front on view and then saved as a 
view file. This enables the scan to be loaded at any future occasion in the same position.

Landmarks
An operator identifies a set of landmark points, on the surface of each individual head. The 
surface illumination image is displayed and a cursor is driven across the screen. The three 
dimensional position of the surface at the cursor point is computed from the two dimensional 
screen position, the value of the z buffer at that point and the matrix transformation, from viewing 

space to object space.

The location of the landmarks is assisted by vertical and horizontal profiles of the object at the 
cursor point being displayed alongside the image.

Definition o f Landmarks
Five landmarks in total were found to be adequate to gain a high degree of reproducibility in the 

matching of the pre and post operative images (Fig. 37).

Three landmarks are located on the front profile of the scan:

A) the mid - point on the right and left orbital margins just below the fronto nasal suture.

B) the hard tissue nasion, defined as the most convex point of the horizontal profile and the 

point of maximum concavity on the vertical profile.

The view of the skull is then altered to the base of the skull and a further two landmarks are 

identified (Fig.37):

C) the mid point, right and left, on the base of the zygommatic arch near to the articular 

eminence, on the temporal bone.
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These points were reliably located on all of the scans. The points were identified in areas of very 
dense bone and were not affected by small differences in the thresholds between the two scans. 
Despite the difference in the slice spacings between the pre and post - operative scans the 
landmarks were was always matched to within a millimetre.

The points chosen were felt to be sufficiently far apart and reflect large differences in the X, Y, 

and Z coordinates. Thus the scan image could be adequately defined in space.

Bone Movements Following Surgery
The pre and one year post operation CT scans were loaded individually and registered using the 
five landmarks specified above. Radial measurements are then calculated from the central axis 
of the head to the outer bone surface and the differences in areas of change are then demonstrated 
using a colour millimetre scale (Fig.38). In areas where there had been no change the original 
colour of the CT scan remained. In this way both the area and amount of movement could be 
seen.

Soft Tissue to Bone Ratio of Movement
The pre and one year post operation CT scans were loaded individually and registered using the 
five landmarks specified above. The scans were first thresholded at bone, Hounsfield +150, to 
enable the landmarks to be placed and then re thresholded at skin, Hounsfield -250 (Fig.39,40). 
Radial measurements of the surface of the bone were then calculated on each scan, followed 
by the radial measurements of the skin surfaces. The ratio of movement of the soft tissue to the 
underlying bone was then calculated, and illustrated by a different colour scale (Fig.38).
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CT Landmarks

Fig 37.
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METHOD ERRORS

Lateral Skull Radiographs
The Lateral skull radiographs of twenty of the individual cases were traced,superimposed and 
digitised on two seperate occasions, one week apart.

The replicate images from each of the two digitisations were analysed separately and the method 
errors for both the linear and angular measurents were calculated. The mean differences between 

the first and second were small and insignificant The errorvariance of the averaged digitisations 
is therefore one quarter of the variance between digitisations:

var((a+b)/2) = 1/4 var (a+b) = 1/4 var (a-b)

where a and b are the first and second digitisations and the errors between the first and second 
digitisations are not correlated. The method error described in Table 1 is the standard deviation 
calculated from this error variance.

Laser and CT Scans
Ten landmarks on the pre and post operative laser scans and five landmarks on the pre and post 
operative CT scans of twenty patients, four patients from each patient group, were identified 
on three seperate occasions at weekly intervals. The method errors were reported as the mean 
difference and the standard deviations in the X Y and Z  coordinates of each landmark: identified 
on the laser and C.T. scans (Tables 2,3,4,5,6  and 7). The null hypothesis for the mean difference 
in each coordinate was also tested using a one sample t-test.
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RESULTS

TWO DIMENSIONAL ANALYSIS 

Prediction of Surgical Change
Prediction of surgical outcome is dependent on many variables, including the accuracy of the 
prediction system, and the ability of the surgeon to carry out his preoperative prescription. The 
prediction system was dependent on a database of previous surgical outcome, and in this system 
the ratio of soft tissue to bone movement was kept at 1 :1 .

Each patient has been assigned a code to protect their anonymity, the prefix UC indicates a 
Unilateral cleft lip and palate patient, SP a cleft of the secondary palate patient, BC a bilateral 
cleft lip and palate patient, 2 a class 2 patient, and 3 a class 3 patient

Cephalometric Results
The preoperative planned surgical movements and the actual surgical movements achieved for 
the anterior maxilla in each individual group of patients are reported as this was the most 
commonly predicted surgical movement The planned surgical movements were recorded at the 
clinic pre-operatively and the actual movements achieved in the maxillae and the mandible were 
measured from superimpostions o f lateral skull radiographs.

A detailed Cephalometric report of all other surgical movements achieved in each group of 
patients for the anterior and posterior maxilla and the anterior and posterior mandible are shown 
in Appendix 1, (Tables 9,11,13,15 & 17).

Scale Space Analysis - Profile changes
The changes occurring in the midline profile following surgery for each individual group of 
patients will be illustrated by one case. Comparisons will be made between the pre-operative 

and the three month post-operative profiles, and the predicted post-operative profile and the 

actual post-operative profile.

The profile changes for each individual comparison will be represented as in Fig.(41). On the 
left side of each graph will be a figure for each segment from 1 -8  compared. There will also 
be a distance in millimetres which represents the mean difference over that segment between the 
two profiles. Hence, in Fig (41), the mean difference value for segment 1 is 1.34mm and for 
segment 7 the mean difference value is 2.63mm.

In the skeletal 2 group this alone will be reported on the left of each graph. In the other groups, 
however, as was explained earlier in the method section, a distance histogram will also be 

reported. This histogram represents the percentage of the inter profile point distances. The x axis

111



GJ <J1 U1 £>• OJ U) »-*•
©  cj cn .b. cd cd rv> ©© ^  wai rotten cdui
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Fig 41. The distance metric using the minimun distance method

Histograms of the distance metric are shown. Units are in millimetres. On 
the right hand side the whole profile is considered. On the left hand side 
each segment is indivisually analysed
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is divided into 2.5mm increments, the Y axis into percentages. Thus if one looks at the same Fig. 
(41)then81%ofthecomparativedistancesin segment 1 were less than 2.5 mm, 18% werebeteen
2.5 and 5mm, in segment 7 50% were between 0 and 2.5 mm, 33% between 2.5 and 5mm, and 
16% between 5 and 7.5mm, the percentage at the first increment is 50% then 50% of the point 
distances in that segment had a mean difference of less than 2.5 mm.

The right side of the graph reports the whole profile comparison point by point The histogram 
is the percentage of the distances between corresponding points over the whole profile, that fell 
between 0 - 2.5mm, 2.5-5.0 mm etc..
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Skeletal 2 Group
There was a surprisingly poor match between the predicted and achieved movements in both the 
horizontal and vertical direction. The results were also very varied in that sometimes the actual 
movement achieved was far greater than predicted, sometimes far less, and very occasionally 
closely matched, (Table 8 , Fig.42,43). The surgicalmovementsforthemaxillaand the mandible 

are shown in Appendix 1, (Table.9).

Profile Change
2.2 Before and after surgery (Fig.44).
There has been some change in the upper lip. The lower lip has become more prominent and 
the chin has moved forward into a more superior position. 15% of the changes are between 2.5 
and 1 0  mm.

2.2 Predicted and after surgery (Fig.45).
The prediction of the movement of the lips was good but some changes were predicted in the 
nose which did not occur. There was a very good degree of similarity in the predicted and actual 
move ments in this case in the anteroposterior direction, 2.5 mm compared to 3 mm. However, 
in the vertical plane the maxilla was impacted only 1.5 mm compared to a predicted 6  mm. It 
had been anticipated that the anterior face height would be reduced, but the mandible was moved 
anteriorly at the time of surgery by 2  mm and also 6  mm downwards.

Skeletal 3 Group
There was a poor match between the predicted and the achieved surgical movements. However, 
the degree of difference was not as marked in the horizontal direction with many of the cases 
being predicted within 3 mm. The vertical movements were very surprising in that often the 
actual movements achieved were in completely the opposite direction to that which had been 
predicted (Figs. 46 & 47, and Table 10). All other movements of the maxilla and the mandible 
are reported in Table 11 in Appendix 1.

Profile changes
3.5 Before and after surgery (Fig.48).
The nose and middle third of the face had moved downwards and forwards and the chin had 
moved downwards and backwards slightly increasing the height of the face.

3.5 Predicted and after surgery (Fig. 49).
The prediction over the nose was not good, with the nose and upper lip advancing more than 
expected, whereas over the chin the prediction was accurate to within 2.5 mm. The intention of 
the surgery was to impact the maxilla by 3 mm and advance it by 5 mm. However, the maxilla 
was advanced by 8  mm and broughtdown by 2 mm anteriorly. Again the mandible was advanced 
by 3.8 mm in a class 3 case to compensate for the maxillary advancement and to maintain facial 
harmony, and would explain the deficiency of the prediction in this area.
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Unilateral Cleft Lip and Palate Patients
There was a very poor prediction of the horizontal and vertical movements and this was 
particularly so in the larger movements (Figs.50 & 51, and Table 12). All other movements of 
the maxilla and the mandible are shown in Table 13 in Appendix 1.

Profile Changes
UC.12 Before and after surgery (Fig.52).
This shows the considerable changes in the nose lips and chin as a result o f bimaxillary surgery. 
The reduction genioplasty which was not predicted has altered the height of the face without 

changing the anteroposterior position of the face.

UC.12 Predicted and after surgery (Fig.53).
There was poor correlation between the chin and the nose, the differences being 4 - 7  mm and
1.5 - 2.5 mm respectively.

The poor prediction over the chin region was due to the fact that the surgeon undertook a 

genioplasty at the time of the operation which had not been planned and therefore was not 
predicted.

Bilateral Cleft Lip and Palate Group
There was a lack of prediction in these cases in the vertical plane. The predicted horizontal 
movements were accurately achieved (Fig.54 & 55, and Table 14). The rest of the movements 
of the maxilla and the mandible are shown in Table 15 in Appendix 1.

Profile Changes
BC.4 Before and after surgery (Fig.56).
There was considerable improvement in the nose, upper lip and chin as a result of the surgery 

but there was little change in the position of the tip of the nose. The underneath of the nose and 
the upper lip have changed by 7 -1 0  mm.

BC.4 Predicted and after surgery (Fig.57).
This shows the differences between the predicted and postoperative midline profiles. There was 

good prediction of the soft tissues over the nose, but poorer prediction of the region of the lips 

and chin.

Clefts of the Secondary Palate Group
There was no assessment of vertical movements in the prediction of these cases as the surgeons 
anticipated a straight maxillary advancement. In all but one of the cases the vertical movements 

weresmall. Thepredictionofthehorizontalmovementswaspoor(Figs.58&59,andTable 16). 

The rest of the movements of the maxilla and the mandible are shown in Table 17 Appendix 1.
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Profile Changes
No cases were accurately predicted and therefore only an example of a poorly predicted case will 
be reported.

SP.3 Before and after surgery (Fig.60).
The maxillary advancement resulted in forward movement of the nose, but not the tip. The upper 
lip was also advanced. The advancement of the maxilla was also accompanied by an upward and 
forward movement of the mandible.

SP.3 Predicted and after surgery (Fig.61).
The prediction of the position of the upper lip was poor as was the anticipated movement of the 
nose. The mandible was well predicted.

The few cases where the predictions were good in terms of achieving the predicted surgical 
movements illustrated that the prediction system itself appeared to be poor in the region of the 
nose and the chin, but otherwise a reasonable degree of similarity was achieved.
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Analysis of profile differences

Post-op (left) and Predicted (right)
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Analysis of profile differences

Pre-op (left) and Post-op (right)
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Analysis of profile differences

Post-op (left) and Predicted (right)
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THREE DIMENSIONAL ANALYSIS

Soft Tissues
The average and standard deviation laser scan images for male and female in the control groups 
and the pre-operative and three months post-operative stages in the patient groups were 
constructed. The standard deviation image was constructed as the image representing one 
standard deviation from the average image. The average and the standard images were matched 
and superimposed to give a colour three dimensional representation of the value of one standard 
deviation. The results of these comparisons will be illustrated by a face-on view.

Mean and Standard Deviations 
Control Group
The standard deviations for the control group are shown in Fig. (62).

Males
In the male control group (Fig.62) the valuation of one standard deviation was 3mm over most 
of the face, but there was little variation over the forehead and the outer canthi of the eyes. The 
standard deviation was in the region of 5mm over the side of the nose and 5-8mm over the chin. 
Thus the nose and the chin were the most variable parts of the face between individuals in the 
control male group.

Females
In the female control group (Fig.62) there was a similar pattern to the male control group over 
the forehead, the lateral canthi, the chin and the major part of the facial complex. However, in 
the female control group there was also little variation over the upper lip. The dorsum and the 
sides of the nose showed a 5mm variation.

There was a greater degree of variation in the nose and the chin in both the male and female 

control groups and thus care must be taken in interpreting changes below 4mm over these areas.

Patient Groups
The pre-operative and the post-operative average scans and there respective standard deviations 
will be reported in the following section.

Skeletal 2 Group (Fig.63)
Pre-operatively
The pattern of the standard deviation was very similar to the control female group over the face 
generally. However, over the nose the value increased to 5-7mm over the alar rims and base. 

The standard deviation on the chin increased from 5 to +9 mm.
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Post-operatively
The post-operative face was corrected such that the pattern of the values for the standard 
deviation was virtually identical to that found in the control group.

Skeletal 3 -  Males (Fig.64)
Pre-operatively
The standard deviation was very similar in pattern to the male control group. The only exception 
was the greater degree of variability over the tip and sides of the nose, i.e. 5mm and 7mm 

respectively.

There was a standard deviation of 8 mm over the chin and extending to the body of the mandible 
on the right

Post-operatively
There was very little change post-operatively in the variability of the scans. The mandible had 
a standard deviation of 8 mm over the chin and along the lower border bilaterally. There was 

also an increased variability over the cheeks.

Skeletal 3 -  Females (Fig.65)
Pre-operatively
There was a standard deviation of 3mm over the forehead, the central part of the upper lip and 
the left malar region. The mandible increased from 5mm bilaterally over the body to 9mm over 
the chin. The right cheek and ascending ramus had a standard deviation of 5mm.

Post-operatively
The post-operative standard deviation was very similar to the control group excepting the 

dorsum of the nose where the value increased to 7mm. Thus the surgery had successfully reduced 
the degree of variation.

Unilateral Cleft Lip and Palate -  Males (Fig.66)
Pre-operatively
The standard deviation was 3mm over the face except for the nose and the mandible. The dorsum 
of the nose and the ascending ramus regions were in the region of 5mm, and the nasal base, chin 
and body of the mandible had values ranging from 7 -10mm.

Post-operati vely
There was veiy little difference in the variability over the forehead, eyes and cheeks following 
surgery. The chin did reduce in variability following surgery and the dorsum of the nose became 

more variable with a standard deviation o f 8-9mm.
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Unilateral Cleft Lip and Palate -  Females (Fig.67)
Pre-operatively
The standard deviation over most of the face was 3mm. In the lower jaw region the value of 
the standard deviation gradually increased from 5mm over the body bilaterally to 7-9mm over 
the chin. The forehead region showed little variability, but over the lateral wall o f the nose on 
the non cleft side there was a variability of 5-7mm.

Post-operatively
There was very little change following surgery and the general pattern was similar to that of the 

control female group, except over the nose on the non cleft side.

Bilateral Cleft Lip and Palate (Fig.68)
Pre-operatively
There was a standard deviation of 3mm over most of the face, with the exception of the nasal 
tip and base where the value increased to 8-9 mm and the chin where the value was 5 mm. There 
was little variability over the forehead region.

Post-operatively
The major changes were over the nose and the chin. The base of the nose reduced in variability 
as did the chin from 5mm to 3mm. Thus the surgery has successfully reduced the degree of 
variability over the nose and the chin.

Clefts of the Secondary Palate (Fig.69)
Pre-operativley
There was a 5mm standard deviation over the nose, the cheeks and the lower lip pre-operatively. 
The central part of the forehead showed little variation throughout the group and the the rest of 
the central part of the face including the upper lip and the chin had a standard deviation of 3mm.

Post-operatively
There was a very close approximation of the pattern to the control female group with the nose 

and the chin having the largest standard deviation of 5 mm, and the upper lip and the forehead 
showing little variation. Thus the surgery had successfully reduced the degree of variability over 
the upper lip and cheek region, but had increased the variability over the chin.
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Average compared to one standard
deviation

Clefts of the Secondary Palate Patients
FEMALE

pre-op 3/12 post-op

Bilateral Cleft Lip and Palate Patients
MALE

pre-op 3/12 post-op

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Mil l imetres

148



Average Soft Tissues Changes

The mean or averaged Laser scan of each group of patients was compared pre and post 
operatively, at three months and at the one year stage. Comparisons were also made between 
the control group and the pre operative and both post operative scans. The patient groups were 
divided according to sex and malocclusion. The control groups consisted of an average of thirty 
female and thirty male laser scans. The differences in the individual scans will be represented 
by a millimetre colour scale. This scale will be placed at the bottom of each results page for ease 
o f reference. The right and left three-quarter facial views will be shown for each group 
comparison. It should also be pointed out that the intervals are large and that if  it is 2 .1mm it will 
be shown as a different colour. Interpretation o f any change should take this into consideration.

In comparisons with the controls the patient groups scan will be shown. The colours will 
represent the differences in millimetres between the patient group and the controls. Thus, for 
example, if the upper lip were represented in a light blue colour this would mean that the patient 
group’s upper lip was 5mm retruded in comparison to the control.

In the comparisons of the pre-operative and the post-operative scans, the pre-operative scan will 
be shown. In the comparison of the 3\12 post-operative scan and the 1 year post- operative scan, 
the 1 year post-operative scan will be shown.If the pre-operative scan shows negative colours 
in comparison with the post-operative scans then there has been a positive forward movement 
at the time of surgery over those areas. If on the other hand the pre-operative scans show warm 
or positive colours, then there has been a backward or negative movement in those areas at the 
time of surgery.

Skeletal 2 Patients
Pre-op. compared to three months post-op. (Fig.70).
There was a good match over the forehead and eyes, as well as the ascending ramus of the 
mandible. There was a general advancement of the facial complex. The lateral aspect of the lip 
and alar base on the right were moved forwards and outwards by 5 mm, the left alar base by 3mm. 
This movement extended outwards over the paranasal regions as far as the mid-canthal line. 

There was an asymmetric movement of the nose with the right side being brought out by 7 - 
8 mm and the left side and tip set in by a further 2 mm. The lower jaw  was brought forwards 
and out by 3 mm over the mentalis region and the chin was advanced by generally 5mm with 
the chin point over pogonion being 7 -8 mm more prominent in the post operative scan.

Three months compared to 1 year post-op. (Fig.71).
There as a veiy good match over the whole face, indicating that there had been little or no relapse. 

There was a small degree of asymmetric change over the nose. The right ala was 3 mm less 

prominent in the lyr. scan, and the left lateral wall of the nose was 3  mm more prominent.
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Pre-op. compared to the control group (Fig.72).
There was a good match of the images over the eyes and forehead, and over the upper lip. The 
class 2 group was generally narrower in the face with the cheeks and the alar bases being 3 mm 
less prominent The bridge of the nose matched the control to within 1 mm but the dorsum, the 
tip and the sides were at least 3 mm less prominent The mandible was generally much smaller 
than the control group being less prominent by 5 mm over the angle, and 3mm over the body 
up until the angle o f the mouth on the left and 5mm from the angle to comer o f the mouth on the 
righ t The chin was generally very retrusive in the class 2 group being at least 7 mm less 

prom inent with a maximum of 9 mm over the chin point at pogonion.

Three months post-op.compared to the control group (Fig.73).
There was a good match of the images over the forehead and eyes.

There was a substantial improvement towards the control group following surgery. The lateral 
aspect o f the upper lip and the alar bases had been overcorrected and were 3 mm more prominent 
in the class 2 group. There had been an asymmetric movement of the nose with the left side 
having become more prominent upto 5 mm, and the right less prominent 1 - 2m m . However, 
the tip and dorsum of the nose, and the central portion of the upper lip had remained relatively 
unchanged. The lower jaw  showed major improvements, with the chin being generally only 3- 
5 mm less prominent in the class 2 group. The body of the mandible matched well to the control 
group but the angle remained 5mm retruded.

lyr . post-op. compared to the control group (Fig.74).
The right lateral wall of the nose was 3mm more prominent in the patient group as was the upper 
lip and the left paranasal region. The left body o f the mandible matched well with the control 
but the chin, the body, the angle and the ascending ramus on the right remained 3-5mm retruded 
in the patient group.

Skeletal 3 Patients -  Males
Pre-op. compared to three months post-op (Fig.75).
There was a 3 mm advancement over the dorsum of the nose and the lateral walls were corrected 
by 7 - 8  mm. This improvement carried out onto the inner portion of the cheek in the paranasal 
region to the mid canthus region and then gradually reduced to 3 mm over the malars to the outer 
canthus. The philtrum of the upper lip was advanced by 3 mm, the alar bases by 7 -8 mm, and 
the rest of the upper lip by 5 mm. However, the underside of the nose was set back by l-2mm.

There was little change over all of the body and the left ramus of mandible. The right ascending 
ramus became 3mm more prominent. The mentalis region and the chin generally were set back 
by 3mm increasing to 5-7mm over pogonion.
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Three months compared to lyr. post-op. (Fig.76).
There was a further forward movement of 5mm over the right side of the nose. There was little 
changeover left side o f the nose. The upper lip and left paranasal region had continued to move 
anteriorly by 3mm.

The chin moved anteriorly by 7 -8 mm, reducing to 5mm at the right angle o f the mouth. The body 
regions bilaterally advanced by 3mm.

Pre-op. compared to the control group (Fig.77).
There was a good match of the images over the forehead and the eyes.

The face was generally narrower across the cheeks and the nose in the skeletal 3 group. The 
dorsum and the sides of the nose were 5 mm less prominent, and the lateral aspects and the base 
o f the ala were 7 -8 mm narrower. The paranasal region bilaterally were 5mm retruded and this 
extended out as a 3mm retrusion over the cheeks. The mandible was well matched to the control 
group over the body, but was 3 -5 mm less prominent at the angle and ascending ramus on both 
sides. The chin and lower lip were overall 3-5mm more prominent increasing to 9mm at 
pogonion. The mental groove was 3mm retruded in the patient group.

Three months post-op. compared to the control group (Fig.78).
Because of difficulties with the display of the data, the images shown in Fig.(78) show the 
difference between the control patients and the Skeletal 3 males and not as in the other 
comparisons the patient group compared to the control.

There was a very good match between the scans over most of the face.

The alar bases were now 2 mm more prominent in the skeletal 3 group. The central portion of 
the upper lip and the left comer of the mouth were still 3 mm retruded. The right side of the upper 
lip matched well to the control, as did the left paranasal region. The right paranasal region was 
overcorrected by 3mm as was the right lateral wall of the nose.

The mandible was still 3-5 mm more prominent over the chin point.

l y r  post-op. compared to the control (Fig.79)
The right side of the nose was 3 -5 mm more prominent in the patient group. The left side matched 
well with the control, and the base of the nose was 3 -5 mm less prominent.

The chin, mentalis, right body and angle of the mouth on the right were 3mm more prominent 

than the control group. The left side of the mandible from angle to mental foramen was well 
matched.

151



Skeletal 3 Patients -  Females
Pre-op. compared to three months post-op. (Fig.80).
The nose was advanced by 3mm over the tip and alar base on the right, as was the upper lip and 
the paranasal areas on both sides. The left alar base was advanced by 5 mm and there was an 
asymmetric advancement of the maxilla and malar on the left with the advancement continuing 
out over the ascending ramus to the ear. On the right side the advancement stopped in the 

paranasal region.

The chin was set back by 7 to 9 mm over the pogonion and immediate surrounding area, and by 
5 mm to the angle o f the mouth. On the right the mandibular body was set back by 3 mm but 

on the left there was little change.

Three months compared to 1 yr. post-op. (Fig.81).
The maxilla continued to advance by 3mm from alar base to alar base including all o f the upper 
lip, and the paranasal regions bilaterally. The dorsum of the nose was 3mm more prominent and 
the tip 5mm at the 1 yr. stage.

The mandible advanced by 5mm at the chin, 7mm in the mentalis groove and 3mm over the 
canine region.

Pre-op. compared to the control group (Fig.82).
There was a good match of the scans over the forehead, eyes, and the malar regions. The base 
o f the nose was also well matched but the dorsum, both ala, and the central portion of the upper 
lip were 3 mm retruded in the patient group. The mandible was generally larger and more 
prognathic in the patient group, this being 3 mm over the body and ascending ramus bilaterally 
and 5 mm over the whole of the chin and out to the comers o f the mouth.

Three months post-op. compared to the control (Fig.83).
The face was well matched over the forehead, eyes and the central portion of the upper lip. There 
was a degree of overconrection, 3 mm, over the alar bases, the paranasal areas, and the malars.

The chin was overcorrectedto aretruded3mm inthepatientgroup,andthebodyofthemandible 

bilaterally was well matched well to the control group.

1 yr. post-op compared to the Control group (Fig.84).
There was generally very little difference between the control and the patient group. The dorsum 
of the nose was 3mm retruded in the patient group whilst the alar bases and the right lateral wall 

of the nose were l-2m m more prominent in the patient group. The mandible was generally well 
matched.
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All unilateral cleft patient scans were mirrored to give right sided clefts.

Unilateral Cleft Lip and Palate Patients -  Males 
Pre-op, compared to three months post-op, (Fig.85).
There was a good match of the scans over the forehead and eyes. The upper lip was advanced 
by 5mm from canine to canine and continued on the cleft side into the paranasal region. On the 
non cleft side the paranasal region was advanced by 3mm. There was little change over the malar 
on the non cleft side, but the malar on the cleft side was advanced by 3mm to the outer canthus. 
The cleft side of the nose and alar base on both sides were advanced by 5mm. The non cleft side 
of the nose was set back by 3mm.

The mandible was displaced downwards and backwards, by 5-7mm over the chin and 3mm over 
the left body. There was little change in the body of the mandible.

Three months compared to 1 yr. post-op. (Fig.86).
There was a substantial degree of change during this period. The left side of the nose advanced 
by 7-9mm. The chin advanced by 8-9mm continuing out over the left body to the ascending 
ramus and first molar region. The body on the right advanced by 5mm from the chin to the 
ascending ramus. There was also a 5mm advancement over the ascending ramus on the left In 
the maxilla the upper lip continued to advance by 5mm from canine to canine region. This same 
degree of advancement continued out over the paranasal and malar region on the left. On the 
right the malar and paranasal regions advanced by 3mm. The alar base on the right continued 
to advance by 3mm and on the left by 5mm.

Pre-op. compared to the Control group (Fig.87).
Preoperatively there was a very similar pattern of retrusion over the nasal complex and the upper 
lip to the female group. The dorsum of the nose was progressively retruded from bridge to tip, 
3-9mm. The nose was also asymmetrically displaced towards the cleft side, with the cleft side 
being 8-9 mm retruded, and the non cleft side being well matched to the control. The base of 
the nose was 3mm more prominent in the midline, but the alar bases were retruded by 3mm on 
the cleft and 5mm on the non cleft sides. The malars were retruded bilaterally by 5mm as were 
the paranasal regions.

The chin point and the mentalis region were 3mm more prominent but the edge of the lower lip 
was 5mm retruded compared to the control. The body of the mandible bilaterally was well 
matched and the ascending ramus on the left was 3mm narrower.

Three months post-op. compared to the control group (Fig.88).
The dorsum of the nose was still progressively retruded from bridge to tip, and both sides of the 
nose were symmetrically retruded by 3-5mm. The malar region on the cleft side was well 
matched to the control group, but the non cleft side was 5mm retruded over the malar and cheek, 
and 3mm over the ascending ramus. The mandible had rotated by 3mm with the chin and lower 
lip regions being 8-9mm retruded compared to the control and the body on the left 5mm retruded, 
continuing upwards over the ascending ramus and cheek.
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1 yr. post-op compared to the control group. (Fig.89).
There was a very good match over the forehead, the eyes, and the malars. The upper lip and tip 
o f the nose were 5mm retruded in the cleft group. The nose was asymmetrically displaced to 
the cleft side with the right side of the nose being -8 or -9mm narrower in the cleft group and 
the left side being 8-9mm wider.

The chin was 3-5mm more prominent in the cleft group as were the ramus and body of the 
mandible bilaterally. The mentalis region was 3mm retruded.

Females
Pre-op. compared to three months post-op. (Fig.90).
S urgeiy advanced the whole of the upper lip by 3mm from canine to canine. The paranasal areas 
bilaterally were advanced by 5mm and the advancement continued out as a 3mm movement over 
the malars and the cheeks bilaterally. Both the alae and alar bases were advanced by 5mm The 
chin was set downwards and back by 3mm from canine to canine and the ascending rami 
bilaterally were broadened by 3mm.

Three months compared to 1 yr. post-op. (Fig.91).
There was little change over the whole of the face during this period.

Pre-op. compared to the Control group (Fig.92).
In comparison to the control group there was a progressive degree o f retrusion, 3mm-9mm, over 
the dorsum of the nose from bridge to tip, as in the other cleft groups. The nose was also displaced, 
as expected towards the cleft side, with a greater degree o f retrusion on lateral wall o f the nose 
and also over the alar base on the cleft side. The lateral wall of the nose on the non cleft side 
was 3mm more prominent than the control. The alar base on the cleft side was retruded by 8mm 
compared to 5mm on the non cleft side. The central part o f the upper lip was retruded by 8mm 
and this degree of retrusion gradually reduced over the rest of the upper lip to 3mm in the canine 
region bilaterally. The right malar region was also retruded by 3mm but the left malar was 
slightly more prominent.

The mandible was well matched over the left side of the chin and the body on the right. The right 
side of the chin and the left ascending were 2-3mm more prominent than the control.

Three months post-op. compared to the control group (Fig.93).
The mid-part of the upper lip and the bridge of the nose were still retruded by 7-8mm compared 
to the control, as were the dorsum and the tip of the nose. However, the left side of the nose was 
now well matched with the control group, the alar base on the cleft side was only 5mm retruded 
and the non cleft side alar base was 2-3mm more prominent than the control. The paranasal 
regions bilaterally were 2-3mm more prominent than the control, as was the left malar and 
ascending ramus. The mandible was well matched over the right body and was 3-5mm retruded 
over the chin.
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1 yr. post-op compared to the control group. (Fig.94).
The differences are the same as reported in (Fig.93).

Bilateral Cleft Lip and Palate Patients -  Males 
Pre-op. compared to three months post-op. (Fig.95).
There was a very good match of the images over the forehead and eyes. Surgery resulted in an 
a 7-8mm advancement of the upper lip extending into the right paranasal region. The paranasal 
region on the left was advanced by 5mm. The cheeks and the malar regions bilaterally were 
advanced by 5mm reducing to 3mm at the outer canthal line. The alar bases were advanced by 
5mm and the dorsum of the nose and the right lateral wall by 3mm. There was a 5-7mm set back 
o f the mandible and the chin had moved downwards and backwards by 7-9mm.

Three months compared to 1 yr. post-op. (Fig.96).
During this period there was very little change in the maxilla. There were small movements over 
the nasal complex with the left alar base advancing by l-2mm and the right and left sides of the 
nose continuing to advance by 3mm. There was a marked degree o f mandibular movement with 
the right side of the chin advancing by 3mm and the whole of chin and the body of the mandible 
on the left advancing by 5mm. The ascending ramus and the lateral aspect of the malar on the 
left also advanced by 3mm.

Pre-op. compared to the control (Fig.97).
There was a marked retrusion of the midface and the alar bases, extending out over the cheeks. 
The nasal complex was generally retruded in the cleft group. The alar bases were 5mm less 
prominent and the dorsum of the nose was progressively more retrusive from the bridge to the 
tip, with a maximum of 9 mm at the tip. The paranasal regions bilaterally were retruded by 7- 
8mm and the malars and the cheeks by 5mm. The lateral aspects of the forehead were also 
retruded by 3mm. The mandible was also smaller in the cleft group with the body and the chin 
on the left side being more retruded than the right

Three months post-op. compared to the control (Fig.98).
The nose was less retruded generally but the tip of the nose remained 9 mm retruded, and the 
dorsum 5 mm retruded in the cleft patients. The upper lip remained at least 7 mm retruded in 
the middle portion at the base of the nose, and 5 mm retruded for the rest of the lip and 3mm over 
the left alar base. The right malar and alar base were well matched with the control group.

The mandible remained 3-5mm retruded.

lyr. post-op. compared to the control (Fig.99).
At the one year postoperative stage the upper lip was still 7-8mm retruded in comparison to the 
control group. Similarly the dorsum of the nose was progressively retruded from bridge to tip 
5-9mm. The sides of the nose were, however, 3-5mm more prominent in the cleft group. The 
mandible was asymmetric compared to the control with the right body being 3mm more retruded 
and the left body 3mm more prominent. The mandible was generally lower by 7-9mm
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Clefts of the Secondary Palate
Pre-op compared to three months post-op (Fig.100).
Surgery resulted in an advancement o f the whole of the maxillary complex. The upper lip and 
alar bases were advanced by 7mm. The paranasal regions bilaterally were advanced by 5mm 
reducing to 3mm at the outer canthal line. The tip o f the nose was advanced by 3mm and the 
left side of the nose was advanced and broadened by 7mm over the ala. There was little change 
in the mandible.

Three months compared to lyr. post-op. (Fig.101).
During this period there was little or no relapse over the majority o f the face, upper lip. The left 
side o f the nose became 3-5mm more prominent over the ala and the cheeks decreased by 3mm. 
The chin advanced by 3mm, but there was no change over the body bilaterally.

Pre-op. compared to the control group (Fig.102).
There was a good match of the images over the forehead and eyes.

The nasal complex as a whole was retruded, with a progressive increase in the degree o f retrusion 
of the dorsum of the nose from bridge to tip, 3-8mm. The right side o f the nose was well matched 
to control group but the left side was 5 -7  mm narrower in the cleft group. The whole of the upper 
lip was retruded, the central portion by 7mm reducing to 3mm on the right side and 5mm on the 
left. The alar base on the left was 5mm retruded and on the right by 3mm. The cheeks were well 
matched with the control and even slightly more prominent over the malars towards the midline. 
There was a tendency to an asymmetry of the mandible in comparison to the control.

Three months post-op. compared to the control (Fig.103).
The dorsum and the bridge of the nose were still 5 mm retruded in the cleft group but the alar 
bases were 3-5mm more prominent The paranasal regions, the cheeks, and the body of the 
mandible on the right were 5-7 mm more prominent in the cleft group. The chin, the right 
ascending ramus, and the left body of the mandible were well matched. The left ascending ramus 
was 3mm retruded or narrower.

1 yr. post-op. compared to the control group (Fig.104).
The paranasal and malars bilaterally were 1 -2mm more prominent in the cleft group. The upper 
lip was well matched to the control group but the nasal complex was still very retruded in the 
cleft group. The mandible was generally well matched to the control but the chin was 2-3mm 
more prominent
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Skeletal 2 Patients
Average soft tissue movements 

Females
Pre-op. compared to 3/12 post-op.

Fig 7 0

3/12 post-op. compared to 1 yr. post-op.

F“3 71

-9 -7 -5 -3 -1 +1 +3 +5 +7  +9
Millimetres
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Skeletal 2 Patients
Average soft tissue movements 

Females 
Control compared to pre-op.

F'9 7 2

Control compared to 3/12 post-op.

-9 -7 -5 -3 -1 +1 +3 +5 +7  +9
Millimetres
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Skeletal 2 Patients
Average soft tissue movements 

Females
Control compared to 1 yr. post-op.

f,9 7 4

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres
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Skeletal 3 patients
Average soft tissue movements 

Males
Pre-op compare to 3/12 post op.

f 9 7 5

3/12 post op. compared to 1 yr. post-op.

Fig 7 6

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres

1 6 0



Skeletal 3 patients
Average soft tissue movements 

Males
Control compared to pre-op.

f .9 77

Control compared to 3/12 post -op.

Fi9 7 8

-9 -7 -5 -3 -1 +1 +3 +5
Millimetres

+7 +9
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Skeletal 3 patients
Average soft tissue movements 

Males
Control compared to 1 yr. post -op.

F'979

i mam m
-9 -7 -5 -3 -1 +1 +3 +5 +7 +9

Millimetres
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Skeletal 3 patients
Average soft tissue movements 

Females
pre-op compared to 3/12 post-op.

F i g  8 0

3/12 post op. compared to 1 yr. post-op.

-3 -1 +1 +3 +5 +7 +9
Millimetres

1 6 3



Skeletal 3 patients
Average soft tissue movements 

Females 
Control compared to pre-op.

F i 9 8 2

Control compared to 3/12 post -op.

F '9 8 3

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres

1 6 4



Skeletal 3 patients
Average soft tissue movements 

Females
Control compared to 1 yr. post -op.

Fig 8 4

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres
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Unilateral cleft lip and palate patients
Average soft tissue movements 

Males
Pre-op. compared to 3/12 post-op.

Fi9 8 5

3/12 post-op. compared to 1 yr. post-op.

F i g  8 6

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
M il l i m e t r e s
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Unilateral cleft lip and palate patients
Average soft tissue movements 

Males
Control compared to pre-op.

F|g87

Control compared to 3/12 post-op.

F 9 8 8

-9 -7 -5 3 -1 +1 +3 +5
Millimetres

HI
+7 +9
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Unilateral cleft lip and palate patients
Average soft tissue movements 

Males
Control compared to 1 yr. post-op.

F1 9 8 9

.9 .7 -5 .3 - i  + i  +3 +5 +7 +9

Millimetres

1 6 8



Unilateral cleft lip and palate patients
Average soft tissue movements 

Females
Pre op. compared to 3/12 post-op.

F i g  90

:i ■
3/12 post-op. compared to 1 yr. post-op.

Fig 91

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres

1 6 9



Unilateral cleft lip and palate patients
Average soft tissue movements 

Females 
Control compared to pre-op.

Fig 9 2

Control compared to 3/12 post-op.

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres
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Unilateral cleft lip and palate patients
Average soft tissue movements 

Females
Control compared to 1 yr. post-op.

F g 9 4

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres

171



Bilateral cleft lip and palate patients
Average soft tissue movements 

Males
Pre-op. compared to 3/12 post-op.

Pig 95

3/12 post-op. compared to 1 yr. post-op.

p'9 96

\ . V'V'-

-9 -7 -5 -3 -1 +1 +3 +5
Millimetres

■ 1
+7 +9
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Bilateral cleft lip and palate patients
Average soft tissue movements 

Males
Control compared to pre-op.

Fi g 9 7

Control compared to 3/12 post op.

f,9 9 8

-9 -7 -5 -3 -1 +1 +3 +5
Millimetres

mmm
+7 +9
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Bilateral cleft lip and palate patients
Average soft tissue movements 

Males
Control compared to 1 yr. post-op

F>g99

.9  -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres
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3/12 post-op. compared to 1 yr. post-op.

Clefts of the secondary palate patients
Average soft tissue movements 

Females
Pre-op. compared to 3/12 post-op.

Fig 1 0 0

F i g  1 0 1

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres
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Clefts of the secondary palate patients
Average soft tissue movements 

Females 
Control compared to pre-op.

F. 9 1 0 2

Control compared to 3/12 post-op.

F'9 103

-9 -7 -5 ■3 -1 +1 +3 +5 +7 +9
Millimetres
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Clefts of the secondary palate patients
Average soft tissue movements 

Females
Control compared to 1 yr. post-op

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres
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Bone and Soft Tissue Ratio to Bone Movements

At present the computer software is unable to average the C.T. data and consequently it is only 
possible to report upon individual cases for the bone movements and the ratios of soft to hard 
tissue. The ratio of movement of the soft to hard tissues is calculated from the C.T. data 
thresholded at skin and bone.

The overall movements achieved in each group will be illustrated in table form for the bone and 
ratio of movements. Only a few defined areas are reported in the tables for ease of illustration 
and comparison of the cases as a whole (Figs. 105 & 106). The bone movements achieved for 
the maxilla, in each group of patients, are shown in Tables (18,20,22,24& 26), and the mandible 
in Tables (19,21,23,25 & 27). The ratio ofmovements, in each group ofpatients, for the maxilla 
in Tables (28,30,32,34 & 36) and the mandible are shown in Tables (29,31,33,35 & 37).

One typical example from each individual group of patients will be described to illustrate the 
soft tissue, bone, and ratio of movements changes that occurred following surgery.

The millimetre change in the hard and soft tissues is indicated by the same colour scale (Fig. 107).

The ratio of the soft to hard tissue movements is indicated by a seperate colour scale (Fig. 107).

The soft tissue, bone, and ratio of movements, for each individual patient is represented by one 
full facial view. The relevant colour scale for the image is placed at the bottom of the page. The 
pre-operative scan is shown for all the comparisons, and thus cold colours represent positive 
surgical movements or ratios and warm colours as negative movements or ratios.
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Skin Surface Regions
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1 st Molar

3rd Molar 

Body Incisor

Canine

Mentalis
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Fig 106.
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Bone Movement

Skeletal 2 Patients 
Maxilla (Table 18).
The degree of movement of the anterior maxilla corresponded closely to the movement of the 
alar bases. There was also a tendency for the central part of the maxilla to be advanced slightly 
more than the canine region bilaterally, and this reduction in advancement also continued out to 
the first molar region. This pattern did not occur in cases X2 and X7, and this is because there 
was an element of rotation in these cases. There were also 3 cases where no maxillary surgery 
was carried out

Mandible (Table 19).
There was an overall pattern of movement in those cases where there had been little or no 
rotational movement. The chin and canine region bilaterally were advanced by the same 
amount, and then this movement decreased towards the third molar region.

Skeletal 3 Patients 
Maxilla (Table 20).
There was a very varied degree of movement in the group, and the degree of movement did not 
reduce anteriorly to posteriorly.

Mandible (Table 21).
There was a fairly constant degree of movement over the chin and mentalis region. In those cases 
where there was a small degree of set back anteriorly i.e. 5 mm there was a similar movement 
in the body region and third molars bilaterally. However, in large anterior set backs the degree 
of movement progressively decreased over the body of the mandible and third molar regions.

Unilateral Cleft Lip and Palate Patients 
Maxilla (Table 22).
There was a very varied degree of movement with no obvious pattern.

Mandible (Table 23).
There was a very varied degree of movement and little or no pattern either between the cleft and 
non cleft sides, or from the anterior to posterior mandible.

Bilateral Cleft Lip and Palate Patients 
Maxilla (Table 24).
There was a fairly constant movement of the maxilla from the front to the back with no decrease 
in the molar region.

Mandible (Table 25).
There was no distinct pattern in the movements.
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Clefts of the Secondary Palate Patients 
Maxilla (Table 26).
The anterior maxilla in the midline and the canine regions were generally advanced by the same 
amount The alar bases were advanced by the same amount or slightly greater than the anterior 
maxilla. In three of the five cases there was a decrease in the degree of movement towards the 
first molar region. In the two remaining cases the ratio was the same anteriorly and in the first 
molar region.

Mandible (Table 27).
There was a very varied degree of movement in these cases. However, where the movement was 
small anteriorly Le. 3 mm there was a constant degree of movement from front to back. In cases 
where there was a greater degree of movement anteriorly the movement gradually decreased 
towards the back.

Soft Tissue to Bone Ratio of Movement

Skeletal 2 Patients 
Maxillary Ratios (Table 28).
There was a fairly constant picture in the ratio of movements of these cases. The central part of 
the upper lip being moved in a 1:1 ratio, increasing to a 1.25:1 ratio towards the canine region 
bilaterally and thereafter to a 1.5:1 ratio in the paranasal areas bilaterally. There was also a fairly 
constant ratio of 1.5:1 at the alar bases, and in the one case where this pattern of ratios did not 
occur there had been an almost total relapse of the surgery.

Mandibular Ratios (Table 29).
There was a fairly constant ratio of movement of 1.25:1 over the chin and the mentalis region. 
There was also consistency in whatever ratio of movement was achieved in the midline 
continued out into the canine region bilaterally. On the whole the ratios over the body were less 
than those achieved in the midline and commonly were 1:1.

Skeletal 3 Patients 
Maxillary Ratios (Table 30).
There was no constant pattern of movement in the group. However, in those cases where a Le 
Fort 1 osteotomy had been undertaken there was commonly a 1:1 ratio in the midline which 

increased to 1.25:1 at the alar bases and over the canine regions bilaterally. This increased ratio 
did not continue out into the paranasal areas, where a 1:1 ratio was commonly found. Cases X 1, 
X3, and X9 show a very different pattern of movement to the rest of the group and these three 
patients had had a Kuffner advancement of the maxilla.
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Mandibular Ratios (Table 31).
There was a very varied degree of movement in this group. However, over the chin and mentalis 
regions there was commonly a 1.25:1 ratio or greater.

Unilateral Cleft Lip and Palate Patients 
Maxilla (Table 32).
There was a fairly constant ratio of 1.25:1 in the midline anteriorly.

No difference was evident between the cleft and the non cleft sides.
Mandible (Table 33).
There was no real difference between the movements in the cleft and non cleft sides. The 
mentalisregionwascommonlysetbackinal.5:lratioandthechinbya 1.25:1 ratio. The incisor 
and canine regions were all moved symmetrically in a 1.25:1 or greater ratio. The degree of 
movement in the body region was varied.

Bilateral Cleft Lip and Palate Patients 
Maxillary Ratios (Table 34).
There was a very varied pattern of movement in these cases. However, the midline, and canine 
regions were fairly constant at a 1:1 ration. The alar bases were consistently moved in a 1.25:1 
or greater ratio.

Mandibular Ratios (Table 35).
There was no definite pattern to the movements.

Clefts of the Secondary Palate Patients 
Maxilla (Table 36).
There was a very varied degree of movements in these cases. The canine regions and the alar 
bases were commonly advanced in a 1.25:1 or greater ratio. This degree of movement did not, 
however, extend out into the paranasal areas, where the movements were often 1:1 or less.

Mandible (Table 37).
There was again a very varied pattern of movement The mentalis region was consistendy set 
back in a 1:1 ratio, whereas the chin was set back in a 1.25:1 or greater ratio. The anterior 
mandible in the midline and canine region were generally set back in a 1.25:1 ratio.
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Individual Case Results

Skeletal 2 Patients -  Case 2.6 (Fig.107).
Soft Tissue
The dorsum and the tip of the nose were advanced by 3 mm, and there was a 9 mm widening 

of the right lateral nasal wall.

The facial complex from the malars was advanced by at least 5 mm. The paranasal region was 
moved anteriorly by 7-8mm on both sides and the base of the nose, and the upper lip were 

advanced by 5 mm.

The right body and ramus of the mandible were advanced by 5 mm. The chin extending up to 
the base of the lower lip was advanced by at least 9 mm.

Bone
There was a 9 mm change in the position of the maxilla and the mandible following surgery.

Soft Tissue to Bone Ratio Movement 
Maxilla
There was a 1:1 movement of the tissues over the central portion of the upper lip which increased 
to around 1.25:1 over the canine emminences and around the alar bases and then increased to 
around 1.5 :1 for the paranasal areas and the rest ofthe maxilla.

Mandible
There was a 1.25:1 movement of the tissues over the mental groove region of the lower lip and 
across the lower part of the body bilaterally. The ratio was 1.5:1 over the lower lip, around the 
angles of the mouth and over the chin. There was a 1:1 movement over the body of the mandible 

bilaterally.

Skeletal 3 Patients -  Case 3.7 (Fig.108).
Soft Tissue
The right side of the nose was broadened by 5 to 7 mm, and this extended down onto the alar rim 
and the alar base, where the change was 7 to 9 mm. The left alar base advanced by 7 - 8 mm and 

the alar rim was set back by 5 mm.

There was an asymmetric movement of the maxilla, there being greater movement on the left 
than the right. The left cheek was advanced by 5 mm in the paranasal region compared to 3 mm 
on the right. The upper lip was advanced by 3 mm in the central portion, increasing to 5 mm 

laterally.
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The chin was set back by 9 mm at the pogonion and upto the mentalis groove, but the degree of 
set back was reduced to 5 mm to the comer of the mouth bilaterally, and to 3mm at the mental 
foramen region. There was very little change bilaterally over the body of the mandible.

Bone Movements
There was a 5 to 7 mm advancement of the maxilla and an 8mm set back of the mandible.

Soft Tissue to Bone Ratio Movement 
Maxilla
There was a very varied and irregular movement of the underlying bone movements and thus 
the ratio of movements were somewhat bizarre. There was a 1:1 ratio in the region of the base 
ofthe nose extending out to the left alar base.

Mandible
There was a 1.5:1 ratio of movement of the soft tissues over the body of the mandible bilaterally, 
and over the lower border of the chin in the mid line. The central portion of the lower jaw from 
the incisal tip to the chin point was set back in a 1:1 ratio.

Unilateral Cleft Lip and Palate Patients -  Case UC.13 (Fig.109).
Soft Tissue
The left lateral wall of the nose was advanced by 5-7mm as was the alar base and rim on the non- 
cleftside. Thealarbaseandrimontheleftcleftsidewasadvancedby9mm. The paranasal region 
on the cleft side was advanced by 9mm, whereas on the non-cleft side the similar area was 
advanced by 3-5mm.

The upper lip on the cleft side was advanced by 9 mm and this advancement continued out over 
the cheek. On the non-cleft right side there was very little change over the cheek region.

The whole of the body of the mandible on the right non-cleft side was advanced by 5 mm from 

canine to gonial angle. The chin was advanced by 5 mm over the lower border. The lower lip 
was set back by 2-3mm and the mandible on the left was advanced by at least 5-7mmfrom canine 

to gonial angle.

Bone movements
The maxilla was advanced by 9 mm and the mandible was set down and back by 7-9mm.

Soft Tissue to Bbone ratio 
Maxilla
There was a 1.25:1 movement on the left cleft side from midline of the upper lip, including the 

alar base to the back of the maxilla. The same degree of movement was recorded over the left
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cleft side alar base and paranasal region. There was a 1.5:1 ratio of movement over the right 
side of the upper lip and a 1.25:1 ratio over the alar base.

Mandible
There was a 1.5:1 movement over the mentalis region reducing to 1:1 over the chin and 0.75:1 
in the canine region on the right. The body ofthe mandible on the left was advanced in a 1:1 ratio 
whereas the body on the right was set back in a 1:1 ratio.

B ilateral Cleft Lip and Palate Patients -  Case B.4 (Fig. 110).
Soft Tissue
The dorsum of the nose was advanced by 3 mm and the sides of the nose around the alar rims 
were advanced by 5 mm. The right side of the nose was broadened by 5-7mm.

The paranasal areas bilaterally were advanced by 3 mm this increasing to 5mm over the cheeks. 
The upper lip showed no change but the alar bases advanced by 3mm.

The body of the mandible on the left and the ramus was set back by 5-7mm. The chin was set 
back by 3 mm, but the body of the mandible and the gonial angle on the right was advanced by 
3mm.

Bone Changes
There was a 9mm advancement of the maxilla and a rotational advancement of the mandible of 
9mm on the left and 3-5mm on the right.

Soft Tissue to Bone Ratio Movement 
Maxilla
There was a 1.5:1 movement of the right side of the nose. The major portion of the upper lip and 
the base of the nose were advanced in a 1:1 ratio with there being a 1.25:1 movement over the 
alar bases particularly on the left.

Mandible
There wasa 1.5:1 movement of the left premolar region of the mandible with the remaining part 
of the left mandible moving in a 1: ratio. The right side of the chin was set back in a near 1:1 
movement and this continued out to the mental foramen region.

Clefts of the Secondary Palate -  Case SP.3 (F ig .lll) .
Soft Tissue Movements
The whole of the nose was advanced with a movement of 3 mm at the nasal bridge and a 5 mnn 

movement on the major part of the dorsum and the left side. The right side and the alar base:s 
were advanced by 9 -10 mm.
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The cheeks were advanced by 5 mm, this change extending on the right side to the outer canthus 
of the eye, whereas on the left the advancement continues as far back as the temporal region. 
The paranasal areas were advanced by 7 - 8 mm and the upper lip by at least 9 mm.

There was a 3 - 5 mm advancement of the whole of the mandible from first molarregion on both 
sides

Bone Changes 
Maxilla
The paranasal area of the maxilla was advanced by at least 9 mm bilaterally, with a degree of 
upward rotation of the posterior part of the maxilla.

Mandible
On the right side the body of the mandible was set back by 5 -7mm. In the mental foramen region 
on the left there was a 3mm advancement.

Soft Tissue to Bone Ratio 
Maxilla
There was a 1:1 movement of the major part of the maxilla from the outer canthus to outer 
canthus. However around the upper lip there was a band of 1.25:1 ratio of movement extending 
out across the cheeks in a crescentic shape as far as the outer canthal line bilaterally.

Mandible
There was a 1:1 movement over the body of the mandible on the right from mental foramen to 
the lower part of the chin. On the left along the lower border of the mandible the ratio was 
increased to 1.5:1.
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SKELETAL 2 PATIENTS 
CASE 2.6

SOFT TISSUE BONE

Fig107

SOFT TISSUE TO BONE 
RATIO OF MOVEMENT

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres

1.5:1 1:1 0.5:1 1:1 1.5:1
Ratio of Soft Tissue to Bone
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SKELETAL 3 PATIENTS 
CASE 3.7

SOFT TISSUE BONE

Fi g  108

SOFT TISSUE TO BONE 
RATIO OF MOVEMENT

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres

I " B B
1.5:1 1:1 0.5:1 1:1 1.5:1

Ratio of Soft Tissue to  Bone

2 0 9



UNILATERAL CLEFT LIP AND PALATE 
CASE UC .13

SOFT TISSUE BONE

F i g  109

SOFT TISSUE TO BONE 
RATIO OF MOVEMENT

-9 -7 -5 -3 -1 +1 +3 +5 +7 +9
Millimetres

I  WKtm u « ■
1.5:1 1:1 0.5:1 1:1 1.5:1

Ratio of Soft Tissue to Bone

2 1 0



BILATERAL CLEFT LIP AND PALATE 
CASE B.4

SOFT TISSUE

F i g  110

SOFT TISSUE TO BONE 
RATIO OF MOVEMENT

-c f l u  m " v f l H B
-9 -7 -5 -3 -1 +1 +3 +5 +7 +9

Millimetres

1.5:1 1:1 0.5:1 1:1 1.5:1
Ratio of Soft Tissue to Bone
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CLEFTS OF THE SECONDARY PALATE 
CASE SP.3

SOFT TISSUE BONE

F'9 111

SOFT TISSUE TO BONE 
RATIO OF MOVEMENT

I ■ ■ ■
-9 -7 -5 -3 -1 +1 +3 +5

Millimetres

I f l H B B I i » * »  ■
1.5:1 1:1 0.5:1 1:1

Ratio of Soft Tissue to Bone
1.5:1

2 1 2



DISCUSSION

Orthognathic surgery is a major form of surgical intervention which carries with it a degree of 
potential morbidity and indeed can be life threatening. The best results are obtained if the 
operation is planned and executed correctly at the first time surgery is undertaken. Further 
attempts may be adversely affected by the results of scarring from the first operation. This is 
illustrated by the difficulties of correction in cleft palate cases where the scarring caused by the 
primary repair often hampers the final correction of the facial deformity.

In the groups of patients in the study the actual results of the planned compared to the predicted 
movements were disappointing. All the groups seemed to be equally poor including the cleft 
groups where scaning may have been an adverse factorpreventing complete surgical correction 
of the deformity. Even when there was only a maxillary advancement with no vertical change 
the surgeons did not follow the desired plan. The planning seemed particularly poor in the 
assessment of vertical movements, and indeed in a large number of the cases no vertical 
prediction was undertaken.

A method of measuring surgical change in the theatre at the time of the operation needs to be 
developed to enable the surgeons to know exactly how much the jaws have been moved 
following the bimaxillary surgery. Existing techniques for monitoring movements of the jaws 
include the placement of markers, metal implants or simply notches, in the bone of the malars 
and using callipers to measure to predetermined points on the maxilla. This technique is 
reasonable when there is a straight forward movement in one direction but is rather inaccurate 
when either rotational or vertical and horizontal movements are introduced. The placement of 
markers Bjork (1971), and the facility to radiograph the patient and measure in theatre would be 
feasible although there would be an additional radiation hazard. The facility to construct three 

dimensional models of the skull and to carry out the surgical movements on the computerpermits 
the construction of preformed bone plates, which could be employed to fix the jaws in a 
predetermined relationship to the cranial base. This would eliminate the necessity for the 
placement of markers at the time of operation and for calliper measurements.

Laser Scanning Techniques
This techniqueprovedtobeasimplenoninvasivemethodofmeasuringfaces three dimensionally. 
It has proven to be a very useful tool in auditing surgical outcome and measuring surgical relapse, 
and illustrating these in a clear and easily understood manner to all members of the surgical team 

including the ancillary staff.

In the clinic at the planning stage every clinician is consciously comparing the individual to their 

own preconceived idea of the normal face, or to what they consider to be attractive. However, 

the assessment of patients at a clinical level takes years of experience, and this current technique
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may enable all clinicians, at any age to reach a high degree of assessment The comparison of 
patients to the normal control group enabled the clinicians to confirm and quantify facial form 
in three dimensions for the first time. Thus the technique could be objective in the assessment 
of the individual patient’s problems, and might help to standardise the surgical management of 
similar cases. The objectives of surgery are, however, not to obtain identical results and correct 
every patient to the same appearance, but rather to normalise facial form.

All previous research into surgical change has been limited to the two dimensional analysis of 
the bone and soft tissues as measured from lateral skull radiographs. In the following sections 
reference will be made to the findings of previous researchers’ work from lateral skull 
radiographs, as there is little in literature on three dimensional change. However, it must be 
emphasised that the two techniques are not directly comparable, even in the mid-sagittal plane, 
as the measurements in this current research are based on radial measurements from the centre 
of rotation of the skull. Another factor that should be emphasised is that every effort is taken in 
the laser scanning procedure to ensure that the scans are taken with the patient in the rest position, 
including the lips. This is a source of major measurement error in lateral skull radiographs, 
particularly as only a few specific points arc chosen for measurement

Soft Tissues
Skeletal 2 G roup
All but two of this group were female, and thus for the average soft tissue changes the males were 
excluded. The skeletal 2 patients were shown to have a narrowing of the face over the maxillary 
complex, cheeks, the nose, as well as around the alar bases, the so called ‘adenoid facies’. There 
was also the associated mandibular deficiency. The surgical management should take the whole 
face into consideration and treat the problem with bimaxillary surgery.

The effects of the bimaxillary surgery on the soft tissues were not simply confined to the 
maxillary andthemandibularregionsbutextendedoutasfarastheoutercanthioftheeyes. Thus 
one must consider that the face as a whole will be affected by the surgery, as the general drape 
of the soft tissues is altered by the bony movements. The degree of change in these patients 
showed a constant and interesting pattern. There was a greater degree of change over the 
paranasal regions than in the midline. This will be discussed in more detail in the section on bone 
and ratio of soft tissue movements. However, the reduction in the vertical dimension of the 
underlying bone results in the soft tissues moving laterally and anteriorly into the paranasal 
regions. This could be likened to a ‘billowing’ of the soft tissues into the paranasal regions 
bilaterally. The soft tissues in the midline are more firmly bound down than laterally and hence 
the excess soft tissues resulting from the vertical reduction in anterior face-height are more 
readily accommodated laterally. No changes were apparent in the tip of the nose and this is in 
direct contradiction to the work carried out by previous authors on lateral skull radiographs 
where there was a reported 1:6 ratio of movement of the nasal tip to the degree of maxillary
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impaction (Schendel et al. 1976, Radney and Jacobs, 1981, and Mansour et al. 1983.). This 
apparent disagreement may be explained by the radial measurements that are calculated in the 
three dimensional laser scans (Fig.l 13). The radial changes may not be sufficiently large to 
record as a colour change because they may be within 1 millimetre.

The surgery on this group was successful in advancing the mandible to within 2 mm of the normal 
control. This result is, however, disappointing as a degree of overcorrection is preferred to 
compensate for an inevitable degree of relapse. The maxillary impactions commonly 
prescribed, although reducing facial height, did little to improve the position of the dorsum and 
tip of the nose, and indeed the mid part of the upper lip remained unchanged. It might, therefore, 
be advisable to consider a degree of maxillary advancement when planning surgery.

This group proved to be very stable from the third month to one year post-operatively, and the 
pattern of relapse confirms previous authors (McNeill et al, 1973, Ive et al. 1977, and Satrom 
et al. 1991) that the major part of the relapse occurs within the first twelve weeks post-operatively.

Skeletal 3 Patients
This group was divided equally according to their sex, and these are reported separately because 
of differences in facial morphology between the sexes, as reported earlier.

Males
There was a bimaxillary problem in this group of patients, with the mandible being larger, and 
the midface being narrower and also retruded.

The Le Fort 1 maxillary advancements in these cases resulted in broadening of the lateral aspects 
of the nose and advancement of the dorsum, and overcorrection of the alar bases. These findings 
are contrary to the findings of Dann et al. (1976) who found from Lateral skull radiographs that 
the dorsum of the nose remained unchanged and that the tip of the nose advanced in the ratio of 
2:7 with the maxilla. The lack of recorded change over the tip of the nose may be because the 
degree of movement was within a millimetre. The findings confirm the thoughts on the skeletal 
2 group, that advancement would be beneficial in the correction of the nasal position. The 
maxillary advancements resulted in a degree of rotation of the maxilla such that the maxilla was 
overcorrected on one side and undercorrected on the other. The maxillary procedures had also 
resulted in changes to the cheeks. Thus the overall changes were wide ranging, and not simply 
confined to the surgical area. This is probably because of an alteration in the drape of the soft 
tissues.

The pattern of movements of the soft tissues following the first three months was interesting in 
that the maxillary soft tissues continued to move anteriorly by up to 5mm. The mandibular soft 
tissues also moved anteriorly by 5mm, which is a slightly larger degree of relapse than the 2- 
3mm reported from Lateral skull radiographs by previous authors (Aaronsen, 1967, Knowles,

215



1967 and Robinson, 1972). This forward movement of the maxillary soft tissues may be the 
result of the forwards relapse potential of the mandible. The good intercuspation of the dental 
arches produced by orthodontic treatment prior to surgery caused the maxillary arch to be 
dragged anteriorly with the mandible.

Females
There was a retrusion of the mid part of the upper lip, the alar bases and the dorsum of the nose, 
but the area of retrusion did not extend out as far as the cheeks, as in the males. This was a 
reflection of the female sample rather than a general trend. The mandible was larger than the 
control groups in these females.

The maxillary surgery resulted in an overcoirection of the alar bases, as in the males. The central 
portion of the upper lip matched well with the control group. The mandible, unlike the males 
was overconected.

The relapse from the first three months to the one year stage is very similar to that found in the 
male group, with the maxillary complex continuing to move anteriorly and the mandible 
relapsing by upto 5mm on average. Overall there was a high degree of success in this group, when 
compared to the normal control group.

Cleft Palate Groups
In the cleft palate patient groups the overall anterior face height was greater than in the control 
groups. This may be explained by the patients adopting a postural position of the mandible to 
improve their appearance and help mask the underlying lack of skeletal vertical development.

Unilateral Cleft Lip and Palate Patients
This group were divided equally according to sex. However, as the results of the two sexes were 
very similar they are combined in this section. There was a progressive degree of retrusion of 
the dorsum of the nose from bridge to tip, as in the othercleft groups. The nose was also displaced 
towards the cleft side, resulting in a greater degree of retrusion on the alar base on the cleft side 
of 9 mm, although this was to be expected. The upper lip was also variable from cleft to non cleft 
side with greater retrusion on the cleft side. The mandible was well matched to the control group 
in size, with the chin being l-2mm slightly more prominent in the cleft groups.

After surgery there was an increase in anterior height with the mandible moving downwards and 
backwards and becoming more retruded. The movement of the mandible was the result of the 
maxillary advancement. The maxilla was not only advanced but was moved downwards 
posteriorly. This movement was undesired but the surgeons have difficulty in avoiding this type 
of movement for several reasons. These include the fact that the movements are very large; the 
access is poor, the amount of scar tissue is severe; and a tunnelling approach has to be employed
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to maintain blood supply to the palate during a transpalatal osteotomy. The most disappointing 
feature of this group was that there had been a marked degree of relapse of the maxillary 
advancement achieved at the time of surgery (McCance et al., 1992). Therefore there was little 
net advancement of the midface and the mandible had been set back. All the cases were fixed 
using champy bone plates, and intermaxillary fixation for a six week period. They were 
subsequently retained for a further period of three months with Class ID elastics with force levels 
of 150g. Questions therefore arise as to the stability of either the surgery involved or to the form 
of fixation. Although one cannot really compare these results with previous authors who 
examined relapse from lateral skull radiographs it is interesting to speculate on the use of the 
boneplates. The same surgeon (James and Brook, 1985) showed that on a group of42cleftpalate 
patients treated with transpalatal Le Fort I osteotomies and cranial fixation, there was only 7% 
horizontal relapse and 22% vertical relapse in the first year postoperatively. Comparing these 
results with the markedrelapse in the groupofpatientsdiscussedin this report atthe three months 
postoperative stage, it would suggest that to prevent relapse the period of fixation should be 
either increased to 10-12 weeks or the application of cranial fixation may be necessary. Another 
factor may be that this sample of patients were very poor in cooperation or wear of their elastics 
following fixation release. There is justifiable cause for concern over the useof bone plates alone 
as these do not seem to retain the advancement of the maxilla. The argument for prolonged 
fixation is further supported by the fact that there was little or no further relapse from the three 
month to the one year post-op stage. It seems, therefore, that it is important to maintain the 
advancement of the maxilla after the operation for as long a period as possible, and indeed cranial 
fixation for a period of three months might be justifiable in all cleft lip and palate osteotomies 
where there is the need for large maxillary advancements.

Bilateral Cleft Lip and Palate Patients
Preoperatively, there was a marked retrusion of the midface and the alar bases, extending out to 
the cheeks. The mandible was well matched with the control group. Surgery did not correct the 
degree of retrusion of the nasal complex or the midline of the upper lip at the three months 
postoperative stage. The degree of advancement attained at this stage was much smaller than 
had been anticipated and reflects a marked degree of relapse from the immediate postoperative 
position to that present at the three month stage. Thus future surgical planning will require a 
rhinoplasty to connect the nasal projection, involving columella lengthening and advancement 
of the nasal tip. There was a very small backward movement of the mandible in these patients, 
which is surprising in view of the large anterior and vertical movements of the maxilla, and the 
previous difficulties explained in the Unilateral cleft lip and palate patients. One might have 
expected a larger degree of downward and backward movement in view of the extent of the 
maxillary advancements.

There was very little anteroposterior change in the maxilla during the three month to one year 
post-operative stage, confirming the findings of previous authors that the majority of relapse 
occurs in the first six weeks to three months post-surgery (Aaronsen 1967, Knowles, 1965,
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Robinson etal. 1972,Wisth, 1981, and Kobyashietal. 1986). However, the nasal changes that 
occurred following surgery tended to relapse, and the mandible moved upwards and forwards 
by 5mm, and must be a reflection of vertical relapse or settling of the maxillary arch. The lack 
of continued advancement of the maxilla is in direct contradiction to the skeletal 3 group and may 
reflect that either the intercuspation of these cases is poorer following surgery, or that the scarring 
of the lip and palate are such that the small forces exerted by the anterior rotation of the mandible 
would have little effect

Clefts of the Secondary Palate
The degree of retrusion in these patients was not as extensive as in the other cleft groups, and the 
mandible was the same general size as the control Unlike the other cleft groups the cheeks were 
more prominent in this group than the control. The surgery resulted in an overcorrection of the 
alar bases, the paranasal regions and the malars bilaterally. However, the dorsum and the tip 
of the nose and the central part of the upper lip were still retruded in the cleft group post-surgery, 
and there was very little change in the mandibular position. During the three month to one year 
post-operative stage the mandible relapsed anteriorly by 3mm over the chin, as did the cheek on 
the right and both alar bases. This forward movement of the mandible must be the result of a 
degree of vertical relapse or settling of the maxilla during this period. The main problem in these 
cases was therefore the correction of the degree of nasal retrusion. Any further advancement 
of the maxilla would result in a gross overcorrection of the malars, giving a rather unattractive 
‘hamster like* appearance. Therefore one must either accept that the nasal complex will always 
be retraded, or make some attempts to tailor the operation to these specific requirements. This 
might be undertaken by a higher level of osteotomy (Bell et al. 1980) which would result in 
greater nasal advancement e.g. a modified Kuffnerosteotomy(Kuffner, 197 l)orby a secondary 
rhinoplasty following Le Fort I osteotomy. It may also be necessary to consider the introduction 
of a limited osteotomy to move the premaxilla and nasal complex alone. This would present 
problems of a technical and occlusal nature and would make the surgery and subsequent 
orthodontics far more complicated. It may be that a combination of these techniques might be 
the answer. It is, however, important not to try to correct every patient to a standardised normal 
face, and thus on balance if the proportions of the secondary palate patients faces look balanced 
following Le Fort 1 osteotomy, they should be accepted. There is an ever increasing danger of 
morbidity with the more complex forms of surgery and thus great care must be taken to consider 
the benefits and the risks involved in such surgery.

There would appear to be major problems in the correction of the nasal complex projection in 
the cleft groups as a whole and it may be necessary to consider a higher level of osteotomy to 
advance the nasal complex. There is a definite requirement to stabilise the maxillary 
advancements in cleft lip and palate patients for as long a period as possible. There is also the 
need for a prospective study to compare the three dimensional changes in cleft lip and palate 
patients with bone plating alone or with cranial fixation following Le Fort I osteotomy.

218



Standard Deviation
In both male and female control groups there was a greater degree of variation in the nose, the 
chin and also in the width and height of the face. Care must thus be taken in the interpretation 
of changes below 4mm in these areas. In the patient groups the surgery undertaken was generally 
successful in reducing the degree of variation across the face. The variation over the face in the 
post operative scans was a closer match to the control groups. The greatest reduction in the 
standard deviations across the face was seen in the Skeletal II and Skeletal ID female patients. 
However, these were also the groups after that showed the best confirmation to the control groups 

after surgery. There was greater variation in the Skeletal El male group because of the degree 

of relapse in these patients. The cleft palate groups were small in sample size and therefore the 
results must be interpreted with care.

Bone Movements
The three dimensional analysis of the bone movements resulting from surgery must be 

interpreted with great care. The measurements are the result of radial measurements taken from 
the centre of rotation of the skull. Thus if one refers to Fig. 112 it becomes clear that for a 10 mm 
advancement of the maxilla or the mandible the degree of change anteriorly would be 10mm. 
However, as the jaws are U or V shaped the degree of change decreases gradually towards the 
back. The degree of change at 30 degrees from the midline was 9mm and at 60 degrees only 
4mm. In smaller anterior-posterior movements the degree of difference from front to back 
would be far less marked and may not be discernible by the colour scale and precision currently 
available in the software. Furthermore as indicated in Fig. 113, there are also problems in the 
interpretation of the changes in the bone when a vertical displacement of the jaws is undertaken, 
or indeed a rotation. In the example shown in Fig. 113, the maxillary impaction results in a 3mm 
change in the radial measurement between points 1 and 2 and a greater movement of 7mm 
bnetween points 3 and 4. Thus in the case of maxillary impactions the bone changes recorded 
on the colour scale would suggest marked anterior dislacements of the jaws, when little or no 
advancement actually occurred. Another problem with bone measurements in the cases 
illustrated and in particular with the cleft palate patients is that the degree of movements are often 

at the limit of the colour scale and thus any movement above 9mm is recorded as either purple 
or red.

The result of the movements in each group of patients confirm the gradual decrease in movement 
from the front to the back in the maxilla for all larger movements of the jaws, and also confirm 

that for smaller movements the degree of difference is far less marked. The Skeletal 2 patients 

who all had maxillary impaction show a marked degree of maxillary advancement according to 

the colour scale, and is explained in Fig. 113.
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Radial Measurement Changes

ANTERIOR

2

Centre of rotation 

POSTERIOR

Fig 112. The effect of radial changes at 30 degree intervals around the arch 
following a  10mm anterior advancement are shown.

Semicircle A represents the maxilla or mandible pre-operatively and 
Semicircle B post-operatively. The anterior displacement is 10mm between 
points 1 and 2, but the degree of change decreases to 9mm between points 
3 and 4, and further decreases to 4mm between points 5 and 6.
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Radial Measurement Changes

3

Maxillary Im paction

Fig 113. The effect of radial changes following a maxillary impaction are 
shown.

The distance from point 1 to 2 has increased by 3mm, and the distance 
from 3 to 4 by 7mm. These changes will be shown as positive anterior 
displacements of the bone on the colour scale comparison.
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Ratio of Soft tissue to Bone Movements
Despite the problems in the interpretation of the three dimensional bone changes the resultant 
three dimensional soft tissue ratio to bone movement is a measure of how the soft tissues react 
to the underlying bone changes. As all the incisions are made from an intra-oral approach and 
the skin surface is not incisedthe soft tissues have to adapt to the new bone position. In the case 
of a maxillary impaction when a wedge of bone is removed and there is a reduction in the total 
vertical height of the face anteriorly, the excess soft tissue will adapt and spread itself along the 
lines of least resistance.

Skeletal 2 Patients 
Maxilla
There was a very interesting pattern to the ratio of movements in this group with the central part 

of the upper lip being advanced in a 1:1 ratio. This is in direct contradiction to the findings of 
previous authors (Lines and Steinhauser, 1974, Dann et al. 1976, Bell and Jacobs, 1980, and 
Radney and Jacobs, 1981) who found from Lateral skull radiographs that the upper lip thickness 
was reduced in a soft to hard ratio of 1:2. The ratio routinely increased to 1.25:1 in the canine 
region and a 1.5:1 ratio at the alar bases, and over the paranasal regions. This increase in the ratio 
of movement may be explained by the fact that in these patients a maxillary impaction was 
routinely employed with the necessary removal of a wedge of bone to facilitate the impaction. 
There was no removal of excess soft tissue and therefore it would appear that this extra tissue 
billows out into the alar base and paranasal regions. This is important as these patients are often 
warned that they will be somewhat swollen around the base of the nose and out onto the cheeks. 
This change did not alter one year post-operatively and so patients should be advised that there 
may be a permanent change and that the fullness would not disappear.

Mandible
There was also a fairly consistent pattern of movement in the mandible. The ratio was 1.25:1 
over the chin and mentalis region and disagrees with the findings of previous authors (Bell and 
Dann, 1973, Profitt et al. in Bell et al. 1980, and Moshiri et al. 1982), who found a 1:1 ratio of 

movement over the chin. The 1.25:1 ratio continued out over the canine region, and then 
decreased to a 1:1 ratio over the body bilaterally. The possible explanation for this disparity in 
findings may be that the lower face height is decreased following the maxillary impaction. Pre- 
operatively the mentalis muscle needed to be very active with an increased activity to maintain 
a lips together position. Thus when the anterior face height is reduced and there is a mandibular 
advancement the lips are more easily brought together following the mandibular advancement 
and there is a surplus of tissue. Unlike the maxillary region in the midline the soft tissues over 

the anterior mandible appear to be able to accommodate the excess tissue, possibly due to th 
stretch of the soft tissues beneath the chin as the mandible is advanced.
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Skeletal 3 Patients 
Maxilla
In the Le Fort 1 osteotomy patients there was a fairly consistent pattern of movement following 
advancement This was 1:1 ratio in the midline increasing to 1.25:1 in the canine region, but 
unlike the skeletal 2 group did not extend out into the paranasal areas as a 1.5:1 ratio but rather 
as a 1:1 ratio. These findings disagree with those of previous authors (Lines and Steinhauser, 
1974, Dann et a l 1976, Bell and Jacobs, 1980, and Radney and Jacobs, 1981).
The ratio of movements found following straightforward maxillary advancement would appear 
toconfirmtheadditional effects thatareductionin verticalheightfollowing maxillary impaction 

have over the paranasal regions in the skeletal 2 group,

Mandible
There was a variety of patterns of change and this is because of the variation in the types of 
mandibular movements employed to correct mandibular asymmetry as well as prognathism. 
The chin and mentalis region was commonly moved in a 1.25:1 or greater ratio, and contradict 

the 1:1 ratio over the chin reported by previous authors on their assessment of Lateral skull 
radiographs (Lines and Steinhauser, 1974, Worms et al. 1976, Hunt, 1980, Profitt et al. in Bell 
et al, 1980, and Moshiri, 1982). This may be due to the excess of soft tissue as the mandible is 
moved posteriorly.

Unilateral Cleft Lip and Palate Patients 
Maxilla
There was a fairly constant ratio of 1.25:1 in the midline, which is in contradiction to 1:1 ratios 
in 2D lateral skull radiographsreported by (Lines and Steinhauser, 1974, Dann et al. 1976, Bell 
andJacobs, 1980, Radney and Jacobs, 1981,andFreihofer, 1976,1977). Interestingly there was 
a greater ratio of movement on the canine region on the cleft than the non cleft side, which may 
have been due to greater movement of the lesser segment and rotation of the maxilla to improve 
the facial appearance. However, this differential movement did not extend to the alar bases.

Mandible
There was a fairly symmetrical degree of change with the chin and the canine regions being set 

back in a 1.25:1 ratio which does not agree with the 1:1 ratio from lateral skull radiographs 

reported by previous authors (Lines and Steinhauser, 1974, Worms et al. 1976, Hunt, 1980, 
Profitt et al. in Bell et al, 1980, and Moshiri, 1982).

Bilateral Cleft Lip and Palate Patients 
Maxilla
The movements of the maxilla were veiy large and there was a ratio of soft tissue to bone of 1:1 

in the midline and 1.25:1 over the alar bases. The 1:1 ratio of movement confirms the findings 
of Freihofer (1976,1977) in the mid-sagittal plane.

223



Mandible
There was no constant pattern in the ratio of soft tissue to bone movements because of the small 
sample numbers in the group and because of the diversity of the movements undertaken at the 

time of surgery.

Clefts of the Secondary Palate Patients 
Maxilla
The pattern of movement was the same as in the Le Fort 1 advancements of the skeletal 3 group. 
There was a 1:1 in the midline, confirming the findings of Freihofer (1976,1977) and a 1.25:1 

in the alar base and canine regions.

Mandible
There was a very varied pattern of ratio of movements. However, as in the other groups the chin 
was set back in a 1.25:1 ratio, which again disagrees with the findings of previous authors of a 
1:1 ratio (Lines and Steinhauser, 1974, Worms et al. 1976, Hunt, 1980, Profitt et al. in Bell et 
al, 1980, and Moshiri, 1982).
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CONCLUSIONS

In answer to the initial hypotheses the results of the research have shown the following:

1) The results indicate that it was not possible to reliably achieve predicted surgical 
movements at the time of orthognathic surgery, using the current prediction procedures 

and surgery.

2) Even if the surgeons achieved the planned surgical movements, the current prediction 
methods are inaccurate, particularly over the nose and chin and there was little correlation 
between the predicted and post-operative scans.

3) The ratio of soft tissue to bone movement of 1:1 was not constant from region to region, 
either over the maxilla or the mandible.

4) However, for both the maxilla and the mandible a fairly consistent pattern of soft tissue 
to bone ratio exists between all thepatient groups, with the exception of the Unilateral cleft 
lip and palate group. In the maxilla theratioof movement was 1:1 in the midline increasing 
to 1.25:1 over the canine and paranasal regions, and in the Skeletal 2 group the ratio 
increased to 1.5:1 over the paranasal regions. The Unilateral cleft lip and palate group 
showed a degree of asymmetry in the maxillary movements, with a 1.25:1 ratio of soft 
tissue to bone movement anteriorly and a greater degree of movement over the cleft side 
canine region.

5) The stability of the skeletal 2 patients and the skeletal 3 patients was extremely good, as 
were those with clefts of the secondary palate. The two other cleft groups were less stable.

6) It was not possible to surgically correct every patient to a normal or average appearance.

7) The laser scanner has proved to be a very efficient and effective method of measuring three 
dimensional facial form.

8) Radial measurements and the two colour scales have provided a simple and easily 
interpreted method of illustrating three dimensional changes in the bone and soft tissues.
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FURTHER WORK

1) As the sample was small, especially in the cleft groups, it would be of value to increase 
the sample numbers in all groups and repeat the investigations.

2) As the prediction was particularly poor in that the surgeon did not move the bones 

accurately, it would be interesting to repredict the two dimensional surgical outcome on 
all the patients in the study using the actual surgical movements that were achieved at the 
time of surgery. The results should then be analysed using the Scale Space Analysis.

3) Set up a cross centre study on Orthognathic surgery to expand the database and aid in 
surgical simulation, by pooling the data.

4) Prospective study to measure the two and three dimensional surgical change and relapse 
following the use of bone plates alone compared to Cranial fixation.

5) Prospective study on the manufacture of preformed bone plates from reconstructed C.T. 
scans, to aid the surgeons in achieving the planned surgical position.

6) Development of a three dimensional sensor system to orientate the maxilla and mandible 
during surgery and give a computer read out on the actual movements occurring at 
specified points on the both jaws.

Software Development

1) Include the results of the study in the development of a database on bone and soft tissue 
to bone ratio of movements for individual jaw movements. Thus the computer would not 
be reliant on an arbitrary 1:1 relationship.

2) Facilitate the import of the laser scan data onto the GT.data such that the laser scan data 
would replace the soft tissue information from the C.T. scans. The current quality of the 
soft tissues is very poor on C.T. scans, owing to the slice spacings. Thereafter predict the 
outcome of surgery three dimensionally using only the Laser scans. The surgical 
movements being carried out on the Laser scans and the tissues being moved by the ratio 
of movements databased from those patients reported in this study.

3) Develop more wide ranging statistical methods of analysing the data. It would be more 

helpful in the averaging process if the confidence limits were apparent rather than just the 
standard deviation.
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4) Extend the averaging procedure to the bone data from the C.T. scans.

5) Automate the superimposition of both bone and soft tissues.

6) Increase the scale of the colour grid from l-20mminbothpositiveandnegativedirection.

7) Investigate other forms of acquiring bonedata, that are non invasive and carry noradiation 
risk e.g. Ultrasound, infra-red, or M.R.I.
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