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INTRODUCTION

The dental arch form of man, though characteristically human,
presents enough variation that dentists and anthropologists have long
been accustomed to categorizing the distinctive shapes found in
human dental arches. This variation has been described architectur-
ally in terms such as gothic and romanesque, geometrically as parab-
olas, ellipses, and functions of catenary curves, or, most recently,
translated into the more flexible mathematical form of polynomial
equations. Yet the clinician still prefers the most practical and
easily understood of classifications. He sees dental arch forms as
rounded, or square, or ovoid, or tapering, or some combination
thereof. What these terms lack in objectivity they compensate for
in utility, and the particular use to which the clinical orthodon-
tist puts them bears a distinct implication.

When the orthodontist speaks of a tapering arch, he is describing
normal variation in dental arch form, but in terms of treatment ob-
jectives he is implying more than simple description. Mcst ortho-
dontists prefer to incorporate in their treatment philbsophies a
desire to preserve in some part the arch form found in the dental
arches of their patients prior to treatment, and motives for doing
S0 geﬁerally reflect an attempt to enhance stability, function, and
aesthetics in the final treatment results, Sanctity of the original
arch fqrm, however, is a concept based heavily on clinical experience;

no hard evidence exists to show that the variation found in the shape



of dental arches should influence an orthodontist's treatment goals.
Genetic studies seldom verify such empirical concepts, but by
clarifying the processes through which normal variation occurs, they
do provide valuable background data for more specific clinical
studies. This study, then, will employ the twin method in an at-
tempt to unravel the roles that genetics and environment play in
determining dental arch form. Within-pair variance in arch form
will be statistically compared among samples of monozygotic twins,
like-sexed dizygotic twins, and a control group of like-sexed sib-
lings. 1In addition, within-pair variance in intercanine and inter-
molar widths and arch circumference will be subjected to the same
statistical comparison. Because it appears certain that arch form
manifests itself as a continuous variable, the arch forms in these
samples will be translated into quantitative characters by the use of
polynomial equations. Due to the limitations of this type of study,
an attempt will not be made to assign relative degrees of influence
to heredity and environment. Rather, our purpose will be only to
determine whether genetics or environment, or both, play a statis-
tically significant role in determining the form and dimensions of

an individual's dental arches.



REVIEW OF THE LITERATURE

Even the very early dental literature demonstrated an interest
in the effect that heredity has upon the features of the oral

cavity. In the 1870 Dental Cosmos M'Quillen1 conjectured about '"the

transmission of hereditary peculiarities in the dental organs' in

light of the recent revelations of Darwin in The Origin of Species.

Typical of the era which followed were the pedigree studies which at-
tempted to assign simple Mendelian inheritance patterns to dental

45358 in 1935 or facial deformities such as cleft lips.

anomalies

Keeler4 in 1935 regretted that insufficient research had been
taking place in dental genetics but was apparently unaware of studies
already published which were more sophisticated than his own pedigree
searches. Bachrach and Young6 in 1927 and Goldberg7 in 1920/ hiad pub-
lished innovative twin studies of dental occlusion, and Korkhau58 in
1930 had followed with an investigation which explored pathological
as well as normal variation in fraternal and identical twins.

Iwagaki9 in 1938 also broke away from the pedigree model with a
population study of the effects of heredity on progenia, a condition
which includes both mandibular protrusion and edge-to-edge bite. Al-
though unsuccessful in his attempt to discern Mendelian inheritance
by using statistical data, he concluded that progenia was familial and
suggested that the mode of inheritance may be Mendelian recessive.

Rubbrecht10 returned to the pedigree study in 1939 and concluded that

mandibular prognathism had been proven to be dependent on heredity by



its frequency and distribution over a large number of families, and that
its mode of inheritance is "irregularly dominant." Johnson11 followed
in 1940 with a study of dental occlusion and skull form in dogs, con-
cluding that genetic influences condition the environmental effects on
facial growth.

The conclusions drawn by Iwagaki, Rubbrecht, and Johnson, however,
were not entirely justified by the studies from which they were derived,
and this tendency toward speculation was carried even further by

2 in the early forties. Although they were among the

Hughes and Moore
first to support the concept of multiple gene inheritance in the cranio-
facial complex, their rendering of hereditary and environmental control
into set percentages is of questionable validity. Drawing upon a sample
of 554 individuals from 150 families, they determined that heredity
plays a strong role in controlling craniofacial morphology and growth,
and then broke down the causes of specific malocclusions into percen-
tages attributable to heredity, to environment, and to interaction
between the two. Hughes13 was also a strong advocate of the concept
of genetic independence of anatomic parts, even to the point of at-
tributing single gene inheritance to a trait such as palatal height.
Wylie14 in 1944 took a more objective approach by quantifying
craniofacial features through the use of cephalometric measurements.
Hisvsample consisted of fifteen families, thirteen of which included
like-sexed twins, and although none of the linear and angular measure-
ments showed significant genetic variation, his technique of using
cephalograms to measure craniofacial variables was the basis of many
later studies. Wylie did not determine zygosity on his twin sample

but suggested that this method would prove valuable in twin studies



where zygosity had been ascertained.

Two years earlier Cohen15 had conducted a twin study of dental
arch form, but his objective was to use arch shape as a means of deter-
mining zygosity, Although his investigation proved valuable primarily
as a study of dental arch form, zygosity detérmination did become more
precise in the ensuing years, especially through the use of blood group
factors. And, as Wylie had suggested, many researchers followed with
cephalometric studies that included twins whose zygosity had been
determined to a high degree of probability.

e reported a cephalometric twin study in 1954 and

Lundstrom
1955 in which he had used a sample of 50 pairs of monozygotic twins and
50 pairs of dizygotic twins, The cephalometric distances and angles
measured were similar to Wylie's, and Lundstrom concluded that genetic
factors exert a greater influence over these measurements than non-
genetic factors, In an earlier investigation Lundstrom18 had analyzed
tooth size and dental occlusion in a sample of 100 monozygotic and 102
dizygotic twins, probably the first such study to consider all charac-
teristics as quantitative continuous variables. Walkerlg, in a review
of the earlier study, was critical of Lundstrom's failure to utilize
blood groups or dermatoglyphics for zygosity determination, but Lundstrom
countered in the later cephalometric studies by reporting that blood
groupings had been done on fourteen of the twin pairs uSed, none of which
contradicted the previous zygosity assignations.

0 s : : X
were more rigorous in diagnosing

Horowitz, Osborne, and DeGeorge2
zygosity for their cephalometric twin study of 1960. Using cephalo-
metric tracings of thirty-five monozygotic and twenty-one like-sexed

dizygotic twin pairs, they compared linear measurements and found



"highly significant variation" occurring in anterior cranial base, man-
dibular body length, total face height, and lower face height.

Hunter21 in 1965 conducted a cephalometric study in which he com-
pared linear measurements in seventy-two sets of twins, thirty-seven
monozygotic and thirty-five dizygotic. His purpose was to evaluate --
in cephalometric terms -- the conclusion by Osborne and DeGeorge22 in
1959 that generally measurements taken along the long axis of the body
show the strongest gemetic component., Hunter agreed, finding that on
the whole, dimensions of facial skeletal height showed a "significantly
higher component of genetic variability'" than those of facial skeletal
depth.

| Snodgrasse23 in 1948 and Stein, Kelly, and Wood24 in 1956 also
conducted studies using cephalometric measurements to quantify cranio-
facial variation. Snodgrasse's family line study included one set of
twins, and he concluded that familial records aid the clinical ortho-
dontist in anticipating difficulty in treatment as well as prognosis
for .success, Stein et 3124 studied a large group of female cbllege
studenfs, their parents, and their siblings, the sample including four
sets of twins; only angular measurements were used. The resultént
correlation coefficients indicated a greater genetic significance be-
tween siblings than between parent-sibling combinations.

Noyes, in a 1958 review of the question of genetic influence on
malocclusion, noted the '"need for establishing genetic units within the
face rather than seeking genetic significance in orthodontic diagnostic
criteria.“zs Curtnerz6 in a 1953 study including three sets of twins
had expressed a similar view in suggesting the value of superimposing

headfilms in studies of human inheritance rather than measuring lines



and angles. The most prominent study espousing the deficiencies in using
line and angle constructs for cephalometric studies of heredity was that
of Kraus, Wise, and Frei27 in 1959. They used six sets of triplets and
found superimposed bony profiles, scored visually and subjectively for
concordance or discordance, to be of more value in studying genetic
control of craniofacial morphology than measuring lines and angles.
Moorrees28 also used a superimposition technique to assess familial
patterns in facial proportions except that " he divided his cephalo-
metric tracings into a series of vertical and horizontal planes and
superimposed these rather than profiles.

However, Goodman29 noted in 1965 the limitations of superimposition
techniques, such as that proposed by Kraus et al, due to the subjectivity
of these methods. He called for a moie quantifiable means of assessing
genetic control in craniofacial traits; while earlier studies did
utilize quantitative measures, they were measuring artificial constructs
that had no coherent genetic validity,

Thus Watnigkso, in a 1972 cephalometric study of seventy pairs of
twins, half monozygotic and half dizygotic, attempted to quantify
small, definable anatomic units in the mandible which represented local
growth sites. ‘Then he statistically assessed the predominance of
genetic or environmental influences upon the morphology of these
anatomic subsets. Watnik contended that "it is not the number of
measurements or variables that determine biologic relevance, but the
nature of the measurement itself," and that the advantage of his method
lay in "the quantification of morphologic units and their relatively
small size."

Nevertheless, the criterion of ""biologic relevance' would



apparently be met by cephalometric measurements which are non-morpho -
logic in character, as long as they are expressions of anatomic reali-
ties. For example, the traditional twin study published by Arya et
a131 in 1973 sought to assess heritability of linear cephalometric
dimensions in the mandible. Although strictly speaking these dimen-
sions are artificial constructs, they do reflect biologically relevant
attributes of the mandible such as length, width, and height. In
similar fashion the heritability studies of palatal dimensions by
Shapiro in 196932 and Riquelme and Green33 in 1970 dealt with measure-
ments whiéh are man-made concepts rather than strict morphologic units.
Yet they are relevant in the sense that they expresquuantitative
attributes of the anatomic unit known as the palate.

Dental arch form is probably an artificial construct as well,
at least when conceptualized as it usually is, in the form of a two-
dimensional curve. But again, this man-made concept is an expression
of anatomic realities; it is a means of describing one particularly
distinctive quality of the dental arch -- its shape. The shape of a
dental arch, however, is obviously more difficult to quantify than
linear or angular dimensions. And quantifying a complex, often asym-
metrical, curve is not the only obstacle encountered in a heritability
study of dental arch form. The twin method itself presents its own
inherent difficulties.

The complex nature of multifactorial inheritance has long been a
major difficulty in studying the influence of heredity upon the mor-
phology of the craniofacial complex, and in particular the dental arch.
It is generally accepted that the characteristics of normal occlusal

variation are polygenic, or multifactorial, and are therefore



represented by continuous phenotypic variation34’35’36’37’38’39’40’4].
Although extreme deviations of occlusion associated with craniofacial
anomalies are found to have single gene inheritance patternssg, the
general inheritance patterns of occlusal morphology are thought to be
polygenic.

Polygenic inheritance accounts for a wide variation in the pheno-
type whereas the single locus concept, even considering multiple al-
leles, cannot account for the broad range of variation found in the
population. The theory of polygenic inheritance is based on the con-
cept that phenotypic expression of a characteristic is determined by
the summative effects of a large number of genes and the overlying
environmental influence., The genes collaborate in their action, and
the varieties within a population can be expressed in graded pheno-
types which tend to be continuous and normally distributed41.

Cne approach for studying these traits is the method of comparing
resemblance between relatives. Fisher42 has shown that the theoretical
correlations between relatives for a trait should be proportional to
the nuﬁber of genes in common, provided that: the trait is determined
purely by heredity; the genes concerned are strictly additive in their
effects; and mating is random for the trait under investigation. Under
these circumstances the correlation coefficient is utilized as a quanti-
tative measure of resemblance between relatives;

The identical-fraternal twin model has been widely used to parti-
tion off the relative influence genetics and environment have upon a
phenotype. This method, according to Osborne and DeGeorge, '"consti-
tutes the mbst efficient approach for appraising the heredity-environ-

ment problem in man, particularly with respect to complex or
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multifactorial inheritance.”22 It is assumed in the twin method that
monozygotic twins are derived from a single fertilized ovum and thus
have identical genetic endowments and a coefficient of genetic rela-
tionship of 1.0. Osborne and DeGeorge go even further, stating that
since monozygotic twins are identical for their whole genetic consti-
tution, they are identical not only for all genetic factors that have
a modifying influence on the penetrance, or expressivity, of a major
gene, but also in the degree of their response to specific environmental
influences. Thus they have identical genetic buffering systems which,
by homeostatic modifications of developmental or psychological pat-
terns, will protect equally both members of the pair through the usual
range of environmental variation522

Dizygotic twins, on the other hand, are derived from two separate
fertilized ova and have the same genetic similarity as full siblings,
the average coefficient of genetic relationships being .5. Any dif-
ference in monozygotic twins is assumed to be due tovenvironmental
influence since their genetic makeup is identical; differences in the
phenotypes of dizygotic twins results from both genetic and environ-
mental influences. This is a basic assumption of the twin study.

Obviously the reliability of zygosity determination is of funda-
mental importance in twin studies. Zygosity determination in‘the early
studies was based on some or all of the following characteristics:
visual impression of resemblance; hair and eye color; hair whorl;
configuration of homologous ears; anthropologic measurements;
similarity of fingerprints; and palm and sole patterns. All of these
determinants employ a certain degree of subjectivity in diagnosis, and

recent improvements in zygosity determination have resulted from the



use of blood group studies and dermatoglyphic ridge counts, both of
which utilize a quantitative approach to the problem. Of the two,
diagnosis by blood groups is probably the more reliable method be-
cause of the precise phenotype-genotype relationship involved. An
example of modern day zygosity determination is reported in the 1973
cephalometric twin study by Arya et 3131, in which the probability
of dizygosity for concordant twins was established at less than 5%.

Questions of zygosity need no longer compromise twin study find-
ings, but biases which are inherent in the method itself must be
considered. These biases may be categorized as statistical and bio-
logic. Of the biologic biases, Price43 has outlined three which may
affect the similarity of twins: position and crowding in utero; time
of scission of monozygotic twins; and mutual vascular circulation in
utero. Newman et al44 believed that differences in blood supply due
to unequal blood exchanges between foetuses sharing a common placenta
may cause monozygotic twins to differ more in size than dizygotic
ones. Some atutho:vrs45"'46 suggest also the possibility of a third type
of twinning in which the ovum divides prior to fertilization, each
ovum being fertilized by a different sperm.

Statistical biases result from failure to meet the assumptions
made for the statistical tests used. The most common of these assump-
tions are that: random mating exists in the population under study;
no linkage exists for craniofacial growth loci; no differential vari-
ability or fecundity exists in the population; and the magnitude of
environmental differences“between monozygotic and dizygotic twins is
the same. All these assumptions can be disputed, thus clouding the

interpretations of co-variability of relatives in human populations.
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Bearing in mind all the problems associated with the twin method,
it still remains the best means of evaluating the relative roles of
genetic and environmental factors in the development of complex traits.
Allan in 1965 noted that "despite the many difficulties of twin re-
search ... no material but twins can provide such convincing evidence
for envirommental etiologic factors prior to the demonstration of the
factors individually,"*’

Several early authors used the twin method in their investigation
of the relative importance of heredity and environment in the development
of the dental arches. Bachrach and Young6 found in 1927 that concor-
dance of normal occlusion is significantly higher in identical pairs
than in fraternal twins, and that identical twins present a closer co-
incidence in this type of malocclusion than do fraternal twins of like
or unlike sex, Goldberg7 in 1929 concluded that tooth position is
not determined by physical forces. Hereditary factors determine arch
form, and environment, whether intraoral or extraoral, under average
conditions plays a small role in the determination of arch shape. And
Korkhau58 in 1930 recognized differences in identical twins due to ex-
trinéic factors but maintained that for the most part his identical
sets were strikingly similar in their dental conditions.

Newton48 reported in 1937 on a set of triplets in which two members
were found to have similar dental arch forms while a third was dissimilar.
Braun49 found in 1938 that dental arches of fraternal twins were more
variable than that of identical twins but more alike than those of un-
related pairs selected at random from the twin sets. Thus he concluded
that heredity plays the dominant role in determining the size and shape

of the dental arches.
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In 1942 Cohen, Oliver, and Bernick50 reported an investigation
into the use of dental arches as a possible adjunct to the current
method of zygosity determination. Dental arches of nine sets of trip-
lets were compared and zygosity determination was made based on dental
arch measurements. The results were compared with that of conventional
zygosity tests. They concluded that dental arch measurements were more
variable than other criteria used for zygosity testing and therefore
net a good method for determination of monovular origin. Cohen et al15
followed with a study of arch patterns in the same set of triplets and
found that, in general, the arch forms of identical pairs were more
alike than the arch forms in non«identicai pairs; however, considerable
variation was observed in three of the five identical pairs from the
triplet sample. They concluded that the use of arch pattern is more
reliable than arch dimension in the determination of monovular origin.

Although zygosity determination has become much more accurate
since the time of Cohen's work, the literature shows a decided absence
of quantitative twin studies investigating dental arch form and dimen-
sion. One exception is the study published by Menezes, Fostér, and
Lavelle51 in 1974 in which three sets of triplets were used to appraise
genetic control in the dimensions of the teeth and dental arches. Two
of the triﬁlet sets were entirely monozygotic; the third set consisted
of only two monozygotic members thus yielding two dizygotic pairs.

Arch width and length were measured and statistically compared, as
were tooth dimensions. As expected, tooth dimensions were found te be

under considerable genetic control, but, they concluded, dental arch

width and length are not, A substantial limitation of this study,

however, was the small sample size.



It is not uncommon to find studies published in which the dental
arches of one set of twins are subjectively compared, especially those
that show marked contrasts between supposedly monovular twins. Two
recent investigations which qualitatively compare arch form in one set
of monozygotic twins are those of Sakuda52 in 1973 and Becker53 in 1977.
In both instances zygosity was established through blocd groupings and
dermatoglyphics. Sakuda found that the shapes of the dental arches in
his sample were similar, with some environmental differences. Becker
concluded that the minor differences in the arch forms of his set of
twins could be attributed to a thumb sucking habit in one, as well as
to individual variation within the same genetic pattern.

Aside from limited sample sizes, one of the major obstacles in
assessing the influence of heredity and environment upon arch form has
been the inability or reluctance of investigators to quantitatively
define dental arch shape in a flexible mathematic form which lends
itself to statistical analysis.,

Dental arch shape has been described qualitatively in such varied
terms as semiellipsoid, U-shaped, rotund, paraboloid, and horseshoe-
shaped. The ellipse and parabola in particular have been used historic-
ally to describe the morphology of the dental arch, Black in his text
on dental anatomy stated that "the upper teeth are arranged in a semi-
ellipse ... (while) the lower teeth are arranged similarly, on a smaller

ot Angle asserted in his discussion of the line of occlusion

curve,"
that '"the form of the line (of occlusion) resembles a paraboloid curve
and varies within the limits of normal according to the race, type and

temperament of the individual."55 Sicher>® noted that the shape of the

dental arch varies considerably, but in the average individual the upper

14



arch can be described as elliptical, the lower arch as parabolic.
Many investigators have studied the dental arch, and numerous

opinions have emerged regarding its shape. The catenary curve, ori-

ginally described by Galileo in the 16th century57, has been proposed

by several authors to most accurately describe the ''common line of oc-

clusion." McConaill and Scher in an attempt at a physiologic justifi-

cation of the catenary curve pointed out in 1949 that "the catenary,
like a straight line, is a curve of minimal extraneous force"58 and
therefore is the simplest form in which the teeth can be arranged.
Scott59 concurred and has stated that not only do the permarent upper
and lower dental arches conform to the catenary curve, but also that
the arrangement of the embryonic tooth germs lies in the shape of a
catenary as well, Burdi60 investigated this claim in 1968 and found
it to be true of embryos over the 8% week stage of embryogenesis.

Currier61

in 1969 fit parabolic and elliptical curves to land-

marks on radiographs of dental casts from a sample of Caucasians

with ideal occlusions, Using selected points on the teeth converted

to x-y coordinates, a least squares curve fitting program was used

by a computer to select an ellipse and parabela which most closely

approximated each dental arch, Statistical analysis concluded that

the ellipse provided a better "goodness of fit" for the maxillary arch

while the parabela provided a better fit for the mandibular arch.
Brader62 in 1972 proposed a three focal ellipse with the teeth oc-

cupying the position at the constricted end, This construction de-

rived from a physiologic force theory in which rest tissue forces

are the primary determinants of arch form.

In 1975 Biggerstaff63 reported fitting a generalized quadratic

15
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equation, i.e., a set of equations including an ellipse, a parabola, and
a hyperbola, to seven individuals with good occlusion. The casts were
oriented and, after identifying anatomic landmarks with inked points,
were photographed. The points of interest were then converted to x-y
coordinates and analyzed by computer. The relative goodness of fit of
the line of occlusion was studied, but no conclusions were drawn.

Lu64 had already proposed in 1966 that for practical purposes the
representation of general arch form seldom requires more than a fourth

degree orthogonal polynomial equation of the form y=a, + a;x + a2x2 +

a3x3 + a4x4. The even powered polynomials are by definition symmetric
and thus are a measure of the symmetry of the arch while the odd
powered polynomials are by definition asymmetric and therefore measure
the asymmetry.

Although curves were not fit to actual data points from dental
arches in this study, Lu maintained that the fourth degree polynomial
is a mathematic form with sufficient flexibility to accurately de-
scribe two dimensional representations of dental arch form.

Pepe65 in 1975 published a study in which curves generated by even
powered standard polynomials, second through eighth degree, and by
catenary equations as well, were fit to data representing thé anatomic
landmarks constituting the line of common occlusion. The material for
this study consisted of the same seven individuals with good occlusion
as used in the Biggerstaff investigations. Anatomic landmarks on the
casts were photographed, digitized, and, using the least squares solu-
tion, the mathematic formulae were fit to the raw data, The mean

square error was computed for all polynomials and catenaries which

had been fit to the dental arches. Pepe concluded that the catenary
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equation is less descriptive of dental arch form than the sixth degree
polynomial equation which afforded significant increase in accuraéy of
fit over a fourth degree polynomial equation. She did not however

statistically test that the sixth degree polynomial was significantly

different from the fourth degree equation.,



MATERIALS AND METHODS

Materials

The sample for this study was composed of 22 pairs of monozygotic
twins, 11 male and 11 female; 13 pairs of like-sexed dizygotic twins,
7 male and 6 female; and 21 pairs of like-sexed siblings*, 8 male and
13 female. All subjects were Caucasian, predominantly of northwest
European ancestry and of middle socioeconomic status.

| The records of the bulk of the sample were collected as part
of thé longitudinal growth study conducted by the Child Study Clinic
at the University of Oregon Health Sciences Center. These individuals
resided in the greater metropolitan area of Portland, Oregon. Cases
were selected for this study on the basis of complete zygosity diag-
nostic results and the availability of study casts of the intact
permanent dentition,

Five pairs of dizygotic '"twins' were obtained from records at
the Department of Orthodontics, University of Washington Health
Sciences Center. These cases were originally included in a study
conducted by Kraus, Wise and Fre127, and each pair was part of a
triplet set. These cases were selected at random from the available
triplet sets having dizygotic relationships.

Dental casts of the permanent dentition were obtained for the
entire sample. Impressions had been taken in alginate and promptlf

poured in orthodontic plaster. The ages at which the casts were

* Siblings in this sample are exclusive of twins.
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obtained were the same for each member in eéch pair except in 16 pairs
where the age difference ranged from 1 to 4 years, but in all these
cases the individuals were in the late teens or early twenties. The
ages of the pairs ranged in the monozygotic group from 12 to 24 years
with a mean of 16.27 years; in the dizygotic group from 10 to 19 years
with a mean of 13.87 years, and the mean age for the siblings was 17.69
years with a range of 10 to 24 years. None of the individuals included
in the study had undergone orthodontic therapy prior to the time at
which casts were obtained.

The zygosity of the University of Oregon sample was determined on
the basis of blood group systems. Blood samples were collected from
the subjects and both parents, and the serological workup was carried
out at the University of Oregon Medical School. Blood group systems
tested were: ABO, MNS, Rh, P, Kell, Duffy, and Kidd. The serum anti-
bodies tested were: A, Ai, B; M, N, 5; €, B, 'E, e, ®&, Cw; P;s 83 K, X
Kpb; Fya; jka, jkb. Discordance for any one of these antisera was re-
garded as sufficient evidence for dizygosity. In addition to the blood
groupings, the diagnosis of zygosity was suppleﬁented by,dermatoglyphics,v
phenylthiocarbamide taste testing and concordance of physical character-
istics.

The zygosity diagnosis in the University of Washington sample was
based on blood group data, dermatoglyphics, phenylthiocarbamide taste
testing, dental morphology, photographs, and physical characteristics
as described by Kraus, et a127.
Methods |

After the casts were oriented on surveyor tables, dental and soft

tissue landmarks were identified with ink and photographed in the
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following manner:

The lower cast was placed in a surveyor table which was adjusted
so that the occlusal plane of the cast was parallel to the base of the
surveyor table. The occlusal plane was defined as the plane formed by
the distobuccal cusp tip of both lower first molars and the buccal cusp
tip of the lower right first bicuspid, modified after the method used
by Moyers, Van der Linden, Riolo and McNamara66.

The upper cast was then placed in occlusion on the lower cast held
in the surveyor table. Three horizontal cast orientation marks were
scribed on the base of the upper cast, two on either side of the heel
and one én the front of the base (see Figure 1), all three scribe
marks being the same distance from the base of the surveyor table,

Using the two heel scribe marks as a guide for a protractor, two verti-
cal orientation marks were scribed on the heel of both upper and lower
casts (see Figure 1). Then these marks were projected onto the occlusal
surface of each cast (Figure 2, #1).

The upper cast was then mounted on a surveyor table and the three
horizontal cast marks were oriented equidistant from the base of the
surveyor table,

With both casts on surveyor tables and the defined occlusal plane
paréllel to the surveyor table bases, the anatomic landmarks were marked
with water soluble ink (Sanford's Vis-a-vis, black)., The soft tissue
landmarks used in this study were: (a) the most dorsal indication of
the midpalatal raphe (Figure 2, #2): (b) the most ventral point on the
midpalatal raphe (Figure 2, #3); and (c) the lateral termination of the
most anterior pair of rugae (Figure 2, #4)., The dental landmarks uti-

lized were: (a) the buccal cusp tips of the molars and premolars;
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(b) the cusp tip of the canines; and (c) the midpoint on the incisal
edge of the incisors.

The casts were photographed with a 35 mm Nikkormat single lens
reflex camera with a 100 mm lens and bellows using Kodak Panatomic X
black and white film (ASA 32). To insure a fixed focal distance on
all casts photographed and to facilitate standardized enlargement, an
orientation table was constructed as shown in Figure 3. The camera
was mounted on a tripod and kept at a constant distance above the
orientation table. The casts mounted on surveyor tables were then
raised on a laboratory jack through an aperture in the orientation
~ table so that the occlusal plane was level with the surface of the
orientation table.

Standardized enlargement of the negatives was controlled through
the use of a millimeter ruled graph paper scale on the surface of the
orientation table. This millimeter scale was employed as a guide for
the enlargément of all prints to 2% times actual size to facilitate
the digitizing procedure and minimize errors,

Four fiducial marks were marked on the graph paper on the surface
of the orientation table to form a rectangle 80 mm apart on the hori-
zontal aﬁd 50 mm apart on the vertical axes (see Figure 4). These
fiducial marks were utilized for subsequent computer correction of all
measurements to actual size,

The enlarged photographic prints were taped to the surface of a
graphic digitizing board (Summagraphics Data Tablet Digitizer HW-1-20),
which records the x and y coordinates of each point to the nearest
tenth of a millimeter, Fiducial points, heel marks, and anatomic

landmarks were digitized as x, y coordinates and relayed to a Digital



Equipment Corp. PDP 11/45 computer programmed to store the raw data on
a disc cartridge.

The data was then transferred via a modem attached to telephone
lines to a CDC computer located at Oregon State University for scaling,
reorientation, and statistical analysis.

Scaling and Transformation

A program was written to convert the x, y coordinates from the
photographs which had been enlarged 2% times, back to the original
séale.

The scaling procedure was computed in the following manner:
Utilizing the known distances between the fiducial marks on each
photograph (80 mm on the horizontal, 50 mm on the vertical axis) and
the average unscaled distances as derived from the X,y coordinates,
scaling factors were computed as a ratio of the original distance to
the digitized distance. Each coordinate was then multiplied by the
appropriate scaling factor to obtain scaled data,

Another program was written to perform a series of transformations
and rotations on the coordinates of the scaled points. First the lower
arch points were flipped over to obtain the normal occlusal relation-
ship between arches and oriented relative to the upper arch through
superimposition of the digitized heel marks. When superimposition was
not exact, the heel marks were aligned along a straight line with both
upper and lower right and left heel marks equidistant from each other.

Then the digitized points of the two arches were rotated and
transformed so that the midline of the upper arch, as determined by the
midpalatal raphe marks, was located along the y axis. The upper and

lower arches were then moved along the y axis so that the most

22
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anterior point of each arch lay on the x axis.

Statistical Analysis

Following scaling and transformation, standard polynomial equations,
first through fourth degree, were fit by the method of least squares in

a step-wise fashion to both upper and lower arches of each individual:

-1 1
Y = Bo # B1 X
a a
¥ = B0 + B1 x1 + B2 x2
b b b
_ 1 2 3
y = Bo + B1 x4+ B2 X+ B3 X
c c c ¢
=B =+ B1 xl + B2 x2 + B3 x3 + B4 x4
4 d d d d

The method of least squares derives the coefficients that minimize the

sum of squares:

n .
2 (G e BT

. 1 1
1

where Y5 is the y coordinate of the data point and ?i is the value pre-
dicted by the polynomial. At each succeeding polynomial the coefficient
of the highest power of x, B1 5 sz, BSC, B4d was selected for each arch
for statistical analysis. Coefficients derived in this manner were
assumed to be independent of each other, continuous, and normally dis-
tributed. The within-pair mean square error of these coefficients was
computed and compared among the three groups by F tests. All ratios
were tested at the 0.05 level of significance. At each step the co-
efficient of determination for that polynomial equation was determined

as well as the F ratios (see Appendices 1-3}.

The coefficients are expressed in the following units: tenths of
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a millimeter y per tenths of a millimeter x, raised to the appropriate
power. The mean square error is expressed in the above units squared.

In addition, the following variables were derived from the digi-
tized data for each arch: intercanine width, intermolar width, and
arch circumference. Intercanine width was measured from canine cusp
tip to cusp tip while intermolar width was measured from the mesio-
buccal cusp tip of one first molar to the mesiobuccal cusp tip of the
contralateral first molar. In the event that one of the data points
needed to compute intercanine or intermolar widths was missing, that
dimension was not computed for that set of twins. Arch circumference
was computed by sequentially summing the distance between each data
point beginning with the distobuccal point of one first molar around
to the distobuccal point of the opposite molar. The within-pair mean
square error of each variable was computed and compared among the three
groups using F ratios.

For all variables, the following research hypotheses were evaluated:

1 - the within-pair variance for monozygotic twins is less than for
dizygotic twins;

2 -~ the within-pair variance for monozygotic twins is less than for
siblings;

3 - the within-pair variance for dizygotic twins is less than for
siblings.

Error of the Method

The upper and lower casts of twelve subjects were randomly selected
by means of a random number table and the entire procedure - marking of
casts, cast orientation, marking anatomic points, photography, enlarge-

ment, and digitizing - was repeated. For each replicated case the
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first through fourth degree coefficients were derived and compared to

the original values. In addition, the measured variables - intercanine
width, intermolar width, and arch circumference - were computed and com-
pared to the original values. The standard error of the method was de-

rived for each coefficient and each measured variable:

S.EM. = [z(d)?
2N

where d is the difference between the two measurements.



FINDINGS

The coefficient of determination (Rz) obtained with the fourth degree
polynomial equation will be observed from Table 1 to account for a mean
of 0.979 of the variation in the lower arch and 0.982 in the upper arch.
The range was from .89 to 1.00 in both arches indicating not only that
the fourth degree polynomials have the flexibility to adequately de-
scribe the dental arches on the average but also the range was quite
small.

By observing the R2 values in the table it is apparent that the
first degree polynomial equation contributed very little to the over-
all fit of the polynomial to the dental arch. The second degree poly-
nomial makes the major contribption averaging .957 in the upper and
.962 in the lower. The third degree coefficient adds minimally to
the fit of the second degree polynomial. The fourth degree poly-
nomial explains approximately 43% of the remaining unexplained variation
from the third degree term. In summary, these results show that the
fourth degree polynomial accounts for an average of 98% of the variation
in the upper and lower arches. The vast majority of this variation was
accounted for by the contribution of the second order term with the
fourth degree term making a minor contribution.

In Table 2A, the within-pair mean square errors of the coefficients
of the polynomials are tabulated. By examining the mean square errors
obtained from the four coefficients in the upper arch there appears to

be no striking difference between the three groups. Table 2B reveals
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that in fact none of the F ratios cbtained by comparing the mean square
errors of any two groups were statistically significant. In summary,
there appears to be no significant differences among the three groups
for each of the four coefficients in the upper arch.

In Table 3A the within-pair mean square error of the coefficients
for the lower.arch is tabulated. There appears to be less intrapair
variance in the monozygotic group than in the dizygotic or sibling

groups for the B2 and B4 coefficients. The results of the F tests in
b d

Table 3B indicate that there is significantly less intrapair variation
in the monozygotic group in the second degree coefficient than in the
dizygotic or sibling groups. The intrapair variance of the fourth
order coefficient in the monozygotic group was significantly less than
in the dizygotic group. However the difference in variance between the
monozygotic and sibling groups was not significant. Where the sibling
and dizygotic groups were compared, no significant differences were
observed.

Table 4 illustrates that in the upper arch the within-pair vari-
ance of intercanine width and intermolar width of the three groups
show no significant differences. In the sibling/monozygotic comparison
for intermolar width, the F ratio (2.07) was borderline. However, in
the arch circumference of the upper arch there was significantly less
within-pair variation among monozygotic twins than among dizygotic and
sibling pairs.

In the lower arch, comparison of intrapair variance for the mono-
zygotic group was significantly iess than for either dizygotic or
sibling grdups for intercanine width, intermolar width and arch cir-

cumference. No significant F ratios were observed between the siblings
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and dizygotic pairs.

Error of the Method

The standard errors of the method for the coefficients were:

S.E.M. B, =1.3743 x 10’2
a

S.E.M. B, = 0.0625 x 10"3
2
b

S.EM. B, = 1.7435 x 107°
C

S.E.M. B, = 0.4028 x 10'8
44

The standard error of the method was very small for B2 relative
b
to the within-pair standard error (/MSE) for that coefficient in each
arch and in each group (Tables 2 and 3). The standard error of the

method for B was also small.

4
d
More variability in the reproducibility of the coefficients B1
» a
and B3 was evident. But as the contribution of these coefficients to

c
the polynomial equations was minimal, it is considered that much random

variability (''moise'') was associated with their computation. As they
play no significant part in the description of the dental arch form
they can be ignored,

The standard error of the method derived for the arch dimensions
intercanine width, intermolar width and arch circumference, averaged
0.310 mm and ranged from 0.177 to 0,445 mm, indicating a high degree of

reproducibility.



DISCUSSION

For a statistical comparison of dental arch forms to be valid, the
quantitative representations of those arch forms must describe them with
precision. Stepwise polynomial equations were fit to the data in this
study so that independent coefficients, i.e., the coefficients of the
highest terms, could be generated for the purposes of statistical com-
parison., In addition, polynomials have been shown to be quite accurate
in translating the curve of the dental arch into a mathematical for-
mula64’65.

Pepe65 asserted in her study that the sixth degree polynomial
"afforded a significant increase in accuracy of fit over a fourth
degree polynomial equation," but she never showed that the differences
were statistically significant. The coefficients of determination
calculated in our study indicate that the second degree polynomial
equations accounted for 96% of the variation in the arch curves, and
carrying the polynomials through to the fourth degree increased the
accuracy of fit by only 2%, Since the fourth degree polynomials ac-
counted for an average of 98% of the variance encountered, we thus
feel that they provided an appropriate measure to describe arch forms.

The first degree polynomial accounts for the linear component of
the curve and is shown to be an almost negligible factor; so, too, is
the third degree term. In this instance the coefficient of the high-
est power of x (B3 ) describes arch asymmetry, which was minimal in ‘

¢
this sample. The second degree polynomial, however, accounts for the



general parabolic shape of the arch and contributes a preponderance of
the curve description. The fourth degree equation increases the coef-
ficient of determination only 2% and the coefficient of x4, which de-
scribes the tendency of the curve to be more or less peaked, simply
modifies the almost fully defined curve. (If the fourth degree term
were large, the arch form would be more pointed; if it were small,
the arch shape would be broader anteriorly.) The coefficient of x2 in
the second degree polynomial, then, would appear to be the variable to
which the most weight should be attached in considering the within-pair
variances (mean square errors) among the three groups.

The F ratios calculated for the within-pair variances in the upper
arches show no significant differences among the groups for any of
the coefficients. It is noteworthy that for sz, the mean square error
for all three groups is similar. Not unexpectedly the monozygotic
group shows the lowest mean square error, but the dizygotic and sibling
groups are only slightly larger. Thus in comparing the variances for

B2 - the coefficient largely responsible for describing general arch
b

form - it appears that the shape of the maxillary arch is amenable to
environmental change and not under strict genetic control,

This finding is consistent with the clinical impression that the
upper arch is susceptible to many common environmental influences such
as thumb-sucking, tongue-thrusting, and lip entrapment. As further
confirmation of this impression, the literature reveals several cases
of monozygotic twins presenting with obvious differences in their
maxillary dental arches. This was reported by Becker53 and Sakudasz,

cited earlier, and by others such as Leech67, who treated female

50
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monozygotic twins one of whom was Class II, division 1 and the other
Class II, division 2.

The converse of maxillary arch vulnerability to environmental
fofces is the concept that the mandibular arch is much less amenable
to changes from these non-genetic influences. Probably the most common
derivative of this lower arch corollary is the expectation of relapse
when lower canines are expanded by the orthodontist. McCauley68 and
Strang69 were strong advocates of maintaining the original intercanine
dimension, and Riedel in subscribing to the axiom that generally "the
arch form of the mandibular arch cannot be permanently altered by
appliance therapy”70 found this to be particularly true of intercanine
width. If it is true that mandibular arch form as a whole is less
amenable to environmental change than that of the upper, then the
within-pair variances calculated for the lower arch in this study
would, as stated in the research hypothesis, be expected to appear
significantly smaller in the monozygotic group than in the dizygotic
or sibling groups.

Upon inspection of the variances for arch form, the mean square

errors do bear this out for B2 . The calculated F ratios indicate that
b

the within—pair variance of the monozygotic group is significantly less
than the within-pair variances of the dizygotic or sibling groups, but
no differences were found between dizygotic and sibling groups. This
suggests the presence of genetic control in determining the form of the
mandibular arch and, conversely, the relative lack of environmental in-
fluence.

One other significant F value appears in the lower arch comparisons,

where the variances of B4 in the monozygotic group were significantly
d
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less than that of the dizygotic. Although this is not unexpected, the
failure of the monozygotic mean square error to be significantly lower
than that of the sibling group confuses the interpretation. Because the
fourth degree coefficient represents a modification of the curve, ac-
counting for only an additional 2% of its variability - and because it
reflects only one facet of the entire arch form, a tendency toward being
peaked - it is difficult to know what to expect of the F ratios for this
set of coefficients. The mean square error of B4d in the monozygotic
sample is, in fact, smaller than that of the sibling group, but the F
ratio of 1.64 falls short of the critical F value (2.12). 1Its failure
to achieve significance could be due to the fact that the sample is

not truly random and to the smaller size of the dizygotic group leaving
it more open to influence by extreme values. But the importance of the
B4 data could be considered equivocal anyway in view of the contribution
ofdthat term to the overall description of arch form.

The presence of genetic control in lower arch form, already sub-
stantially indicated by the variance ratios for sz is given further
verificatioh by the statistical comparison of intercanine and inter-
molar widths in the lower arch. Within-pair variance in these dimen-
sions was found to be significantly smaller in the monozygotic sample
than within-pair variances for the dizygotic and sibling groups, in-
dicating again that genetic control is in evidence in the lower arch
along with a corresponding lack of environmental influence. This
supports, too, the common clinical impression stated by Riedel70
that the lower dental arch is not bermanently tolerant of change at

the hands of the orthodontist, himself a potent environmental force.

In contrast to the findings in the lower arch, the within-pair
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variances of intercanine and intermolar widths in the upper arch failed
to achieve stafistical significance in both monozygotic/dizygotic and
monozygotic/sibling ratios. This reinforces the results of the maxillary
arch form comparisons, in which the within-pair variance of the mono-
zygotic group was also not significantly different from that of the di-
zygotic and sibling samples. However, the F ratio for the sibling to
monozygotic variances in intermolar width was extremely close to its
critical F value. This might suggest that the postefior portion of the
ﬁaxillary arch is more resistant to environmental change than the an-
terior - not unreasonable in view of the effects that most common en-
vironmental forces have on the anterior part of the arch. But the
dizygotic/monozygotic ratio, on the other hand, does not show this
tendency toward significance, Abiding strictly by the results of our
statistical tests, then, it can be said that the maxillary intgrcanine
and intermolar widths in this sample do not demonstrate the presence of
detectable genetic control and suggest instead a susceptibility to en-
vironmental influences,

The data of Menezes et a151 agree with these findings in the
maxillary arch, but, again, their small sample size limits the validity
of their conclusions, Lundstrom in his study of 202 sets of twins
found more within-pair variation of upper molar width in the dizygotic
sample than in the monozygotic, but he did not test the differences
statistica11y71. Shapiro, in a twin study of palatal dimensions,
determined palatal width as the distance between the first molars, a
measure equivalent to the maxillary intermolar width used in this
study. He concluded that for this dimension the "heredity component

of variation ... was not strong”32 although in females the dizygotic
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variation was significantly greater than monozygotic variation. In

a study using similar measurements, Riquelme and Green found that
palatal width in their sample '"showed a very strong hereditary vari-
ation.”33 Assuming that palatal width as measured in these studies is
comparable to the intermolar dimension used here, our findings tend to
support those of Shapiro rather than Riquelme and Green.

Of all the variance ratios calculated for the upper arch, the only
ones to be statistically significant were the arch circumference
values. The within-pair variance of this dimension was found to be
significantly smaller in the monozygotic sample than in both dizygotic
and sibling groups. Arch circumference would appear to be largely a
function of tooth dimension, which Lundstrom has shown to be under
strong genetic control, and of the extent to which spacing and crowding
prevail in the arch, Since Lundstrom's study also "indicates the sig-
nificance of heredity to the origin of crowding and spacing,"17 it is
not surprising that the circumference variation of the monozygotic
upper arches was significantly less than that of the other two groups.
Even though maxillary arch form showed itself to be under the influence
of environmental factérs, the added genetic components of tooth dimen-
sion and spacing/crowding appear to have tipped the balance toward
genetic control in arch circumference.

As would be expected from the foregoing data, the arch circumference
F ratios of the mandibular arch proved to be significant for both di-
zygotic/monozygotic and sibling/monozygotic comparisons. The presence
of genetic control already demonstrated in lower arch form apparently
enhanced the genetic components of tooth dimension and spacing/crowding

to enable genetic influences to hold sway in a convincing fashion,



The rationale of the interpretation above is based upon the tradi-
tional genetic hypothesis of the twin method. Because monozygotic twins
are assumed to have identical genetic constitutions, any variation
measured within pairs is attributed to environmental factors and measure-
ment error. If environment has a minimal effect on the trait being
quantified, the variance should be small; if environment plays a dominant
role in determining the trait, the variance should approach that found in
like-sexed dizygotic’twins.

Variance within pairs of like-sexed dizygotic twins is attributed to
environmental factors, measurement error, and to genetic variation as well.
Genetic variation within pairs of these twins should be equivalent to that
in like-sexed siblings. Total variation, however, should be slightly less
in the dizygotic twins because of their presumably similar intrauterine
environment and the possibility of a more comparable postnatal environ-
ment, Measurement eiror is assumed to show no bias toward any of the
three groups, and postnatal environment is assuﬁed to be similar within
pairs of both types of twins.

Thus the hierarchy of within-pair variation where genetic influ-
ences predominate would find monozygotic twins showing less variation
than the dizygotic twins and the dizygotic variation approximating
but measuring slightly less than that of the sibling pairs. If environ-
mental forces were dominant, the monozygotic variation would approximate
that of the dizygotic and sibling pairs but still fall short of them due
to the likely presence of at least some genetic control. Because of these
assumptions, one way variance analysis was used in this study with the
group expected to have less variation forming the denominator of the

variance ratio.
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In the earlier twin studies it was common to calculate a herita-
bility estimate. Heritability was considered to be the percentage of
total dizygotic variance contributed only by the genetic component.
The latter term was computed by factoring out the environmental influ-

: . . 72
ence, 1.e., the monozygotic variance

. U dizygotic variance - monozygotic variance
Heritability = Y8 ye

dizygotic variance

Osborne and DeGeorge22 considered this figure to be of question-
able validity and felt it contributed nothing of value that simple
variance analysis could not provide equally as well. In addition,
the variance ratios required fewer statistical assumptions, a definite
advantage in a method beset by a large number of assumptions.

Aside from recognizing the assumptions underlying twin studies, an
interpretation of twin data must also take into account the true nature
of what is being measured. The genotypic variance measured by the twin
method includes additive, dominance, and epistatic genetic effects,
referred to as heritability in the broad sense, and because only the
additive effects are directly transmitted from parent to offspring,
twin studies cannot determine to what extent a tréit is inherited. 1In
the case of polygenic characters, heritability refers to this trans-
mission of paréntal traits to offspring through the genes, whereas the
term genetic control signifies the variétion of an individual due to‘
his genotype. In this context, then, it is not appropriate to infer
estimates of heritability from twin studies which are assessing poly-
genic control of variance73

It is important, too, to recognize that when polygenic control of

variance is being measured, one significant factor not accounted for is



the interaction of genotype and environment. The traditional twin study
appears to be a reflection of the original nature-nurture question, and,
as Horowitz and Hixon noted several years ago, '"this dichotomy, heredity
or environment, is a misleading framework within which to consider a com-

5 pélt “he

plex morphological trait such as malocclusion.”74 Potter7
question of genotype-environment interaction can best be approached by
twin studies," but that ''geneticists ... have not optimally explored the
potentials of twin research methods." The recent development of multi-
variate techniques for analysis on twins, she added, will make it possi-
ble to explore the interaction question in more detail. Osborne and
DeGeorge, on the other hand, asserted that because monozygotic twins are
identical for their whole genetic constitutions, they should respond in
a similar way to specific environmental influenceszz. Perhaps the
question will be answered with certainty as more sophisticated tech-
niques become available for twin analysis; the experimental‘model in our
study, however, does not attempt to account for the effects of genotype-
environment interaction.

The limitations of the twin method in general, including its biases,
both biological and statistical, and the assumptions which must be made,
have been discussed, but areas of potential criticism found in this
particular study must yet be recognized. The first has to do with our
sample. We would have preferred the dizygotic group to have been as
large as the monozygotic and sibling groups, but we feel it was large
enough to yield valid data. The fact that five dizygotic pairs were ob-
tained from another area could indicate a source of variation. But these
individuals were also of northwest European ancestry. It is not, however,

possible to speculate what the influence of these individuals being from
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triplet sets has on the variability of our dizygotic data.

Ideally all the dental arches we were dealing with would have been
mature, stable ones. The latter condition was not always completély
satisfied, as mentioned in the Materials and Methods, but the ages of
the individuals within each pair were, with few exceptions, very close
to one another. We feel confident, then, that none of these limitations
has compromised our results,

In considering ideal situations, one could also insist that a three
dimensional model would offer a more accurate representation of arch form
but this would have necessitated a much more complicated model.

Orthodontists, are, of course, interested in the form of the dental
archesvin the other dimension, e.g., the curve of Spee or the curve of
Wilson, but almost always when the shape of the arch is being considered,
the conceptualized form is the two dimensional curve.

The variables used to represent these arch forms in our statistical
comparisons might give rise to one further question: whether the co-
efficients themselves were normally distributed. A histogram of the
sz coefficient was constructed and no obvious skewness was apparent.
Thus the assumption of the normalcy of the distribution was not ne-
gated.

While it has been necessary to consider the many limitations of
twin studies, and of this twin study in particular, we nevertheless
submit that our experimental model has yielded stafistical data which
are both valid and positive. These data lend quantitative credence
to clinical impressions commonly held for the form and dimensions of
both upper and lower dental arches. The form of the mandibular arch,

as well as its intercanine and intermolar widths, are all under genetic
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control and do not appear to be subject to the forces of environment.
This bears out the frequently observed tendency toward relapse found in
the lower dental arch after its form and dimensions, especially the
intercanine dimension, have been altered by the orthodontist. Conversely
the upper arch shows little evidence of genetic control but appears to be
amenable to environmental change. This supports the impression that the
orthodontist can alter the maxillary arch with less concern over relapse

than would be warranted in changing the mandibular arch.



SUMMARY AND CONCLUSIONS

The purpose of this twin study was to assess the significance of
genetic control in the form and certain dimensions of an individual's
dental arches. The sample consisted of twenty-two pairs of monozygotic
twins, thirteen pairs of like-sexed dizygotic twins, and twenty-one
pairs of like-sexed siblings. Zygosity determinations for the twins
were primarily based on serological tests. Dentitions which were muti-
lated or had undergone orthodontic treatment were not included, and to
as great an extent as possible, only those which were in the complete
permanent dentition and relatively stable were utilized. The ages at
which the dental casts were obtained ranged in the monozygotic group
from twelve to twenty-four years with a mean of 16.27 years; in the
dizygotic group from ten to nineteen years with a mean of 13.87 years,
and in the sibling group from ten to twenty-four years with a mean of
17.69 years, Within-pair age differences ranged from one to four
years in sixteen pairs, but all these individuals were in their late
teens or early twenties.

Plaster casts of these dentitions were marked with a series of
points on the buccal cusp tips of the posterior teeth, the cusp tips of
the canines and the middle of the incisal edge of the anterior teeth.
Also two points on the midpalatal raphe and two on the heels of the
casts were used for orientation. After the upper and lower casts of
each subject were oriented to one another and their occlusal planes made

horizontal, they were individually photographed and enlarged to two and
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one-half times their original size.

The data points recorded on the photographs were digitized, fed into
a computer and then scaled and transformed. The dental arch form of each
upper and lower cast was defined as the continuum of its data peints,
each given an x and y coordinate, and the computer was programmed to fit
to each arch form a series of standard polynomial equations, first
through fourth degree. Intercanine and intermolar dimensions of each
arch were also recorded, as well as arch circumference.

Within-pair variances (mean square error) of the coefficients, in-
dependently derived from the stepwise polynomial equations to describe
dental arch form, were computed for each arch in each group. Within-
pair variances of intercanine and intermolar width, and arch circumference
were calculated for each arch in each of the three groups. Variance
ratios were then calculated to determine whether monozygotic intrapair
variances were significantly less than the respective dizygotic and
sibling variances and whether dizygotic and sibling variances were com-
parable. Error of the method was determined from replicate data of
twelve randomly selected cases.

Conclusions drawn from the results of this study were:

1 - The error of the method was a negligible factor contributing to
the within-pair variances of the arch dimensions and the coefficients of
the polynomial equations fit to the dental arch form.

2 - The coefficients of the polynomial equations which contributed
most to the fit of the dental arches were the second and fourth degree
terms. The lack of importance of the first and third degree terms in-
dicated that tﬁere was very little asymmetry in the dental arches ex-

amined,



3 - The highest degree polynomial equation fit to the data points
was the fourth degree. This accounted for an average of 98% of the
variation in both maxillary and mandibular arches and was considered
sufficiently accurate to adequately describe dental arch form.

4 - The intrapair variance of the coefficients which were primary
factors in describing mandibular arch form was significantly lower in
the monozygotic group than in the dizygotic and sibling groups. Thus
genetic factors were more influential than environmental forces in deter-
mining mandibular arch form.

5 - Intercanine and intermolar dimensions in the mandibular arch
were also little influenced by environmental factors in the monozygotic

group. But the larger intrapair variances in the dizygotic and sibling

groups were primarily due to genetic differences. Hence these dimensions

in the mandibular arch were under considerable genetic control.

6 - Lack of significant difference in the intrapair variance of the
coefficients which primarily described maxillary arch form, indicates
that these arches were susceptible to change by environmental influences
and were not under strong genetic control.

7 - Intercanine and intermolar widths in the maxillary arch were
also not under strong genetic control and were influenced by environmen-
tal factors.

8 - Significantly lower within-pair variances in maxillary and man-
dibular arch circumference were found in the monozygotic group compared
to the dizygotic and sibling groups. Arch circumference, which is a
function of tooth size and crowding or spacing, was under strong genetic
control,

9 - These results may be considered to support the clinical

42



impression gained by orthodontists that while the maxillary dental arch
is amenable to permanent change, the mandibular arch form is not able to

be changed to any great degree, especially across the canines, and re-

main stable.
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TABLE I

Average Coefficients of Determination Obtained for the First,

Second, Third and Fourth Degree Polynomial Equations

First Degree

Second Degree

Third Degree

Fourth Degree

Mean Range

Mean Range

Mean Range

Mean Range

.004 .00-.09

<957 .87-.99

.961 .87-.99

.979  .89-1.00

LOWER

.006 .00-.09

. 962 -84-.99

.969 .84-1.0

.982 .89-1.00




TABLE 2

Analysis of the Coefficients of the Polynomial
Equations Fitted to the Maxillary Arch

A. Within-pair Mean4Square Errors of the

Coefficients
Group Monozygotic Dizygotic Siblings
N = 22 13 20
B1, 3.30 x 107> 1.98 x 10°3 0.52 x 107°
sz 2.27 x 1077 3.20 x 10”7 3.25 x 10”7
By 8.35 x 10712 7.30 x 10712 3.74 x 10712
G
By g 2.99 x 10778 4.60 x 10716 2.11 x 10”18
B. F Ratios*
Dizygotic Sibling Sibling
Monozygotic Monozygotic Dizygotic
B 0.60 0.15 0.26
1a
B 1.41 1.43 1.01
2p
B 0.87 0.45 0.51
3¢
B4 1.54 0.70 0.46
d

* None of the F ratios is significant at the .05 level.



TABLE 3

Analysis of the Coefficients of the Polynomial
Equations Fitted to the Mandibular Arch

A. Within-pair Mean Square Errors of the

Coefficients
Group Monozygotic Dizygotic Siblings
N = 27 13 21
B, 6.23 x 107°  3.34 x 1075 0.75 x 1073
a
B, 1.56.x 167 7.50 x 1077 4.80 x 1077
b
B 1.38 x 10711 2.36 x 10711 0.89 x 10711
C
B4d 2.60 x 1071%  5.16 x g 4.27 x 10716
B. F Ratios
Dizygotic Sibling Sibling
Monozygotic Monozygotic Dizygotic
B, .54 .12 .22
a
B 4,80%** 3.07* .64
2y
B 1,07 .64 .38
3C
B 3.14%% 1.64 .52
44

*  .005<p<.01
%  L0l<p<.028
**% ,001<p<.005

All other F ratios are nonsignificant at the ,05 level.



TABLE 4

Analysis of the Distance Variables

Measured on the Maxillary Arch (in mm.)

A. Within-pair Mean Square Errors

All other F ratios are

Monozygotic Dizygotic Siblings
Variable N N N
Intercanine
Width 21 2,147 12 3.466 21 2,777
Intermolar .
Width 22 3.058 13 2.775 21 6.336
- Arch
Circumference 22 2.640 13 7.234 20 16.390
B. F Ratios
Dizygotic Sibling Sibling
Monozygotic Monozygotic Dizygotic
Intercanine
Width 1-..61 1.29 0.80
Intermolar
Width 0.91 2.07* 2.28
Arch
Circumference 2.74%% 6.20%** 2.26
* p=.05
** ,01<p<.025
** % p<, 005

nonsignificant at the .05 level,



TABLE 5

Analysis of the Distance Variables

Measured on the Mandibular Arch(in mm,)

A. Within-pair Mean Square Errors
Monozygotic Dizygotic Siblings
Variable N N N
Intercanine
Width 22 0,771 13 3.746 20 2.994
Intermolar i
Width 22 1.615 12 6.984 21 8.452
Arch
Circumference 22 3,057 12 16.597 21 9.659
B, F Ratios
Dizygotic Sibling Sibling
Monozygotic Monozygotic Dizygotic
Intercanine
Width 4.86%* 3.88%* 0.78
Intermolar
‘Width 4. 32%* 5.23%% 1.21
Arch
Circumference 5.43** 3.15% 0.58
£ 01<p<05
*¥*  p<.005

All other F ratios are nonsignificant at the .05 level.
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Appendix 1A

Coefficients of the Highest Power of X Derived from Stepwise Polynomial Equations
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482.49

179.28
157.14

448.29
646.41

181.60
424.93

357.08
68.68

252.06
186.95

210.16
238.65

139.23
254.37



Appendix

Subject

143.0
144.0

155:1
155.2

165.0
167.0

183.1
183. 2

242.1
242.2

244.1
244.2

248.1
248.2

£50.1
250.2

2511
251572

290.1
290.2

ST’
51T 2

Mean

*Due to fourth degree polynomial equation.

B

lq

3.9989x10
-1.4954x10

1.6004x10
-1.9330x10

-6.3007x10
3.2794x10

-2.1641x10
-1.0720x10

-1.3838x10
-3.4428x10

3.2085x10
-4.4324x10

-5.2233x10
-7.3713x10

-2.7480x10
1.9801x10

3.5029x10
1.1502x10

-2.6194x10
1.1975x10

-2.3860x10
-1.0157x10

-1.323x10"

1B (continued)

-3
-2

-3
-2

-3
-2

-2
-1

-2
-2

-2
-2

-2
-2

2
-2

-4
i)

-2
-2

-1
-2

2

B
2y,

5.9708x10

6.2051x10

6.2684x10
5.8714x10

5.0926x10
5.7384x10

5.5873x10
5.6674x10

7.2949x10
6.6084x10

6.7706x10
8.3119x10

6.5531x10
6.5912x10

5.6118x10
6.1156x10

6.5451x10
5.2853x10

6.7802x10
6.8452x10

5.9021x10
5.9245x10

6.14x10"°>

-3
-3

-3
-3

-3
2

-3
-3

T,
-3

-3
-3

-3
-3

-3
-3

-3
=3

-3
-3

-3
-3

B

3¢

-2.0726x10
-2.0816x10

-4.1250x10
1.0066x10

-2.4556x10
-7.2646x10

-4.0288x10
-1.1032x10

6.2518x10
2.9994x10

2.1936x10
-8.2027x10

-4.6105x10
-8.2052x10

~3.1133x10
~3.0087x10

-9.5988x10¢
-1.2135x10

8.0965x10
-4.7400x10

-8.9515x10
-2.9011x10

-2.0096x10

-6
-6

-7
-6

-6
-6

-6

-6

-7
-8

-6
-6

-6
-6

-6
-6

-7
-6

-6
-6

-6
-6

-6

B
44
2.8649x10"

1.9598x10

5.5638x10"

4.0539x10

-H.omNHxHo-m

7.3429z10

4.1650x10

3.0873x10

4.3745x10

1.4158x10

5.1349x10

5.0713x10

6.2054x10

7.8889x10

6.9130x10"

3.6106x10

7.3408x10

1.3408x10

8.9535x10

6.0953x10

5.1670x10

1.4821x10

4.2370x10"

8
8

8

8

9

8
8

8
8

8
8

8
8

9
8

8
8

8
8

8
8

8

Overall*

wm

499
.99

.98
J 97

.99
299

.98
J97

<97
.98

@97
.96

.99
.99

.98
.99

D
.99

.97
.97

.95
.98

Overall*

_F

511.48
372.08

181.49
I4%.79

171:11
161.60

189.14
95.67

94.64
165.65

114.99
100. 33

249.65
287.96

156.06
407.03

472.48
603.97

100.18
94.58

64.83
185.96



Subject

125.1
1.2:5n52

174.1
174.2

241.1
241.2

247.0
248.0

276.0
277.0

304.0
305.0

533.1
333.2

903.2
903.3

906.2
906.3

Coefficients

B
la

-2.9913x10
5.7664x10

2.0583x10
7.5038x10

8.3523x10
-1.1112x10

4.3128x10
-7.5226x10

1.3469x10
-3.0566x10

3.4074x10
-6.4459x10

-2.2098x10
5.4803x10

-2.2185x10
7.6418x10

-5.9809x10
-2.8316x10

8.9917x10
-8.8815x10

-2
-3

-2
-3

-2
-2

=2
=3

-3
D

-2
-2

-2
w3

-3
-3

-2
-2

-3
-2

wmv
4.9476x10
5.2080x10

5.6751x10"

6.2832x10

5.4402x10

3.5025x10

5.0436x10
6.2455x10

6.9213x10"

5.6090x10

4.8751x10
5.9266x10

5.7507x10
4.8682x10

5.7114x10
6.3995x10

4.9994x10"

5.8795x10

5.0021x10"

4.1704x10

-3
-3

5
-3

%]
-3

-3
-3

3
-3

-3
-3

-3
-3

-3
-3

3
-3

3
-3

Appendix 2A

wwo

2.6764x10
-8.8313x10

1.1999x10
-1.1922x10

1.2363x10
-2.5540x10

6.7527x10
-4.3275x10

~-1.4462x10
2.7044x10

1.8793x10
~4.6165x10

-1.3129x10
=10707x10

-4.3098x10
9.6650x10

-2.6375x10
3.0775x10

-1.9130x10
-1.9284x10

of the Highest Power of X Derived from Ste
Maxillary Arch

DIZYGOTIC TWINS

-7
-7

-6
7

-6
-6

-7
-6

-6
-7

-6
-6

-6
-6

-6
-7
-6
-6

-7
-6

wh&

3.0836x10
3.2791x10

5.7354x10
5.3178x10

4.2525x10
6.1548x10

3.5667x10
4.4926x10

8.9944x10
2.4929x10

5.1760x10
-2.0175x10

5.8081x10
3.2548x10

3.8255x10
4.9229x10

3.7268x10
7.2152x10

4.4721x10
4.1154x10

-8
-8

-8
-8

-8
-8

-8
-8

5
o

-10
-9.

-8
-8

-8
-8
-8
-8

-8
-8

Overall*

zN

.98
.98

.94
197

.98
.98

+99
1.00

.98
.99

291
.98

<97
.98

.98
7

1.00
.97

.98
+99

pwise Polynomial Equations

Overall*

F

155.39
182.12

46.16
120.19

194.94
166.92

151.52
691.43

140.73
352.97

24.17
177.99

123.82
211.62

182.65
120.89

960.63
90.05

168.74
305.64



Appendix 2A (continued)

Subject wH

a
907.2 LN.Q@N@xHouw
997 .8 -2.2210x10
908.1 -w.HngxHouw
908.2 -4.3291x10
911,2 -m.owoaxHouw
911.3 -1.7705x10
Mean -1.5x1072

g
D o
5.3260x10_ -1.
5.0184x10 -1.
h.mammxuouw 7
5.4285x10 -4.
m.wNQHxHouw -4.
6.2446x10 -3.
5.501x107° -1,

* Due to fourth degree polynomial equation

Bs
b
8370x10

owmwxpo-m

ommeHoHM
1710x10

HhonHon
5109x10

ommxpo-o

whm
-8

5.3264x10_
1.9368x10

u.wmwoxHon
3.9720x10

H.maomxpoum
7.0931x10

h.oamxyo-m

.98
.99

.97
g7

399
297

F

210.58
474.31

112,97
117.86

258.00
102.30



Appendix 2B

Coefficients of the Highest Power of X Derived from Stepwise Polynomial Equations
Mandibular Arch

DIZYGOTIC TWINS Overall* QOverall*

, 2
Subject B B B B R F
1, > 2y 3¢ 44 s
89.1 -2.9913x10_ A.opuoxHon N.@ﬂ@hxpo-w 3.0836x10_g .98 155.39
89.2 5.7664x10 5.2080x10 -8.8313x10" 3.2791x10 - .98 182.12
123.1 N.ommmxHon m.oumeHouw H.H@ooxpouw m.qwm»xHeuw .94 46.16
123.2 7.5038x10 6.2832x10 -1.1922x10 5.3178x10 .97 120.19
174.1 m.mowwaOLw m.bhomxHo-w H.Nwmwxuo-m ».Nmmmxpoum .98 194.94
174.2 -1.1112x10" 5.5925x10" -2.5540x10" 6.1548x10 .98 166.92
241.1 h.wHmeHouw m.o»moxHo”w o.qmwwaoHM w.mooquoum .99  '151.52
241.2 -7.5226x10 6.2455x10 -4.3275x10 4.4926x10 1.00  691.43
247.0 H.waooxHouw m.mmexHo-w ,H.haowaO1w m.@mghxpouw .98 140.73
248.0 -3.0566x10 5.6090x10" 2.7044x10" 2.4929x10 9 B52.067
R - = -

276.0 3.4074x105 A.mumeHo-w H.mﬂ@wxpo-m m.quoxHo-wo .91 24.17
277.0 -6.4459x10"“ 5.9266x10 -4.6165x10 -2.0175x10 .98 177.99
304.0 -N.NommxHoHM m.umoquon -H.WHN@xHo”M w.momeHoum Q7 125,82
305.0 5.4803x10" " 4.8682x10 -1.0707x10 3.2548x10 .98 211.62
$23:2 -N.NHmmxHo”w m.uppbxuouw -h.wowmxpouw w.mmmmxuo“m .98  182.65
333.2 7.6418x10 6.3995x10 9.6650x10 4.9229x10 .97 120.89
903.2 -m.@mooxpouw a.@@@hxpouw -N.ouquHoum m.qmmmxHo-m 1.000  960.63
903.3 -2.8316x10 5.8795x10 3.0775x10 7.2152x10" .97 90.05
906.2 m.ooHQxHon m.oowuxucuw -H.@HmoxHoHM a.buNHxHoum .98 168.74
906.3 -8.8815x10 4.1704x10 ~-1.9284x10 4.1154x10 .99 305.64



Appendix 2B (continued)

Subject wH wm

a 2 b -3
907.2 -2.7929x10") 5.0021x10"7
907.3 ~2.2210x10 5.0184x10
908.1 -M.Hq»HxHouw a.mhmmxHon
908.2 -4.3291x10 5.4285x10
911.2 -m.owoaxpo=w m.mNuHxHon
911.3 -1.7705x10" 6.2446x10

-2 =2

Mean -1.5 x 10 5.501x10

* Due to fourth degree polynomial equation

mw
c
-1.8370x10

-1.9393x10

7.6218x10
-4.1710x10

-4.1401x10
-3.5109x10

-1.058x10"

-6
-6

-7
-6

-6

6

B
43
5.3264%10

1.9368x10

-8
-8

-9
-8

7.3376x10
3.9720x10

H.maoNxHon

7.0931x10

p.o&mxHo-m

+'98)
«99

<97
97

=99
.97

F

210.58
474 .31

112.97
117.86

258.00
102.30



Coefficients

B

la

4.7506x10"

2

-2

4.2804x10

=3
2

1.4961x10
2.2272x10

2.9240x10"

3

-3

2.4004x10

el
=2

-6.7746x10
-4.3043x10

-2

7.3043x10
3.5038x10

-1.5661x10"

-2

2

-3

-6.1077x10

53
3

1.8955x10
-6.6210x10

~2.3593x10_
1.3510x10

3
-2

-2
-2

1.2212x10
-1.8160x10

-2
=2

-2.6538x10
-2.7754x16

4.0474x10°
2.1248x10

3
-2

wmv
4.0979x10
5.4525x10

5.9913x10
5.0208x10

4.5194x10
4.5733x10

4.7952x10
4.9984x10

4.8846x10
5.5004x10

6.5132x10
5.9547x10

6.1294x16
5.4295x10

5.8823x10
6.6287x10

5.7435x10
4.8003x10

5.3510x10
5.3180x10

6.0007x10
4.6205x10

=3
-3

-3
=5

-3
-3

-3
-3

i
-5

-3
-3

-3
-3

-3
-3

-3
=3

-3
-3

-3
-3

Appendix

B
3¢

1.2647x10
4.8017x10

1.7939x10
2.5449x10

~6.9814x10
1.1384x10

1.4119x10
-4.7156x10

1.2346x10
1.0796x10

-2.4814x10
3.9979x10

-4.2538x16
-1.9607x10

-7.9151x10
2.4180x10

2,.0486x10
-2.2966x106

1.1151x10
-2.8879x10

3,0932x10
1.1552x10

3A

SIBLING PAIRS

-6
-6

-6
-6

-7
-6

-6
-6

-6
-6

-6
-7

~7
-4

8
-6

-6
-7

-7
-6

-6
-6

B
44q
2.4290x10°

6.9377x10

4.9666x10"
1.7859x10

2.7106x10

2.5625x10

2.3486x10

2.4530x10

2.3015x10

4.6275x10

7. 7321%10

3.7705x10

3.6883x10

1.5675x10

1.8338x10

1.5980x10

4.0541x10"
1.9006x10

2. TRO2%10

2.5194x10

2.5135x10"

2.5000x10

8

8
8

8
8

8
8

8
8

8
8

8
8

8
8
8
8
8

8

8
8

Overall*

wm

-39
.98

.96
«99

1.00
299

.96
.97

.99
599

99
.98

.99
+99

1.00
39

99
.99

539
-9

.98
.99

of the Highest Power of X Derived from Stepwise Polynomial Equations
Maxillary Arch

Overall*

I

518.93
196.06

il 590
277.05

1047.70
269.21

82.18
93..93

264.67
580.23

302.99
191.80

110.17
272.09

752.96
309.68

555, 05
304.32

532.07
326,74

131.85
391.69



Appendix
Subject

118.0
119.0

140.0
141.0

151.0
152.0

157.0
158.0

173.0
174.0

192.0
195.0

199.0
200.0

213.0
214.0

222.0
22320

224.0
225310

Mean

* Due to fourth degree polynomial equation

B

1,

4.1156x10
2.1791x10

3.8983x10
~-7.6755x10

-1.0100x10
-1.5172x10

1.0394x10
9.0998x10

3.9412x1¢0
-2.0156x10

3.5101x10
-2.7858x10

-4,7307x10
1.0662x10

-5.0373x10
-4.5675x10

4,2715x10
1.4123x10

1.2071x10
2.6551x10

1.25x10~3

3A {continued)

-3
-2

=3
-5

-2
-2

-2
-3

-2
-2

-4
z:

-2

-2

=2
-2

-2
-2

-2
-2

B
2y,
5.4484x10
5.7136x10

-3
-3

3
-3

4.4131x10
6.5818x10

-3
-3

4.9368x10
3.8839x10

-3
-3

4.9947x10
5.1477x10

m.oouoxHouw

6.0868x10

-3
-3

4.6569x10
5.5793x10

m.owwoxyouw

4.8990x10

-3
£%

4.3881x10
4.9887x10

-3
-3

4.1771x10
4,7381x10

@.Nowoxuouw

6.2050x10

5.319x10™°

B
3¢

-1.2889x10
~-1.4052x10

3.6911x10
1.3799x10

1,6319x10
-6.7441x10

8.9487x10
~4.7454x10

2,.3374x10
6.6269x10

-1.6514x10
-1.5807x10

-1.7522x10
-1.0754x10

~-2.9551x10
-3.6333x10

3.0572x10
1.0083x10

-4.5818x10
2.7056x10

0.160x10"

-7
-6

-6
-6

-7
-8

-9
~7

-6
-7

-6
-6

-6
-6

-6
-6

-6
-6

-6
-6

6

B
44
2.0610x10
3,6096x10

-8
-8

<8
-8

6.4856x10
5,5617x10

H.ommuxHon

1.5828x10

-9
-8

1.6385x10
2.4687x10

-8
-9

3.8168x10
3,1426x10

-9

1.9223x%10

2,6172%x10

H.wmamxuoum

3.5790x10

H.omboxpoum

1.1648x10

-8
-8

2.9067x10
4.8655x10

-8
-8

2.8460x10
1.0600x10

N.mouxHo-m

.98
590

.58
<39

499
99

99
.99

1.00
=99

.99
1.00

F

324,91
593,511,

84.18
18,30

615.62
1227.14

176.65
315,25

150,21
167,01

148.87
489. 06

268,02
464,83

373.56
629.45

781.47
425.58

234,30
676.79



Subject

o o

Appendix 3B

Coefficients of the Highest Power of X Derived from Stepwise Polynomial Equations

B
Hm

-2
-2

2.8557x10
4.8682x10

i
3

-1.7812x10
2.8571x10

-2
=3

-1.9831x10
Thad 65110

1.4507x10"

2

-

-5.1300x10

H.wmqwao-m

9.1176x10

-3.1967x10"

Z

2

-2

-2.8018x10

-2.2520x10"

-1.4729x10

-1.2049x10 %

4.5119x10

-1.6612x10"

-1.0939x10°

2.9474x10"

3
3

2

2

-2

2

-2

-2.7635x10

2.9503x10"

3

-2

2.5729x10

B
2y
4.5293x10

5.5023x10

6.9649x10°

5.9430x10

5.1230x10

5.1968x10

4.3188x10"

5.2226x10

5.4729x10°
6.1784x10"

6.7323x10
6.6082x10

6.7157x10
5.8708x10

6.6545x10

7.6271x10

6.1335x10

5.7171x10

5.4252x10°

6.1588x10

6.0600x10"

4.8357x10

Mandibular Arch

SIBLING PAIRS Overall* Overall*
B B R? F
3 4
3 G ol d g
3 N.mmqoxuo-o 3.3265x10 8 .99 487.13
3.4675x10 4.0769x10° .99 215.75
3 -6 -8
3 4.3422x10 6 ﬁ.omowao,m 67 115.34
2. 6428x16" 3.3734x10 .99 203.54
m ;H.AmonHoHM w.owomxHon 1.00 844.07
-2.0938x10 3.4350x10 .99 400.97
3 =7 -8
3 -m.Hmowao,o N.mmmoxHo-m .97 118.97
-4.4509x10 1.8036x10 .99 240.41
3 -7 -8
5 o.monxHo-@ 2.3951x10 g .99 458.68
1.2273x10 8.7521x10" .98 210.50
3 -6 -8 :
5 ,H.»gmgxpo,o m.qH@mxHo-m 1.00 2695, 75
-1.6041x10 3.7857x10 .99 460. 69
3 -6 -8
3 H.oHomxHo-o w.@ommxHo-m .99 452.91
-3.8492x10 3.9253x10 1.00 1798.10
3 = -8
5 ,m.quwwao-u N.uomoxHo‘@ .99 333.70
2.6596x10 5.9813x10 .99 463,13
3 -6 -8
5 3.4481x10 6 6.8159x10 8 .99 390.49
1.3308x10" 3.3508x10" 1.00 1392.09
3 6 -8 ;
3 w.hthxHo-m N.wompro-m .99 520.74
-3.3037x10 2.5360x10 .99 436.10
3 -6 -8
5 m.wwmwao,q 2.7923x10 8 .98 161.01
6.6528x10 2.8342x16" .99 585.19



Appendix
Subject

118.0
119% 0

140.0
141.0

151.0
1520

15750
158.0

L7510
174.0

192.0
19540

199.0
200.0

213.0
214.0

222.0
223.0

224.0
225.0

Mean

* Due to

By
a

7.0027x10

2.8594x10

4.8437x10°

-4,8748x10

-3.1542x10_
-1.2841x10

8.0491x10

1.1540x10

3.0867x10

-1.7888x10

-2.5221x10"

7.2852x10

- 1. 3550%10
1.0722x10

-2.1859x10

-2.9678x10

6.1504x10

-2.2467x10

1.9394x10

-2.5200x10

m.pmxHo-w
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Figure 1: View of the heels of the upper and lower study casts showing
two horizontal marks on the upper cast. Using these marks as a guide,
two vertical marks were scribed on both upper and lower casts to be

projected onto the occlusal surface of each arch,



Figure 2; Occlusal view of upper dental cast with tooth cusps and incisal

edges marked as well as:

#1 transferred heel marks

#2 - most dorsal point on midpalatal raphe

#3 - most ventral point on midpalatal raphe

#4 lateral termination of the most anterior rugae
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Figure 2 (continued): Occlusal view of lower dental cast with tooth cusps

and incisal edges marked as well as;

#1 - transferred heel marks



Figure 3: The camera set up. A Nikkormat camera with bellows and 100 mm
short mount lens, mounted on a tripod. The dental cast on a surveyor table,

with its occlusal surface flush with the top of the orientation table,



Figure 4: View from the top of the orientation table with a dental cast
in place. Four fiducial marks are visible on the graph paper surface of the

orientation table.



