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ABSTRACT

A longitudinal three'dimensionaL cephal.ornetric .:,:.:,..:,,
.:;.: i.::.: r'

radiographic stud.y was carried out on a t'I-argert and trsmalltt

breed of rabbit. Also incLuded in the investigation was a.
. .r/

three-dinensional photographic study of six groups of the :,:,.:.::.:;

ri1y ""'''
i:; -::: :

because of its range of size yariation in the d.ifferent i'.1'.'.,'

varieties. The skuLL is large enough to measure accurately,
srna11 enough to handle easily, ar'd groftrth is completed in
six months. The object of this thesis was to examine the 

i

mode of growth of the rabbit skul-L and. reLate it to the 
j

yariationsSeeninadu].tanima1sinanattempttopredict
,7^L^ ^L¿-i-^r 1----:-^adult form from data obtained. d.uring growth. 

l

l

A method for examining the mode of growth for 
i:i

the rabbit sku1l was developed and it was concluded. that:
-r9

(1) The basic nature of variation in the adult form ':,:1.,,'i:,: ...:.::.:..

of the different rabbit groups can be d.emonstrated. r' 'ì,,,,.,:.',:',
'':

CZ) Growth occurring in three d.imensions can be des-

cribed as a precise logarithmic process involving
changes in size and shape. The process is basically ...,,,,..,:Ì

a *cohesive phenomenon invoLving the entire head,. ¡r:';¡'':';':;'

?t --cohering, or sticking together, âs in a mass.
Websterîs New Internãtioña1 Dictionary, Second Ed.itíon,
(unabridged) r::::.1:: -. .....
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(3) Points on the rabbit skull can be represented as

closelyadheringtotheallometricgrowthequation
J = 'Xtr, thus the direction of movement for arry

.givenPointthroughoutgrowthonanindividualanimal
is constant and is represented'by the *o invariates

. 
tlatr and ,"t,'.

- '; r ical-Y,(4) A precise mode of growth, if described mathemat

ofafford.samethodofprojectingthefutureshape
the skul1.

C5) After examining the reJ.ationship between attained

adultsizeandthesizeatspecificagesduring
growth, it was found that a strong correl-ation ex-

isted betrveen the size at seven v¡eeks and that at

maturity. The method of measurement rvas found to

be important as measurendnt in a traditional linear

manner yielded Lo¡ver correlation va]-ues than measure-

ments macle à1ong the growth curvatures '

(6) High correlations permitted a Ïelatively accurate

prediction of t'final" adult size to be made from

the seven week records

(7) The strong size correlations in combination rvith the

dependability of the groivth predictions confirm

the contention that genetics ancl not environmental
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factors are dorninant in growth under controlled

environmentaL conditions .

(8) The similar magnitude of variation in wild and

domestic groups, suggest that no substantially
greater environmental-l-y induced variation occurs

in aduLt wil-d animaLs.

(9) The appLication of similar techniques to man

might eventual-l-y Lead. to a clinical1-y valuable

nethod of predicting tÏ:-e adu1-t. dimensions of the

human cranium.

:: :.; .': : . :t::
i" -':t_.1 :.
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The object of this thesis is to examine t.l" mocle 
,,:: :,

of grorvth of the rabbit sku11 and iel-ate it to the variatiqns ,,'.r';,',',:'

seen in adult aninals in an atternpt to preclict aclult forr,r

from ð.ata obtained. cluring grorvth. z'

Most studies of sku1l growth have examined hurnan :',tt,,,,,,

naterial in the lateral orientation. I',lo successfuL method of :...
:ir:::-1 :

grotìrth precliction has emerged from these investigations. Recent . ':':::'::

investigations by McKeorvn (L97,2) lnas suggested that skul1 gronth

indog:canbe]repreSentedasapreciseandpredictab1eprocesS
rvhen vierved. in three dinensions.

- ft ruas decided to carrts out a longitudinaL three-

d.inensiona].cepha1.onetricradiographicstudyusinga1argeand.i
sma11breedofrabbit.AJ.soinc1udedintireinvestigationrvas .:

a three-dimensional photographic study of six grouPs of the 
:

sku11sofwi1drabbits"Therabbitrvaschosenprimari1ybe=.

'cause of the 1-arge range of size variation in the clifferent 
. i._,,',,..,

varieties. The skull is large enough to measure accurately, ""'ì''"""i

small enough to handle easily, ancl gronth is completecl in
'

s ix months ' 
, ,:,, - ,
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Growth- is a compi-ex Phenomenon and the methods

used to describe it have taken îan)¡ , and often divergent, '...,, ,:,
'_. ''.t':_

pathways. There are numero'us wa)¡s to represent the changes

which oicur in growth. I{orkers interested in nutrition
will- often describe growth as Ìncreased changes in weight and -1,;,.,:,:,',',,'.

i ¡-s1 :nfñrono' lrse met-ric- 1i 
'-' '':: ¡:l

height, PhysicaL anthropologists often use metric linear 
.,:

measurements on dry materiai. to d.escribe changes that have 
',.1,,1,"'.'..'

taken place" Many of these methods are not designed to de-

fine precisely the changes in overall form. Only in radio

graphic growth studies has this been attempted and it has

n *r.¡a '1 ì-ancinncbeen rnainl-y in two dimensions

Numerous erowth studies have and are stil1 being

done in man. Broadbent [193]-), in a longitudinal study of

1700 children between the ages of 9 rnonths and ZL years ,
:

published the first work in the United States describing a l, , ,.,..,,

standardizeð. cephalonetric technique. Keith and Campion '""".'""i'

cgman [1958) utili zeð. t:racings which were ob- 
i..,'..",i,,,,.,

tained from craniostatic drawings of skulls. Broadbent (Ig37)

suggested. that there was a pattern of facial growth ivhich was

in a downward and forward direction and showed some consistency 
1¡....,:,,-.¡,;;r,

.'..:.:':.-..
in change. Metallic irnplants h-aye been inserted into patients to

study growth. Bjork C1955) placed metall"ic irnplants in the



mandibl-e and maxilLa of. young orthodontic patients , arrd a

series of 1-ongitudinaJ, records were obtained using a cephalo-

metric radiographic technique. The ch-anges noted were linear

and no precise patterns ule1.e found to clescribe the mode of

growtlr-, hence r ûo accurate meth.ods of prediction in the
//.

j-ndividual t s growth has emerged

Many methods have been pursued in an attempt tÒ

predict growth. These investigations have been made almost

without exception using tTre 90 degree right l,atetaL cephalo-

gram, the records being superimposed often on the cranial

base. Univariate, bivariate and multivariate statistical

analysis have been useil in attempts to identify certain

trend.s. Most workers, however, have not been able as a re-

sult of these methods, to descrìbe with a sufficient degree

of accuracy the magnitude and direction of grovrth so that

the ultirnate shape and size of an individual can be pre-

d.i cte d.

The development of microscopy as a metrrlod of

describing growth has allowed. researchers to get involved

in the particular rather than the general, Another way

of saying this is that they have become involved in re-

ductionism, to the exclusion of the investigation of modes
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of groÌ{th of th-e total sh-ape anil forrn

GrowtTr is not ingle , but a rrnrltiple eyent. 
,,, .,.,,.,

:-'.'..:.'-: :.:-:.:.

It is th-e combined expression of the development of a number

of parts of an organÌsm. To exprest ah".,,t,r* of the parts

of the growing forrn without looking at jhe whote and total 
,.,r.,,:,,.,,:,,

morphol-ogic shape of the growing form from inception to : ,t't."':'.':t'

maturity is a form of reductionism. The fact that growth and. i;.t.r,,,:,, 
¡,

shape could be described in measurable relationships was

recognizeð. a.s early as the 13th century. Most of the earLy

mathernatical descriptions of shape involved syrnmetry in

plants and animals. [Ho1t, ].966) l\rith a greater knowledge of

geometryandtheuSeof1-ogarithms,shapeanð'growthchanges

weremoreaccurate1yd'escribed'Logarith.micspira1soccur

in the cuïVe of elephant tusks, sheep horns, the claws of a l

bird and. in rodent incisors " Spiraled flowers and chainbered

shells weïe found to change with a certain rnathematical :,,:'ì,,',,,,',,,'.',

:

sequence ." 
1' 

'''. 
i'...'

Descartes, [Struik, 1948J hlas often skeptical of 
:'::r,:'':::':'

men who proud.ly announced that they had discovered. something

new. He realized tlrrat what was believed up to that point in the 
:..::::,:.:::

:_Tt.n century was brouglr-t from the past and was not exactly new, "'1.i'""'

and furthermore, th-ere vlas very little within the sphere of



rJ

knowledge that was not stiLl in dispute. Descartes wrote

a ratlrer philosophicai. book .Ìn 1-637 and. at the end. of this i.i,l:,,:

book }r-e placed a footnote which he caLled t'The Geometrytr.

Fronr this footnote, which was written Loqg before anlone

had thought of such a thing as graph paper, came the basics 
,;,,;,,,,.

for.the techniques involved in clescribing growth, "''"i'i

fn L64L, Descartes published his "Discourse on ..'-'."'''

Methodrr, (Thompson, 197L) in which the third of his four

rules of logic stated that t'to colnmence my reflections with

oùjects which were the sirnplest and easiest to understandr' 
i

and rise thence, little by Littl-e, knowled.ge of the nost

complex.rr This concept placed hrithin his mechanistic aware- 
f

ness of the body the foundation for the modern "reductionistt'
approach (Koestler and Srnythies 1968), a philosophy vigor-
ously opposed. by the concept of thoIisml. This word. was , -: : -:

usedbyGenera1SmutsinLgz6topushataveryancient
:-1--:::.1

doctrine that the whole is always something very different 
'-',,,..,,.,:'."

from its parts.

The work of DrArcy Thompson, 1917, pointed out the

important relationship between form and, function and. the bio- 
,:,,,,,,:,

logical irnpLication of its l-irnitations. FIe defined. the form

of objects and attempted to demonstrate the way in
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Huxley C1924 and L93Z) sough_t ro cLear up

the diversities in terminoLogy that hrere used to des=.

cribe the relative gror\ith of an organism. Many early
terms t,'rere confusing. Disharmony r^ras an early term

used to denote the exaggerated proportions of some of
the parts. There was a connotation associated with
much of the early terms which suggested an abnormal .:ty.
He suggested that the concept of allometry (Huxley,

1936) be used to d.escribe growth or a part at a dif -
ferent rate than the whole, As Huxley (rg3z) states,
t'The co-ordinate metlr-od., whÌLe of ultirnate importance

in affording a graplr-ic and inuned.iate proof of the need

for postulating regularities in the d.istrÌbution of
growth throughout the body, it is of Little use for
detailed analysis, because by its nature it neglects
the fundamental attribute of differential growth ,
namely the change of relative proportions with ab-

solute size. rt is static instead of d.ynanic and

substitutes the short-cut for a geometric solution
and' a more compLex real-ity actuarly und.erlying the
biological transformation. t,
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Huxley, h-owever, pri:narily concerned hirnself

with mathematical reLationstr-ips between parts. I{ith the

exception of his studies on the coiling of slr-eL1s, he did , ,'
:--:.:.)...:..

not use his allometric principLe to define the changes in

form of a specific anil rel-atìveLy discre,et area of the

sku11. McKeotrn, !972, has identified the aLlometric nature I 
t.,:;,:,;,.,

of sku11 growth and its inplications in the forrning of the ¡;"'' ::

growing head. '1i,.', :

As reviewed by Eni.ow Cl-975), the d.evelopment

of the x-ray enabled. the researcher to see inside the body

and record the relative growth of various parts. Later the 
:

researcher became involved. ìn various microscopic investi-
gations of tissue in the body and this led him to a des-'

cription of finer and finer changes in the organism. The ,

electron microscope Ìs reductionism at its finest, and

while it serves as a valuable tool to study the nicrocosm ,, ::,

it is inad.equate for studying the whole. Several concepts """,,
:.

have force'd us to begin thinking of growth changes in view ,,,,,,,,,."

of the whole

Moss (1960) feels that growth of the skul1 is
second.ary to the growth and function of what he calls the i,,,,,,::,,

Ì:t;..ri:.-

neural mass. Mossts ideas of the functional matrix are

based on the theory originated by Van d.er l(laaw [1948). Moss
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o
Õ

believes that the growtlr- of the functional componentst

that is, alJ- non-ossifying tissue acts as a functional

matrix and the ossification mechanism is dependent upon

it, He feels th-at th-e cerebral- capsule ,p^tsivel-y carries

the c?lyarial bones outwarcl and. t]nat the suture formation

is the filLing-in process. His interests have created a

morelhoJ-istictattÌtudetothestudyofskuj.1growth
McKeown (Lg7?.) did a stud.y on several litters

of dogs with different growth potentials. He felt that
.therewereSomeunanSwered'questionsconcerningthenatureof

growth processes and pointed. out that there was still some

difficulty involving the prediction of growth. He supported.

earlier rejections of Linearity as a meaningful biological
measurement and assumed the stance that craniofacial growth

must be re-exarnined from the viewpoint of the whole. He
a

supported the alLometric concepts of Huxl-ey (LgsZ) and in
his three-dimensional. radiographic stud.y of the dogst skul1

described 1-ogarithmically, growth patterns. Based on linited
evidence he contended that the basic form of the skull is
determined early in foetal life and growth thereafter is an

expansive, logarithmic process.

Thus we begin to see the emergence of a description
of the body form and shape of an individual at any stage of
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development as a function of the relative adult size of the

body rather than the proportion of any of the various Parts

and organs to each oth-er" Th-e most difficult thing is to

grasp the concept tlrat there is a diffe:rence between al'
lometry and reJ.ative growth- while stiLL using relative
growth in the concept of allometry. The basic allometric

relation is expressed by th-e equation Y = aXû with "Yt'

representing a part, trxrr Tepresenting another part or the

who1e, and trarf and trntt are constants for that individual
' during growth. The equation can be used to describe a

parabola or a hyperbola depending on whether rrlt, is nega-

tive or positive. In logarith,mic form, the equation be'

comes 1og Y = n 1og ï + log a, The description of growth

in terms of the allometric equation ignores tine relations

of growth. The allometric equation can be applied

without regard to time, but in order to predict adult size

you need. to know the size of the curve at an early stage 
"

If we d.o show that the entire cranium adheres to

the principle of allometric growth and that the basic shape

of the skul1 is determined at early stages of foetal devel-

opment we must stil1 d.etermine what the ultimate size and

shape in the adult form will be. In other rr¡ords, we should
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determine its final r,ragnitude. Th-e principi.es of allonetric
growth- can teJ.J- us the future for-m of the skull. ft cannot, ,.,,'-,. .:ì':_'

by itself , indicate th-e magnitude of growth- which has taken

place at any given future point in time,.

In gror^ith'predictìon, u¡hat affect d.oes the en* 
..,.,,.,

vironment have on adult form and shape of the slcull? Grorvth 
'"

rate is weLl known to be susceptible to alteration in environ :,:,.,'.,t.

mental variabilities, McCance et al, C1968), in a study of 
,

35 pigs, demons trateô. that severe undernutrition results in
aretatdationofsku11growth.Hewas,howeVer,much1ess

certain to what extent the final adult size of the head can

be so influenced. tr\ie do know that m4ny environnental

factors aLter growth rate. Guerreo et aI. (1973J submitted :

pigs to severe malnutrition for seven months and found. a

retardation of rnandibular growth. No observations were

mad.e of any other païts of the skull. Extreme changes in t'tt:'i

"l 

tttt 

" 
'environment, of couïse, ate capable of altering the body ,,;-',,,,..

shape and size during growth. It is not so obvious,

horvever, that environmental factors cause noticable changes

in the final r or adult, forn 
,,:...,1.,:.,

McKeown Cfg74) in a study of rvild and d.omestic

foxes suggested that their domestication does not result
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in dj-fferent skull forrn in the adult. He fornd th,at both

groups had very similar sku1l forms, arch and tooth din- 
,,,,,,,,.

ter " ": 
:'

contentions that the wild enyironment many animals have

to end.ure has little effect upon theii growth potential.' : ..

'.t,t.,,..,'The variability of an animal and the ultinate size ,¡.'¡';¡,.,,,

of the animal at naturity depend on many things. First of 
,,,:,,,1,:

aLL,litter size is important. There is often a lot of 
:'. :'

competition for feeding space and a snal1 litter will
often produce a larger animal, in certain species , ãt least.
The nutrition and general maternal environment that the

animal receives in utero is important as is the food supply

that it receives after it is born. McCance et aL. (1962)

found that there are yarious r{ays th-at. an animalts growth

can be interupted. He found. that there are areas of ac

centuation, alteration, interference during the developrnent ::':::,1
; :_: ::: '::

of an anirnal. He found that there are parts of an animal ,,,:, 
,.,,

with greater structural stability than others and during 
"':.:'¡¡"".:'

periods of fixed weight there will be differences in the

ïate of growth of certain parts of the body. During inter= 
.'

ferences of growth there is more variability in the weight ,'-i'-',''".

of the animal with a low fat priority, whereas, the skeletal

system has greater stability and is less affected by
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different planes of nutrition fMcCance, L962). " Studies of

animaLs on high pLanes of nutrition sh-ow th^at th-e veLocity of

th-e skeletaL growth of animaJ-s given more nourishment than

they need is related to the amount of growth that is left.
The growth magnitude is a function oS ^í" only . if th-is grovlth

rate is uniform. It may be postulated that animaJ-s grol,rn in

a stabl-e environment woul-d have a more stable growth rate

than animals grown in an environment where insults to the

would alter the velocity or the rate at which the animal

uses the growth potential that is left after the retardation.

fn nutritional studies of nale wistar iats ,

Jefferys [1969) found environment conditions affected the

growth process and the catcTr*up phenomenon. He observed

changes in the craniofacial- skeleton and these changes oc-

curred in both the size and the shape; as he defined. these

parameters he .found that environrnentaL influences on the

general growth patterns hrere significant and. that the in-
fluence of these environrnental changes was primarily re-

flectecl on the intensity of the growth and not the ultimate

size of the animal skeleton. He concluded that relatively
sma11 environmental differences can produce changes in size

and in shape. Butterworth C1961) did a study on two closely

relatecl varieties of kangaroo rats, He founcl that there are
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differential rates of gror^tth- during the deyeloprnent of these

ttnlo species and tlr-e¡ hrere not aLway.s related to environmelrt.

He found that precocious. growth especÌal.J-y during the early ,,,i:'.,

development brings an animal to an earJ.ier seasonaL repro

ductive potential ancl may arl,ow for earLier dispersion.
IVhile he mad.e no comparison between sizes of animal-s groi^rn ,,:r,,:

..: . :.: 
_:

in the Laboratory and those in the wi1d, he did conclude

;::..;t:'.'that the size of the litter maô.e no appreciable difference
in growth rates

Using1inearmeasurements,Boas[1971)foundthat
first generation emmigrants from Europe showed certain mod.i

fications in cranial shape while Morant (1g4g) from a cross

sectional -study, found. no suggestion that the variation in
living conditions in the past L01000 years have been âs-

sociatedwithachangeìnstature.Hunter(1965)dida

study of inheritance of craniofacial characteristics in TZ 
:,.i...,i:;.pairs of twins, but as in many studies with twins, there is ,,,1,

an absence of controls. :,.'': '

McCance, et a1. (1961) in a study of j9 pigs,
found. that a varying plane of nutrition affect some þarts of
the bony framework more than others. The endocranial cavity ,"',','.,i

was less affected, but was smal-1er to a slight degree. There

hias a difference between the manilible and. maxi-l1a with the
rnandible being affected to a lesser degree. Rehabilitation of
undernourished pigs restored proportions of the sku11 and jaws 

;1¡,,.,,,i,,,,,,,
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to normal. llrattr et a1. C195L) measured tooth wear and

size of th-e manóible and maxilla of rats which urere fed

very hard types of food. He sh-owed th-at the physical cor=

sistency of food altered. the vrear on the teeth; Also he

postul-atecl that this was the calrse of. aí al.teration of the

weight, volume and density in the mand.ible
. Sil-berberg [1950) using varying planes of nutri-

tion with 250 male inbred strains of mice found many micro-

scopic changes in the skeletaL system, but the results of the

experiment seems to show that there is very 1itt1e varia-
bility in the actual adult size of the skeleton. Later work

has shown that mice fed unrestricted amounts of either high

f.at or high carbohyd.rate diets rank equally in weight-gain

and rnature as those fed the respective diets ad libitum. rt
has been also shown that animals which were fed. restricted
diets and then switched. to a normal Laboratory type of food.

again ad libitun, show a recovery from some of the rnicro-

scopic differences in epiphyseal development. The reversa-

bility or irreversability of changes microscopically have

very little effect on the total skeletal growth and are of
no particular consistency and often are not related to
changes in the d.iet.

It is of no surprise that the ad libitum fed

animals in many experiments consume much larger quantities
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of food than in controLLed dÌets and often shor^¡ a more

advanced. skeletal deyel"opment than th-ose uncontroLled diets.
Most workers in the fieLd of animal. Tesearch conclude that
an ad libitum diet of most corrnerciaL l.aboratory feed,

which contain proper amounts of fat anil carbohydrates will
give the full- potential infLuence on skeletal growth, develop-

ment and. maturation

Most workers in the fìeLd of animal research

conclude that an ad libituin dÌet of most commercial labora-
t'ory chows, which contain proper amounts of r.at and carbo-

hydrates will al-Low an animal to attain its whole genetic
growth potential. It seems, therefore, dnat we must con-

sid.er not only the possibl-e effects of environmental vari-
ations, but also the probabLe ones.

The rabbit is a suitable model for further study

in areas of growth prediction. some general- growth data

is available for the longitud.inal skeletal growth and ma-

turation of rabbits with castle C1929) and Punnet et al.
(1918) indicating that the animals were generaLly suitable
for growth studies. No 1-ong terrn, comprehensive studies

have been made of wild animals and the insults that their
skeletal systems night receive from periods of food. shortage.



.,_.-., r*'.,,-/-.^._1.^-n À:¡;"j:ril¡

16 lr''':j ]:'1

It seens, however¡ tlrat in spite of the transient environ-

mental insuJ.ts regul-arLy suffered by organisms during growth,
.. .. .l

thereis1itt1eevidencetoshowthatadu].tformisusua11y
substantial-Ly affected by them, thus growth prediction may

be possibLe because of th-e essentiaLLy'genotypic nature of
. ...:...adult fgrm .,.,,..,

By using the rabbît in a 1-ongitud.inal grorlrth stud.y .' ,.

and a1.so by ,tudying the cross-sectional material , it is 
: i"i"'

hoped. that information on three d.imensional grolvth changes

can be used to obtain a coh-esive and predictable picture

of growth which will- lead to valuable pred.ictive method.s

of sku1l growth being observed. i

i
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RABBITS

The animals used' in this study consisted of

eight groups of rabbits. The Longitudinal portion of two

varieties of domestic rabbit of different adult size.

(Figures 1, 2 and 2). The cross-sectional sample consisted

ofsixgroupSofwi].di-agomorphseachofwhichvariedin

adult size [Figures 5 through TZ).. The domestic rabbits were

raised. in a controlled environment which is described in the

section t'Care and Feeding of th-e Animals". 'The wild rabbit

sample was obtained from a co]-J-ection of skull-s which I^Iere

kept at the University of California, 1{useum of Natural

History at Berkel-ef I Cal-ifornÍa. ALL rabbits are in the

order Lagomorpha f amil-y Leporidae. This includes aLl- rabbits

and hares, subfamil-y Leporinae. The genus , species and conmon

name of the rabbits a.re listed al-ong with Table VIII.

The two varieties of clomestic rabbit were the

Dutch and the New Zea1^and, The parents were chosen from true

strains of both varieties. The 25 rabbits used in this study

consisted of trvo litters of Dutch totalling nine rabbits and

four litters of New ZeaLand totalling síxteen.

The Dutch is a popular and well-known domestic

rabbit. This hearty little animal which weighs 42 pounds as

an adult, can be eas ily recogonised by its clear cut sad.d.le,

..: - t- :.: .-t'.'..:



Figure 1. Oryctolagus cu-riculus
(lierv Zealand domestic rabbit)

Figure 2. Oryctolagus cu-riculas
(Dutch domestic rabbit)



Figure 3. Du-uch ancl New Zea],.artd arlu1t rabbits
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Figure 4. Dental fonnula for the rabl¡it
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blaze, peaT-shaped cheeks and stops. The colour of this

coby rabbit is found in a combination of black and rvhite, blue

ancl white, gïey and white, steeT gtey ancl white, and tortoise

shel1. The Larger New Zealand lVhite originated from America

with the ad.ult weighing between nine ancl tweLve pounds de-

pend.ing on its sex. It has a medium length of body, broad

shoulders and haunches forrning a block shape. Being an albino,

it has pink eyes and. a dense white coat rvith decidedly heavier

guard hairs.

The wild sarnple of rabbits was collected in the

Western United States. Sorne of the rabbits were collected as

early as 1906. There was a large gïoup in the collection tihat

dated from the midclle thirties. The largest part of the col-

lection t{as ôbtained between 1960 and 1970. The sku11s 'hlere

rvel1 numbered and the skins of each. rabbit had a corresponding

numbered. tag. They Ïrere kept in drawers which tùere sealed in

large metal cabinets. Only adult rabbits weïe used in the

cïoss-sectional study. Figures 5, 6 anð. 7 shor¡r the great

variety in the size of the skull of the sample collected

As can be seen in Table vII in the Results section,

the largest of the rabbits was the black-tailed jack. Measuring

from the posterior occipital protuberance to tire most anterior

point of the premaxilla, the largest of these was 9.34 cm. The



Figurc 5

Complete ac1u1t crania (1atera1 vierv) of :

Lepus tor\rnsendi townsendi - -hrh-ite - tailed
Jack Rabbit
Lepus californicus d.eserticola- *B1ack Jack
Rabb i t
Sylvilagus bachmani tehemae--Brush Rabbit
Sylvilagus idah-oensis*.Pygny Rabbit

From top dorvn

Figure 6

Complete adult crania (basilar view) of:
Lepus tolrnsencli toir¡nsencli - -lfhite - tailed
Jack P.abbit
Lepus californÌcus cleserticola--Black Jack
Rabbit

- Sylvilagus bacfunani tehemae--Brush Rabbir
Sylvilagus idahoensis=.Pygmy Rabbit

Left to right



Figure



Figure

Aclu1t rnandibles of :

Lepus townsencli towasencli--l[h-ite -tailed Jack
Rabbit
Lepus californicus cleserticola- -Black Jack Rabbit
Sylvilagus bach-mani Tehernae- -Brush Rabbit
Sylvilagus idahoensis*-Pygmy Rabbit

From top down.

Figure I

Four stages of development of;
Lepus californicus californicus--
Black-tailed Jack Rabbit



Figure



Figure 9. Sylvilagus bachmani Tehemae
yoitrrg and adult

Figure 10. Sylvilagus bachmani Tehemae
yorng and adult



'Figure 11. Lepus californicus californicus
yoqlg and adult

Figure
you-rg

12. Lepus Californicus californicus
and aclu1t



smallest wild rabbit was the pigmy rabbit ancl nany of these

measured less than 5 cm. in dry sku1l length. The ord.er name

of the rabbit, Lagomorph, 1itera1ly refers to the f.act that
it is hare shaped and gives no cJ-ue concerning the d.iagnostic

features of the animal. The animals used to be placed. within
the rodent order but it was late r reaLizeð. that their ïesem-

blances are largely superficia1 and prob ab1y reflected their
similar way of life. Ttr-ey do share the same dental aïïange-

ments, wittr- large chisel--1ike, ever=growing incisors, with no

canines and a gap or diasterna between the front teeth and the

cheek teeth. In detail even the teeth show striking differences.
-A,11 rodents, for example, have a single upper and a single

lower incisor on each sicle of the jaw. All rabbits on the

other hand, have two upper incisors on each sid.e. The second.

one is sma1l and situated behind the first. There are many

additional differences in skeletal and other features that
comes to light when a detailed. comparison is made between the

two groups. The dental forrnula for the rabbit can be seen in
Figure 4.

Any animal in the wild- collection which was sus-

pected. as not being matuïe vras discard.ed from the sample.

There are no dependable maturation ind.ices for the rabbit.
Crary et a7. (19ó0) ancl Heikel (1966).

25
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In many aninals including man, the closure of the

spheno-occipital syncirondrosis is a good maturation index.

The synchondrosis is the junction between the basisphenoid

and basioccipital bones and extends somewhat diagonally

downward and forrvard through the base of the cranium. Fusion

occurs resulting in a transformation of this cartilage joint

into a synostosis by obliterating this cartilage zorle and

forming a continuity of the bony trabeculae and marrow spaces

of the occipital and sphenoid bones. Sawin, êt aI (1959)

found that in most rabbits, at best, there r,rlas a partial

.lort'rt" and it was never ar:y farther advanced than the pre

sence of a very few fine osseous spicules or sutures con-

necting these two bones. This was considered sufficient to

prohibit designation of the suture as open. The rabbit ac-

complishes iis mature skeletal potential by the age of 20

weeks. Heikel (1966) compared the skeletal age of the rabbit

and. man. He made the observation tihat in a longitudinal studying

skeletal d.evelopment, the rabbit grows much older in one d.ay

than a man does in 40 days. Both man and rabbit at birth,

having a nucleus which is demonstrable on the x-Tay in the

distal feinoral epiphysis and the proxinal tibal epiphysis

but in no other area. It is suggested that both the rabbit

and man are born at almost the same skeletal age.
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Cafe ald Feeding of lhe 4nÌrnal:.

Tlre animals were h-oused in a 14 by L6-foot room

at the animal house in th-e Dental- Building at the University
of Manitoba. The temperature was kept at a constant 6g

degrees F. and the lights r,trere on a timer which turned them

on at 7:00 a.m. ancl turned them off at 7:00 p,Í1. The

animals were fed ad ]-ibitum with Lekland Rabbit food. pre-

gnant does were kept in 4 by  -foot pens. The bucks.r^iere

housêd in another part of the animal house. The nesting

boxes were compl.etely enclosed. There 'hras an eight-inch
opening on one side and. the inside dimensions of the

nesting boxes were 16t' by 16,' by l-6t,. The young rabbits
r^rere separated from the does at the age of three weeks,

just prior to the first record.s. The does hrere removed

from the pens and the smal1 animaLs were allowed to live
in the same pens in which they l{rere born until they weïe

72 weeks old. At this time the males and fernales rrere

separated but kept in the same size pens. The pens were

çleaned in the morning and fresh ï¡ater was given to the

animals in the morning. The animals were always x-rayed.

in the evening and weights were always taken prior to the

taking of the records. Attempts rlrere, therefore, made to
treat al1 the animals equaLly in all respects.
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RAD I O GRAPHI C CEPI.IALOIVIETRY

Radiographs in this study urere taken using an anode

filn distances of exactly*S meters, using an exposure of..3/20

second. at 90 kv and 45 na with a Universal tubehead. Rapid

process filn was used. in an 8 x 10 cassette rvith intensifying
:

screens. No patt of the centre plane of the sku11 is more

than 10 cm from the film. This produces an inage with a

rnagnification of less than 1 per cent. The orientation of

the rabbitis head is determined by a plexiglass platforn and.

a plexiglass framing device. (Figure 15) The framing device

is a 4-inch cube with parallel wires both for support and for

checking the accuracy of one exposure to another on the same

filn. The top of the frarning cube is cross-haired for orient-

ation. The "bunny box" which hold.s the body of the rabbit is
mounted. securely to the framing device and platform, but can

be adjusted if necessaïy. The "bunny box" platform and

framing device sit in a metal channel on a stand which is
secured to the f1oor. The channeled area is exactly square

and if the entiïe rabbit holding device is changed to a

clifferent view it can only be rotatecl 90 d.egrees. The

cassette is covered. rvith a I/}-inch lead sheet so that only

I/ 4 of tlLe filn is exposecl. The four records hrere taken on

* Based on preliminary studies
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each 8 r'x 10 !'f ilm except for radiographs of very large skulls.

A basilar view is first taken [Figure 15¡ This view is with

the Frankfort plane parallel to the film and the rnid-sagittal "". ,

plane perpendicular to the filn. The animal is moved 90

degrees by lifting the frame and holder carefully so as not

to nove the animal within the frame. The cassette is slid ,' ,,,,'',,..::.,: .:...: :.. :.. :. _.

into the adjustable cassette holder and the lead shield is 
i,,.,.,,,.,

reversed, expos.ing a ner.{ corner of the filrn . (Figure 16) This ::;r':i'::.''::

gives a basilar and a 90 degree lateral view side by side on

the same film. Th.e cassette is reversed and the same steps

are repeated. for the anteroposterior anð. a 90 degree lateral

related 'to the A-P. [Figures 17 and 18) The filrn is developed

irnnediately and if the view through the rnid-sagittal plane is

not easily seen on the basilar or if the basilar is tipped, 
'

the basilar and. its corresponding lateral- are taken over again.

The same criteria is used for the A-P vierv, but tipping is 
:..,t .

not a major problem, since the angles of the mandible rest ""'l'.'
'.',,'i,1.',1. :l'on the plexiglass platforn as opposed to the posterior oc- ' ',

cipital protuberance used as a rest in the basilar view

The value of this technique lies in the fact that

it prod.uces two 90 degree views of a skull .which can be used .,,,,:,,::t'.

to find the same anatomical points on both irnages. The basilar

and. lateral aïe related to each other by a base line dratvn
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along the posterior occipital protuberance. Any point which

can be seen in one view can be related. to the 90 degree posi-

tion by using these lines. Films do not always fit squarely

in a cassette, but with tlr-is technique you do not d.epend on

the position of the filn in the film holder. If the skull is
rotated 90 d.egrees, but is not moved vertically and. the filn
is rnoved horizontally, but not vertically, a line parallel to

the base line will pass through the same point on both views.

Error tests consisted of taking four radiographs of the same

rabbit four times, taking the rabbit out of the cephalostat

and repositioning it each time. This was done with four
separate animals. These rrere then digiti zed anð" this ð.ata

üIas processed on the co-ordinate analysis in the same vray

as the rest of the ð.ata used. in the study. The results òr
the er:ror tests can be seen in*Tabl"s XI , XII and XIII.
with this degree of reliability it is possible to describe

growth in three directions using cephalometric analyses in
three dimensions, in an attempt to id.entify the overall
morphological differences .

* Appendix
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Figure 13. Position
cephalostat fo-r a

of the live ani4a1
basilar or A-P record

Figure 14. Position of the live animal
cephalostat for the 90 degree to
basilar or A-P record



Figure 15. Anirnal jn the basilar position

Figure 16. Animal
basilar position

in the 90 degree to
(lateral view)



Figure 17. Animal in the A-P position

Figure 18. Animal in the 90 degree to A-P
pcsition (latera1 view)
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POSITIONING THE LIVE RABBIT

One of the most diffisult parts of animal cephalo-

metry is accurately positioning the head of the anesthestised.

rabbit and. orienting the head so that you will have consistent
radiographs. rf the anirnal is well anesthestised it is best

to staït with an antero-posterior orientation. This is the

view which does not have to be retaken as often as the basilar
view. The position in the basilar view afforcls a clearer air-

\ay for the animal and often this view can be taken and re-
taken several times while the animal is recovering from the

anesthetic, rn the A-P and 90 degree Laterar to A-p the

animal t s head is tilted forward. and, the airway is somewhat

obstructed, anð. a lightly anesthestised. animal will often
begin choking and will tend. to break loose from its stabilized.
position. The animalts head is stabirizeð, with either com-

mercial scotch t'ape or masking tape, depending on the size of
the animal. scotch tape is of sufficient strength to ho1d. a

sma11 animal in position even if there are some minor convul-

sive movements. A larger anirnal sometimes has to have its
legs hrrappecl with nasking tape ancl then the legs wrapped

against the body so that convulsive movements do not affect
the stabilized. position of the head..

:.4.: i::::.:::
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A plexiglass platforrn is essential for stabilizing

the animalts head in the A=P and 90 degree latera]- positions

to A-P. The posterior part of the angle of the rnandible and

the anterior portion give you a th-ree'point rest oll the plexi-

glass pLatform and aff.otrð. a dependabl-e orientation. In this

position a horizontal l-ine would ttavel- from the external oc-

cipital protuberance to the inferior orbital canaL and the

most anterior portion of the nasal bone. The 90 degree latera1,

of course, is taken without moving the skuLl- of the animal in

relation to the pLexigi-ass pLatforin. The basilar view is more

difficult because the only resting point for the skul1 is

the external occipitaL protuberance.

A wel_l_ oriented film is one in which the i:nage of

the animaL appears syrnmetricaL. In the A-P position a well

oriented film gives a :,.erY clear image of the nid-sagittal

plane and the 90 degree position to A-P shows the tympanic

bul1ae almost superimposed. A wel-1 positioned basil-ar view

shows a symmetrical irnage with the two zygomatic arches re1-

atively the same size and the 90 degree 1-atetaL position will

again show the tympanic bu1lae superimposed and should have

a line running from the external occipital protuberance

through the most anterior point on the prernaxilla vertical

and. perpendicular to the horizontal orientation of the cephalo-

stat. If the animal's head is twisted in the basilar position

35
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you will not only see some asfmmetry in the basilar vielv,

you lvi11 also see a double image of the tympanic bullae"

The avaLLability of a rapid. process filn d.eveloping system

permits the aninal to be left in position while the filriL is
being processed.. rf the animal is in a pooï orientation it
is then much easier to correct the position since the animal

does not have to be completely remounted in the cephalos tat.
. :. .:'

Designation of Aninals

' All the J.ive ani¡rals in the study were lveighed and.- -**¿

I their eaïs ürere ¡narkecl pïioï to their three-week record.s. The

l to each film using small lead numerals. The animal which was
:

r designated as animal number 1, hacl no notches place¿ in its
ear. Aninal number 2 lnad a single notch in the right ear,
animal number 3 lnad a single notch in its left ear; aníma1

':,.:: r

number 4 ]rrað. both eaïs notched and animal number 5 then had. .:1r i;'

I.'.,'.,

two notches in the right eaï and the single notching sequence r¡/as i,i,l' ,

then repeated if necessary



AÀIESTHESIA

While Nembutall pro.lr.", a deep and long lastíng

anesthesia in rabbits, it does depress respiration and is

hazardous rvhen used on very young rabbits. ibtaIar? seems to

meet the need. for a short acting anesthetic for smal1 rabbits.
It is supplied in solutions of 10 ng./n1. The usual dosage

is 40 ng./kilo. It does not depress respiration and the re-

covery is fast. The animal is waLking around after 45 minutes

to an hour. It can be given by subdermal or intra-muscular

inj ections in the thigh. l'ilhen the rabbit reaches 9 weeks oï

2 pounds, it takes larger doses per kilo of bod.y weight. Cost
'b".orn", a f.actor when using Ketalar on a .ve'ry large rabbit,

'but it is much safer to use than Nenbutal. Field (1955) reports

finding that _there is a narrow margin between satis factory

anesthesia and a f atal- dose of irleinbutal in rabbits.
The site of injection is often more a rnatter of

operator choice than the ultimate success of the procedure.

Ketalar was d.eveloped for use in pediatrics and rvas intended

for intra-muscular or intra-venous injection. However, intra-
peritoneal injections are satisfactory for both Ketalar and

lPentobarital Sodium (Abbot Laboratories).
2Ketamj-n" Fiydrochlorid.e (Parke Davis & Co.)

37
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Nenbutal. fntra-venous injections in the ear give a rapid

onset, but in longitudinaL studies the ears of the rabbit
become irritated to th-e point th-at injections become difficult.
Special precautions must be taken in using additional dosages

of these two drugs in that the two drugs acted differently.

It was found that if the animal is not sufficiently anesthe-

tised after the initial- injection, e.xtra Nenbutal must be

adninistered carefulLy and it takes very little to push the

animal past the point of recovery. The Ketalarr ofl the other

hand, is short acting and recovery is so fast that additional
part dosage must be at least as greatr oï more, than the first.

- This practice has not resuJ.ted in the loss of any anirnals.
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PHOTOGRAPHI C CEPHALO}4ETRY

The cross-sectional materia-l for the study was

frorn the collection of rabbits previously described as being

obtained from the campus at Berkley, California. The photo-

graphic technique using a telephoto lens system attached to

a 35 mm. single lens reflex camera Ì\ras used to record the

museum dry skull material. Records weTe taken at 6 meters

with an F stop of 22 to ensure sufficient depth of field.

The records, taken at 6 meters, ensuïed the three-diinensional

object distortion \¡Ias within acceptable limits [ir'lcKeown , Lg7?),

The camera used was a Marnyia Secor 35 mIû. single lens reflex

ivith a 400 nm. telephoto 1ens. The 6 meter measuîement was

from the front of the lens to the mid plane of the cranios tat.

(Figure,20) The films I'\rere made with Kodak Panatomic X filn

with an exposure of three seconds. The light sollrce was two,

60-watt bulbs-and reflectors placed on each side of the cranio-

stat. The filns weïe developed in Kodak microdol developer.

The filns were enlarged and printed onto Ilfoprint dinensionally

stable glossy single weight enlargì-ng paper. For purposes of

convenience all films were enlarged to 92.45% of actual size.

The enlarger rrras kept in the same position throughout the

processing of all of the enlargements. The accuracy of this
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depth was always checked by using the known dirnensions of

the craniostat. The difference between nagnification on

these enlargements and on the radíographs taken in the study

r,trere converted during the co-ordinate analysis program

Positioning of the Dry Skul1

The cïoss-sectional material- lvas plr-otographed in a

craniostat. (Figure20) It was intended that the positioning

of the dry skulls be simi.lar to the positioning of the live

animal. It would haye been possible to position the dry skull-s

with a line running from the external occipital protuberance

to the anterior portion of the premaxilla on a hori zonta1 ori-

entati on with the craniostat but there $rere several reasons

for not doing this. Some of the mandibles of the d.ry material

r,.reïe broken at the synphis and again a three-point stabili-

zation of the mended mandible gave the most stability: It

was neces sary to use some plasticine material for the basilar

orientation. Plasticine material was also used behind the

mandible to correctly occlud.e it to the main body of the skull.

The parallaxing principle which is common to both

the radiographic and photographic cephalometry is shown in

the next Figure(27). Notice in Figure,20 the craniostat has lines



of orientation built into it. A front plate is positioned

with cross hairs in relation to the plexiglass platform. These

cross ha.irs are also present on each side and at the top of

the cube. This permits a very precise orientation of each

skull. The front plate is always removed. after orientation
so that a clear view of the skul1 is shown

The animalts skull was placed on th-e craniostat
table and a record ïras taken from the anterio-posterior view

with the animal t s head. oriented in a position with a horizontal
line joining the external auditory canal, the infraorbital
foramen, and the anterior tip of the nasal bone. This position
makes the mandibular plane approximately flat against the

rotating table of the craniostat. once the filn Ì{as taken,

the skull was rotated and stopped in the g0 d.egree position.
to the A-P. This second record was taken without alternating
the spacial position of the sku11 with reference to the hori-
zorrtal- plane, thus sirnulating tlvo records taken simultaniously

at 90 degrees to one another

The skul1 was then orientated to the basilar position.
rn the basilar position the skull was placed vertically with a

vertical orientation from the most anterior point of the pre-
maxilla through the posterior exteriral occipital protuberance.

This is the same orientation as r{as used in the basilar and.

90 clegree lateral positions on the radiographic cephalornetry.

4T
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Figure 19. Universal tubehead and control
panel used for radiographs

Figure 20.
prior to

Dry sku1l mor-nted in a craniostat
a photographic record



Figure 21. The parallaxlng principle, collllnon

ão both the rãdiographic and photographic
cephalometry
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Filins taken in th-e radiographic study lrere

1abel1ed with th-e litter and animal- number anó the age.

The photographs of the skulls were divided into one of six

groups and each- sliull was assigned a number. The filns

and. photographs l\reTe individuaT1_y îounted on a Ruscom logi-

stics strip chart digitizer [Figure 22) and the X and Y

co-ordinates of each landmark were recorded in a pre-

determinecl order and punch-ed. on rBM cards [c1ea1l and chebib,

1971) (Figure 23). Th,ese cards l\rere used in a co-ordinate

analysis and SPSS computer program to ana1-yze the data. IBM

cards and information from the punch cards was then loaded

into the University of Manitoba IBM 360-65 computer system

which mathematically computed all the linear and" angular

measuïentents used in this study. The magnification factor

on the live animals \¡Ias 97.09 and- the magnification factor

on the dry skulls was 107.55. The co-ordinate analysis pro-

gTam converted these magnifications to actual síze so that

aII the linear data is based on the true dimensions.



4s

Figure 22. Ruscom logistics striP
chart digit ize'r .

Figure 23. DigitLzer
used to recorcl the
landmarks from the
radiographs.

and. IBI{ Key Punch '

coordinates of the
lateral cephalometric
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Growtll Chanee AnaL) s'is

Fi Eures 24 and ZS slrow tlr-e poÌnts and angles whicha+bl^Àvv f--

r,trere used in th-e analysis of tfle LateraL and basilar vier^¡s

of the mature skuLl-s in th-e radiograph-ic and photographic

studies. The description of the angLes in the Tables give

points which- are not in a Logical sequence. This is due

to the nature of the anal-ysis prograar so when referring

to Figures 24 and 25, refer to the angl-es as they appear on

Tables VIII and X in th.e section on Variability. The points

listed on Tables VIf and IX in the section on Variability,

are linear measurements given Ìn centimeters

Weights of the animals in the Live study were ïe-

corded at 31 5, 7r 10, 13, 17, 2L and 25 weeks. Table I and

Table II show the mean weights i¡r grams of the two live groups

during the eight stages of growth. Also shown on these Tables

are the growth changes in skull lengths in graph form, Notice the

extremely high standard deviations in the weight columns in

Tables I and II. These are quite high as compared to the

standard deviations in the cranial- tneasurements as shown

in the second two columns of botir Tables. The stanclard
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I

Figure
t

24 " Points and angles
'of lateral view

used in analysis
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DUTCH

4s

WEIGHT SKULL LENGTH SKULL HEIGHT
groms cent¡melers cent¡meters

Table I. lVeight in grams and skull length
and height in centimeteres at eight stages
of Dutch gïotvth- 3,5,7 ,I0,I3,I7 ,21
and 25 weeks.

Stoge I

Meons
SD

296"4
s7 .7

4.596
0.222

3"11s
0.039

Sloge 2
l\4eons

SD
388.6
T26.7

4.946
a.2B\

3 .334
0.227

Sioge 3
Meons

SD
578.7
r07 .3

5.48s
0.259

3.613
0.288

Stoge 4
lcleons

SD
905.2
I4T.2

6
0

113
264

4
0

009
186

Stoge 5
Meons

SD
1134.0
188.0

6 .597
0 .203

4.220
0.186

Stoge 6
Meons

SD
1409.5
227.1

7.010
0.230

4.434
0.205

Stoge 7
Meons

SD
1s50.3
'i320.:'B

7.
0.

145
230

- 4.583
0.17s

Stoge I
Meons

SD
18s5.7

366 .3
7.380
0.270

4.67 0
0.206
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NEI\I ZEAI,AND

WEIGHT SKULL LENGTH SKULL HEIGHT
groms cent¡melers cent¡meters

Table II. lVeight in grams and skull length
and nei.sht in cerrríileters a.t eight stages
of New Zealand growth- 3,5,7 ,1-0,13,17 ,2I
and ZS weeks.

Stoge I

Meons
SD

323.7
93 .7

4.766
0 .256

3.093
O.IzT

Stoge 2
Meons

SD
7s8.9
202 .7

s.994
0.388

3.724
0.206

Sloge 3
Meons

SD
97r.7
284.7

6. s09
0.s07

4.06s
0.t76

Sloge 4
Meons

SD
\627 .1

426 .3
7 .400
0.390

4 .528
0 .243

Stoge 5
Meons

SD
206s .4
505.6

7.902
0 .466

4 .802
0.287

Sloge 6
Meons

SD

2446.s
561.3

8.398
0.39s

5 .092
0.227

Stoge 7
Meons

SD

29s8.4
43s.6

B .652
0 .282

5.215
0.194

Stoge 8
Meons

SD
3243.7

727.9
8.954
0.381

5. 396
0 .253
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deviations vary frorn 0.039 in the first stage of the skull
height in the Dutch, to a Larger standard deviation of 0.3gs

. in the sku11 length at stage 6 Ìn the New Zealand. The in-
Portant thing to notice about the figures in Tables f and II
is that there seems to be a poor reLationship betrveen body

i weight and skeletal measursments" Figure J1 shows the means

, of the lueights and. skuLL measurements plotted against time.
I.

curves orl the weight graph rvliìle the graph which shows skul1

shows a srnooth fitting curve in both groups of animals.
Table III shows changes in the gonial angle d.uring

the eight stages of grorvth. In both the Dutch and. Nen zeaTand.

varieties the gonial angle is greatest at three *""tr. It is
aLmost'the same at five weeks and. in the Dutch it remains

throughout the entire growth of the skull. The New Zealand.

continues to become more acute reaching gz degrees at the
age of 7 rteeks and remains constant until adult size is
obtained

The angLe srror,,n in the first stage night possibly
be a resul-t of an inability to see a1L of the head. of the
condyle, because of burnout on the fiLrns of the very young

rabbits. The sku11 had developecl sufficiently after

I

I

i

!

.

:

i

i

i-'r'
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Gllanges isr tite Gonial
Angle (8*6-5-'!) During

I Stages of Growth

DUTCH NEW ZEALAND

Stoge I

Meons
SD

93.664
3,900

I 4. 532
7 .489

Sloge 2
Meons

SD
88.941
¡o.8t7

88.2 I 5
5. O33

Stoge 3
Meons

SD
ât.øsq

4.282
82.462-
6.990

Sloge 4
Meons

SD
89.939

6,474
82.7c1
5,434

Stoge 5
Meons

SD
a9.747

6.4|u^7
82,597

6. O88

Stoge 6
Meons

SD
9t.998

4.37 2
I2.958

5. 006
Stoge 7

Meons
SD

92.428
7. ltCI

82.9 t 5
6.263

Stoge B
Meons

SD
90.562
6.467

82.370
6.38I

Table IIi
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stage 3 to see a1.1- of the landmarks. Notice that the

gonial angle of the Dutch at stage B fmature sku11) is
approximately 8 degrees flore obtuse than the New Zealand.

This would. be a reflection of a definite sh-ape difference
between the two types of rabbits.

Curve Fittine
Growth curves in this study were found by fitting

th.e growth of anatornìcal points in each individual rabbit
and d.oing the same with a group. The points plotted for
the growth curves were taken from an orientation shown in
d.etail on Figure 28 and describe ð. rate:r in the section on

the Mod.e and Pred.iction of Growth. Grorrrth curves were

obtained by superimposing sequential tracings on a fixed.
point and the reference line tRt [Figure zg) . The series
of points are the notion of that point and growth which

reaches maturity at point rPf (Figure zg). points of growth

described as nid-sagittar snout grolvth were fitted using

a regression analysis. Growth curves were fitted with
dependent variables, Y and 1og of y and variables, 1og of
x and x and 1og of Y dependent variable to 1og of x variable.
Log of Y, 1og of x r{ere found to give consistent correlations
on a\r curves fitted. Table rV shows a curve fitting and the
constants derived in curves from all rabbits in each group,
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The'regression analysis results on Table IV are for all of
the curves in each- group. FÌgures 26 anð, 27 shon graphic

representation of cuTves where log Y = 1og a + n 1og X in
some of th-e New Zealand and Dutch animals. These graphs

represent the straìgTrt-l-ìne d.escription of the curves of the

first four anÌmals in each group using constants N for
slope and 1og a for th-e Y intercept. Each graph was con-

structed. using figures from the first four sets of constants

on Table IV.

Copies of SPSS print-out sheets can be found at the

end of the Appendix. These weïe used. to find best fit curves

on the original data. Multiple R, which is the rnultiple re-
gression for each curve for an individ.ual animal, is shown on

the left side of the table and. is an indication of the d.egree

to r,uhich the points adhere to th-e best fit curve. A nultiple
R of 1.000 would be perfect fit and the rnultiple Rl, should 

:

be close to that figure if growth is a stri ctry logarithmic
phenomenon and has been accurately record.ed.. The points

which are plotted close to the Y axis rnight possibly show a

good fit using multiple regïession because of the relati-on-
ship betrt¡een the rate of ch-ange of x and Y with growth when

using Y to 1og X, or X to 1og Y, depend.ing upon the co-

ordinate. Horvever, as a general ru1e, 1og y-log X are the

most coTrsistent d.ependent and independ.ent variables to use.
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Graphic Representation of Curves
Where logY - log a*n toeX

in DUTÇH.Group

Figure 26. Graphic representation of
curves obtained from va]-u-es found
on Tabl-e IY. r:'
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Graphic Representation of Curves
ÞVhere log Y = log a*n log X

ln t{EW UEALAruÐ GrouP

Figure 27 , Gra.ohic representation o'f
curves obtainçci ,fron values found
on Table IY. )
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A"

'-- 25 r¡¡ks.

-- 7O rn¿ks.

-- 7 vr¡ks..

-- 5 wks.

-- 3 wks.

Figure 28. }{ethocl of orientation for the
superimposition of growth records on point
ItRtr along line "X"(as describecl anatomicaly
in the text) for the registration of points
of nid-sagital snout groIvth. in relatiolì to
an X-Y axis.

B.
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Constants Derived From Curve
Fitting Where log Y = log a*n log X

Y rrurEncEPTY INTERCEPT SLOPE
(log o) (n)

Number DUTCH
(log o)

Number N E W

SLOPE
(n)

ZEA,LAND
t.5?äl.

2.

3.

4.

5.

6.

7.

8"

o

- 1.847

- 2.O51

- t.323

- 1.694

- o.388

- 1.204

- 1.064

- o.935

- t.458

1.997

2.O63

1.705

I .907

t.3t3
r.73 t

1.626

r"588

r"576

t.

2.

3.

4.

5.

6.

7.

8.

c¡

lo.

ll.
12.

t3.

14.

t5.

16"

1.534

t.532

r.655

r.554

t.589

t.509

1.305

r. 463

t.455

1.778

t.498

t.340

r.539

2.026

t -992

- o.923

- o.857

- o.865

- | .127

-o.924

-o.941

- o.789

- o.325

- o.66 I

- o.664

- | .404

-o.764
-o.4t4
- o.904

- 1.939

- 1"858

2
CHI (PER DFI=O.38

cHtz( PER DF)=o.og

Table IV
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The advattage of using log Y-log X in any curye

fitting is th-at the cul^ ,.e can be expressed in straigtr-t lines
as shorm in Figures 26 and 27. Ai-i" the lines on Figures 26

and 27 for each ind.ividual animaL when superimposed on the

x Y axis will f aL1 almost exactly one on top of another.

rf the straight lines do fail- to fall one upon another,

they are sti11 para1l-e1, Ìnclicating that the slope is
constant. This is true for arL the animals in a certain
group. However, the lines from the mid-sagittal snout

growth of the Dutch cannot be exactly superimposed. over

the lines from the New zearand group, but they are close.
The straight lines from various animals and groups of
animals can be plotted and the growth directions compared..

The precise ad.herence of each curve to a 1og straight line
shows that the relationshìp between the points d.uring gïowth

is a strictly log process.

Mod.e and Prediction of Sku11 Growth

An attempt was made to d.escribe the general mode

of sku11 growth in a longitudinal study and to determine

at which age a prediction could be made as to the final
ad.ult size of the sl<ulI. Tire poÌnts of growth- shown on

Figure 28 were useil for an SPSS program which- found cor.
relation coefficients of the distances between the points
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of growth at 3, 5, 7, 10 and 25 rveeks of mid-sÊgittal snout

grorvtir. Growth \\¡as represented by registering each record

on the most lratera1 point of th-e zygomatic bone (Figure 28).

Th-e anterior-posterior orientatÌon of this point alrvays

coincided with- a line d.rar,rn through Uo} nrid-points of the

anterior surface of the zygomatic process of the temporal

bones. This was the poìnt of reference which rvas ahvays

used. on the basilar viev¡. Points of reference used on the

lateral yiew r4rere drar,m from the external occipital pro

tuberance to the most anterÌor point on the premaxilla. The

line of orientation on the A-P vierv rvas betrveen the trvo

most latera1 points on the zygotmatic bones

At the top of Figure 29 is the tracings of the 90

degree right lateral- cephalogram at several ages and at

adulthood. On the right side you see the basilar and A-P

orientations and on the left, the 1-aterat- groruth trajectories.
The graphs in Figure 7.9 represent direct plots of mid-

sagittal- snout groivth in the two varieties and a cornposite

of the two varieties. It was found that the equation

Y = axn fitted al.lr the cuïves taken at a variety of points

selected. This all-ometric grolvth equation, Huxley C1929 ancl

Ig24) demons trate.s that th-e ratio of the rate of grorrrth in

the Y axis to that in the X axis is logritlunitically coÌt-

s tant.



61

at

¡'-'u
-t

a¿

'.i

.:t

Compos¡te

Dutch New Zealand

Ðirecf, Plofs ef Snouf Growfh
flåcrCe Ðr¡ring B Sfe:ges of Grov¿fh

Figure 29. Direct plots of ,{nid-sagittal snout
growth r^¡ith Y axis reþresenting anterior gror.vth

. and XY intercept representing point R. (Figure 28)
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Figure ZB sh-ows a metlrod. of analysis of growth

ch-anges on th-e basilar yiew, Ttle plotting of the points
of groirith- on th-e 90 degree basÌl-ar vÌew were aLr in relation
to registration point R. The mìd.-sagÌ tta1 plane of the

skull was used. as an indÌrect reference line and all stages

of gror,vth which- originated. approxÌm ate|y from point R rvere

recorded. along this Line. Ìrìth this orientation it is
possible for the growth of tlre chosen point such as p, to
be recorded by tracing the path of this point directly from

a series of tracings of radiographic record.s.

Figure 30 shows direct plots from radiographs of
rabbits, taken in the lateral- view. Because three of the

rabbits in the Dutch group d.eveloped malocclusions, and. the
plots of the mandibular growth showed trvo definite growth

ttajectories, th-e Dutch were separated into tr,¡o gïoups fof
the investigation of mandibul-ar growth- As this was a norrnal

growth study compl-ete analysis. of these growth trajectories
in the malocclusion rabbits r^ras not pursued.. Flowever, for
i1lus trative purposes, Figure 30 shows points of growth

on the nandible for the New Zealand, the normal Dutch, and

the three .Dutch which had the malocclusion. Notice hor\¡

rnuch different the growth trajectory is for th-e class rlr
Dutch. rt is evident in Figure 30 that the difference in
shape did. exist.
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t'" fVicndibulc¡r Growth

NEW ZEATAND

Closs m DUTCI'I

COMPOSITE

ßIORMA.L DUTCH

Y

Figure 30. Direct plots of mairdibular growth flateral
view) with anterior growth represented on X axis and
vertical growth on Y axis. XY i.ntersect Tepresents
point 1 as described in the Appendix.
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Body Weight and Skutl Length
Plotted Against Time

4000

WEIGHT

¡N

GRAMS

o

I

SKULL
LENGTH ,

IN
cenlimelers

o

.-v-ç- þu1ç¡

..*o New Zealand

AGE IN WEEKS

Figure ßt

AGE IN WEEKS
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An SPSS program was used to d.eterrnj.ne correlation
coefficients between poÌnts of mid=sagittal snout grorvth-.

TabLes V and VI show correl-ation coeffÌcÌents based on

analysis of points of growtTt-':recorded at 3, 5, 7 2 L0 and

25 weeks. The program i''¡as d.esîgned to correLate d.istances

between points shor.rn on FÌgure 28, with the d,istance tra-
velled between point R and P, Initial evaluation shorved

very little correl-ation at th-e L3, 17, and 21 week periods,

and so the earlier growtlr- period.s weïe used. to establish

correlations of size at various stages of growth. The data

was handled in two different manneïs--linear and. cumulative

linear. Correlations u/ere derived. between distances of
growth at four stages and the distance travelled between

point R and point P (Figure 28). Table V shows a method of
handling the data in a l-inear fashion. The correlations on

this Table repïesent straight line distances from point R

to each of the growth points and. from those points to the

adult size. These are composites of the two groups of
rabbits. It might be ilrell to point out that each rabbit
was treated as an individual and was analysed separately.

The final correlations are based on composites of the two

groups. The d.ata was again analysed., but as a cumulative

linear change t ãs shown on Table vr. This represents the
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6B

correlation of the sum of each growth period with th-e sums

of the growth- periods remaining" In th-is wâY, the ð.ata

on Table VI is hand.led measuring th-e distance more closely

along the curve. In both- groups the most significant
correlations were in th-e 7 week stage. 'Wt"r, referring .to
Tables V and VI, note that subfile 1ab I is the Dutch variety

of rabbit and subfile Lab 2 is the New ZeaLand variety.

The plotted vaLues at the bottom of each TabLe represent

the number of rabbits in each group. On Table V the cor-

relations at the 5 week stage r,{eTe higher than those at the

7 week stage, but the l-eveL of significance, 0.4 for the

dutch, and 0"3 for the New Zealand group, r{as not acceptable.

A correlation of 0.9 and a significance level of 0.0 makes

the remaining cumul-ative linear snout growth, 7 to 25 weeks,

the best correlation in the Dutch group. The correlation 0.8

and, a better level of significance, 0.0 in the New ZeaLanð.

group at 7 weeks, is also better than the correlations on

Table V which list the remaining linear snout growth at 7 weeks

Thus, in both groups, th.e best correlations were based on

cumulative linear measurements which are those measurements

which adhere more closely .to the growth curve than the

linear measurements.
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The enlarged superirnpositions shown on

Figure 31 were drawn from two series of x-ray re-

córds taken at I stages of growth. They represent the

changing size of two New ZeaLanô. rabbits from the age

of three weeks untiL 25 weeks. Thìs ilLustration points

out some of the things which have al-,ready been shown in
the resuLts. One of the things to notice is that the

rabbit which started. as a smaller rabbit, the rabbit
whose growth stages are traced with dotted lines, ended

up being the smallest rabbit at maturity. This was

true in all the rabbits studied. in the longitudinal
portion_ of this work. In the case of these two rabbits

i1lustrated., only during the LTtin week did the smaller

rabbit seem to catch up to the larger rabbit. Figure 31

shows that the change in size from the Z1st to the

25t}:. week was ninimal and the rabbit which began as

the smallest ended with the smallest adult size.
This illustration also shows the skul1 expanding some-

what like a balJoon which is being blown up. One can

notice that the early stages of growth show a pro-
jected future shape of the sku11. The plotting of the

movement of defined anatomical points will describe



a series of smootll curvatures anô these curvatures adh-ere

closely to ttre general- expression Y = axr. This allometric
principle r^ras consistent throughout the entire period of
grouith.

Variabil ity

Tables Vff through T show the results of the

angular and 1inearun"rtlrì"*ents of th-e points on the

basilar anó lateral views of the mature skulls in both

the radiographic and ph-otographic study. Figures 52, Ss

and 34 show comparisons of the cranial lengths, heights

and widths of both the d.omestic and wild ad.ult rabbits.
The numerical values for Figures 32, 33 and 34 can be

found. on column 1 and 2 on Table VII and column 1 on

Table'IX. The stand.ard. deviations are greatest in the two

donestic rabbits in all adult dimensions of the cranium.

The standard deviation in the cranial length of the pigny

rabbit is rather high. The cranial lengths of the wild
groups were available on both the basilar and lateral views

however the lateral view was more reliable due to the fact
t}:r.at plasticine was used. to stabilize the skull in th-e

craniostat for the basilar view atnd, it was necessarl to
sometimes cover th-e external occipital protuberance, thus

reducing the accuracy of location of that point. A precise
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Figure 32

Graphic representation of the means and

standard deviations of the cranial lengths
of adult animals in the live study (groups 1

and 2) and the wild study (groups 3 through 8)

as obtained from column 2 on Table VII.
(Linear distances on the Late'raI view)
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Figure 33

ïepresentation of the mealLs

deviations of the cranial
animals in the live studY
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representation of the means

deviations of the cranial
animals in the live studY

and the r,Iil-d study (grouPs

8) as obtained from column
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description of, all the anatomical points used is available

in the Appendix,

Two other linear ineasurements of the basilar view ,

are shown on Table fX. Distance 4-5 is from the most anterior

point of th-e premaxilla between the central and 1atera1 in-

cisor on the mid-sagittaL suture and the most anterior 
,,,,

point on the mid-palatine sutrr:re. Point 6 is the midline 
..,

point of the synchondrosis between the anterior and pos "ì

terior portions of the basi-sphenoid. Of. the three points ,

point 6 is the most diffìcul-t to locate. Point 4 is found

betlreen the centrals and. laterals on the nid-sagittal plane.

Point 5 is visible on both the radiograph and the photo-

. graph, while point 6 is hard to distinguish especially in

the radiograph. Referring again to Table IX notice that in

all cases except one the standard devÌation of distance 4-5

is less than the standard deviation of distance 4-6. The 
::.

standard deviation of distance 4-5 in the Dutch is 0.185 ':i
''.':

and. the stand.ard. deviation of distance 4-6 is 0.l'62, "'i

The resul-ts of angular measurements as des-

cribed on Figure 24 of the lateral view are shown on Table

VIII. Angle 8-6-5*1 [gonial angl-e) shows a great sirnilarity , -

in aLI groups except the Dutch- which have a gonial. angle
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approxirnately 10 degrees greater than the New Zealand.

orthtewi1dgroupS.T}teyaTÌationintheang1eisa1so

high. The Brush rabbit h-as. th-e most acute gonial angle

and is a sma1l rabbit. Th-e smallest rabbit, the Pigmy,

has a gonial angle which is similar to most of the other

groups. Angle 1-5-3-4 on Tab1e TIII is the angle which

roughly approximates to a clÌnical mandibular plane angle

in relation to some precletermined axis on the skull_. In

this case it is the angLe represented by the loweri bord,er

of the mandible and a point between the external occipital

protuberance and the most anterior point on the premaxilla.

This is a somewhat acute angle anil is shown in column 2

with rather. high standarð. deviations, considering its

absolute magnitude. The position of the rnandible in the

last stud.y is often affected by the stage of anesthesia

that the animal is under. It the animal is in deep

anesthesia it viill often try to protrude its tongue. This

changes the nandibular plane angle to a significant d.egree.

Likewise, in the photographic cephalometric study, the

precise positioning of the mandible in the dry skull is

often a difficult procedure and again, an explanation is
ayailable for the wide variation of this angle, Column 3,

Table yIII shows ang1e 7-9-3-4 which corresponds closely

to the cranial base and th-e long axis of the skull. Wh-ile
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in the radiograph-s of younger rabbÌts both of these points,
7 and 9 are h-aril to see, in the mature rabbit the spheno- ,:,

occipital synchondrosis is quite visible as is the most

anterior point of the cranial ,auLt on the end.ocranial

surface. This ang1e, Ìrorv-ever, in the dry materra1- presentr 
,,,,,,

a problem of approximating anatomical points and this is "

reflected in the rather high stand.ard deviations which are '.'.,'.

Figure 25 sïrows the angles used. in the analysis

of the basilar yieh., Points 1 and 2 are defined as the
- most external points on the zygomatic bone. The location

of points 1 and 2 are described in detail in the section

on Mod.e and Prediction of Sku11 Growth. Angle 7-4-g-+

is the intercondy1ar angle and angle I-4-2-4 will be

called the zygomatic ang1e. Angle 3-4-g^4 should. be

half of the intercon dyJ-ar angle. These angles showed a :.'

great sinilarity in both the domestic and wi1d. with the ,, 
,

exception of the Pigmy rabbit. This is because the Pigrny

is sma11 and. these angles xary ruith absolute size. Also,

the variation is very sirnilar in all the groups except 
,,,,,i

the Dutch in which it is much greater

A multi-yariate analysis was done on the angles

and linear distances of the rabbìts in the eight adult groupse
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Th-is r\ras done in an attenpt to arrive at an index which

could be used. to separate these r¡arious groups in some

sort of classification. IBM punch cards were prepared for
each anjmal in the study and each angLe and distance is
represented. ff an indexing were possinfl the multi-variate
analysis program wou1d. show certain trends and groupings

indicative of this possibilitl" However, there was so much

similarity between many of the angles and distances that

no such classification r{as found possibLe.
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Growth Change Analysis

i Most anirnaJ-s raised. in a controlled environrnent 
,::

aLe used. as an aâjunct to th-e main part of an experiment.

The animaLs in the Live portion of this ;tudy showed a con-

sistent pattern of growth which was extended without nishap :

. .l':
to the entire portion of the study. Tables I and II give

with very low stand.ard deviations, The weight records

howed no evidence of temporary changes in the environment

I or other possible insuLts to the growing animals" The con-

I sistency and paraLlel nature of change shov¡n in the gonial

I angle in TabLe III night be a further indication of the con-

I sistency of the growth through the eight stages i

study appeared to grow ìn a generaLly similar manner as

: their body weights and linear measurement increases were ,.,'

' well proportioned. and as a group, their range of variation ,,,i

Cwithin groups) was generall-y the same. They grew up in
substantially uniforrn environments, and there is no reason

skulls. There is no ïeason to beLieve that this study does

not reflect a normal and usual manner of growth.
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Curve Fitting
In the Longitudinal portion of this study an at-

ternpt was nade to produce records r'¡hich couJ.d be used to

describe mathematicaLly tlr-e precise d.irection of growth.

Describing the grortth of the skulL is difficutt because of

the coinpl-exity of its shape and form, the rnany aïeas of

growth, and the difficuLty of obtaining accurate landmarks

and biol-ogically meaningful- reference points,

The curve fitting constants shown in Table IV show

.that rltre were deaLing with- a precise direction of growth and

the analysis indicated. that there was a pathway toward an

adult form which was definable within certain limits of

variation. These growth pathways can be expressed. in the

form Y = axn and enabl-es one, mathematicaLly , to predict

future growth pathruays of any anirnal- which has an estabLished

a and n va1ue" The reliability of this mathematical ex-

pression (Huxley , !932 anð. McKeown, L97Z) is demonstrated in

Tables XIV through XXIII in the Appendix. The nultiple re-

gression program which was used to find best fit curves for

each animal shov¡s rnultiple regressions on log Y to 1og X, as

high as 0.9, significant to the gg| 1evel (Table XIV). This

is shown in both the graphic analysis of the Dutch and

New Zealand groups and the pathways which are shorvn in Figure 29.
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Following th.e áirection of motion of a point with

respect to a fixed reference point finds that the points

describe a cuïve and as we have seen rthe curye can be fitted

to the math.ematical expression Y = aXn. These values for

the s1-ope are given in the results Table IV. This rvas the

case for all of the animal-s. fn each- group the curves 1ay

very cJ-ose togetlr-er and when comparisons of the two groups

were made there was 1Ìtt1e difference betir¡een then and they

wêre quite similar" Thîs suggests that the direction of the

point in each group was remarkabl-y consistent, and tirrat since
'the animals in a group had simil-ar pathr.vays d.escribed. math-

- ematical|-y, that the skul1s retained similar shapes. This

is not to say that sÌze and shape are the same, since there

was a variation in the rnature dimensions of the sku11s;

only the pathways weïe almost identical-. These animals were

raised in a controlled environment and r,¡hatever sma11 in-

fluence environment and litter size may have had on the sku11

size, it did not seem to affect the shape.

Describing changes with growth cuïves and relating
growth curves to the total shape is a way to arrive at aî

understanding of growth. The f.act that the general overall
shape of the head expands in an obviously orderly tñay sug-

gests that if we choose other points it rvould also grorv along

precise curyes in a yarietts of directions. These results
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support th-e studies of Mcl(eownts

of the skuL1 in domestic dogs.

predominated over environmental-

(L972) thesis on the growth

He showed that genetic factors

factors in skull- growth.

Mode and Prediction of Growth

The data necessary to determine if growth pre-

diction is possible for a certain variety of animal must

come frorn longitudinal- data, which affords a precise method

of following growth al-lometricalLy. The rnethod of analysis

shown on :Figure 28 a1.l-ows points to be plotted and a. curve

fitted using a regression analysis. The animals within a

gr'oup are used to find a pattern of growth particular to

the theory of al-lometric growth. The correlations made be-

tween points [Tables T and VI) supported the predictability

of that particular point aLong the curve. By superimposing

tracings (Figure 28) made of each individual animal at the

d.esignated tine intervals until naturity, there is a re-

niarkably consistent, three-dimensional and apparently

orderly change of form. The basilar view was examined in

more detail because of the length of the curves which could

be obtained. The ord.erly and consistent changes were de-

tected. in every animal, and when the trto groups'hleïe compared

it became apparent that one'blas, in general a smaller ver-

sion of the other. fn other words, the smaller breed, the

Dutch started off smaller and reached a snaller
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adult size when compared to th-e l-arger New ZeaL3nd rabbit,

yet bottr- breeds appeareô to have a generally sirnilar mode

of growttr-. WÍren describing this mode of growth it is, of

course, necessary to apply some sirnpl-e mathematical d.efinitiqns

to this expansive growth.

The results found in this live study do not sup-

port the concept of differential growth, as a prediction

inethod. Differential- growth merely describes the relation

of one part to another and its growth- and change in relation

to the opposing member. ff we look at the organisrn'as a

whole and think of the organism as beginning with one cell,

we are operating within a thoi-ismt phil-osophy [Huxley, Ig3Z)

considering the organism as one cohesive unit and the grorrrth

of the totaL rather than the individual and separate parts,

Then r^¡e are not d.ependent on sma11- changes within the or-

ganism, Too much data on growth is handled with univariate

statistics rvhich aïe used to describe central tendencies

and variability of the velocity of each part and by bivari-

ate statistics to express the association of the other vari-
ables. The results of such statistics produce scattergïams,

clusteïs and trends which are often statistically signi-

ficant, but aff.orã little practical- application, because

they are not preciseLy appLicable to the individual.
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The high correl-ations found in TabLe VI show

possibilities for growth prediction wh-ich do not depend on

time, such as Hirschfeld C1970) who applied time series

and exponential smoothìng rnethods to the analysis and pre.

diction of growth. FIe concLuiled that a time series ap-

proach has a greater application and couLd yield a more

accurate prediction th-an a regression method. '

The f.act is th-at the close adherence to the general

formula Y = aItr means that if it is expressed logarithmically

1og Y = 1og A + 1-og T, the ratio of the rate of growth of 1og

X to 1og Y is constant and that the value rrnrt is, therefore,

constant throughout the observed period of growth for that

individual. It must therefore, approximate the genotypic

expression of shape. The fact that growth rates vary sub-

stantiaLLy in individrrals was pointed out by McCance [1968).

He has pointed out that individuals can obtain the same

adult size by growing so that their rates differ at various

chronological points. This implies that the way in which

rate changes may varyrrnight also be substantially genotypic.

In these circumstances one would not, of course, obtain the

perfect correlation by comparing achieved values at fixed

time points with that achieved in the adult. This fact can

be observed. on Table VI in th-e results of the longitudinal
portion of this study"
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IVe can use growtlÌ data of this type to pro j ect

future growth since a point grows in a predetermined manner.

We aJ.so need other data to anticipate the point which it

r^rill ll-ave reached as an adult. The compa'rison was made

between sizes achieved at various chronological post-nata1

times and the size achieved by the adult 
-in 

arl attempt to

obtain a close relation between size achieved at Some eatJ.y

point in post-natal growth ancl that eventually reached by

the adul-t. If a perfect correl-ation l\Iere obtained., then

its invariate nature wou1d. indicate that adult size was

completely genotypic and that environnental contributions

rtrere constant in al-1 animals. This unlikely event did not,

of course, occur but we found correlations shown on Tables V

and VI iuhich were of substantial strength to support our con-

clusions. Values obtained from various stages on correlation

tables can'be used as a future basis for the prediction of

adult size

Variability

The photographic portion of this study compared the

variability of a group of animals grown in a controlled en-

vironment with a group of animals which grerv in the wild.

The study was a comparison of groups of animals measuring



yarious linear and angular measurements of the mature sku11s

of these eight different varieties fTables VfI through X).

Figures 32, 33 ancl 34 show that th-ere was not a significantly

different amount of variabilÌty between the wild groups and

this reflects on wlreth-er envÌronment plays a role in this

variability. When an animal- in one of the groups seems to

vary significantly from all tÏle other animals in that gïoup,

you can suspect the callse of this to be from many different
things. GenetiCs, environmental insults (nutritional or

thermal) and many other factors which pJ.ay aî important role

in variabiLity.
In this experimental- design, the live group was

used and all but genetics were hopeful|y brought under control.

It was hoped to determine the Ìnfl-uence of environment in
variabil-ity. The temperatures in the aninal house were well

monitored.Roubicek,et,...a1.(1971)foundadefinitein-
fluence in growing rats at two different environmental ternp-

eratures.

The animals in this study were fed at regular times

and. it seems that this would be the best way to ensure a

controlled grorvth area. However, Harker (1964) found that

altering the feeding pattern of laboratory animals had

very 1itt1e effect on the growth of the animal and, ap-

parentl-y, animals are able to adapt to changes in feeding



patterns Ìn the Laboratory just as animals who grow i{ith the

changes of Season in wiLd enyi?onments, aTe ab1e to adapt

to these changing feeding tirnes.

Animals which- grolv- Ìn a wil-d environment are most

1ike1y aLl- subjected to period.s of dÌminished. nutrition. A

period of 1ow feed Ìntake wou1d. first alter the amount and

distribution of f.at in the body. When ta¡ is in excess, it

has no direct role in the growth and ìt rnerely acts as a

storer of energy. h¡hi1e its deposition is influenced by

the quaLity and 1evel of nutrition, f.at in itself has very

1ittle structural stabil-ity. Tables f and II which shorv the

mean weights in grams of the two live groups during the eight

growth stages show high standard deviations. Figure 24 shows

a weight curve which l-acks the consistency of the curves of

the changes in bony dÌmensions. Bryden [1-968), in a study

of the southern elephant seal found that although periods

of s tarvation will certainly give a differential growth on

a selective depletion of certain parts and tissues, the

earlier developing parts of the body, muscular, skeletal

and circulatoïy system are least affected by these insults.

This suppoïts rvork done by McCance [1968) in which h,e des-

cribes various tissues of more structural stability

Catch-up growth is certaÌnl-y a factor when con-

sidering variability, Th-e potential for a complete catch-up
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gro\,¿th after a form of groirrth arrest may depend upon the

state of the cellular mul-tipl-ication at th-e tine of th-e

insults 'to growth. The lorv st anð.ard deviations of the

linear measurements on Table I and If and the angular

measurements shol,¡n on Table III ag'ree ¡trith Prader et a7.

(1963) who suggests th-at r^¡ithin each body there is a

mechanism which :nonitors th-e groruth ïates of the organism ,

accelerating ancl d.ecelerating the grohrth as is necessary

for the body to meet its genetic potential.

Figures 32, 33 and 34 shorv the variability of

various cranial measurements on all of the animals in the
- stucly. These Figures, along rvith Tables VII through X

show very low standard. devìations in the ivild group. The

sarnple of the rvilcl animals was collectecl over a period of

60 years and. certainLy wÌde d.iversions from the optimum

environmental cond.itions to rr¡hich the animals r{ere gen-

etically adaptable might cause retardation in some tveaker

animals and, certainly have an effect on the variability.

I'lowever, this did not seem to be the case.

Since the rabbits in the live portion of the

stucly rvere grotl'ïr in a controlled environment, rve nust

clecide if this gror'rth proj ection is an artif icial prernise.

If we compare the variations in ac1u1t size of a variety of
lj.near skull neasurements in a nurnber of groups of rvild



lagoinorptr-s of very different adult sizes, we find that their
variation in most cases is Less than the laboratory counter-

parts. In f.act, the total- yariation in many measurements

is very limited and l-eaves l-Ìttl-e room for any substantial
environmentally induced aduLt variatioí. rt seems, therefore,
that aduLt form is probably rery much Less influenced by

environmental- variables than growing form in which growth

rates are weLl known to be -ì/ery susceptibLe to such al*
terations. A study by McKeown (1975) of wild and. d.omestic

. adults has shown littl-e variation in sku1l form, thus

hopefully the adult varÌation in other species, including
manr which is environmentall-y induced, could be veïy linited.

o)

._.. .: : .-."--.
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tl) A rnettrod for exanining tlr-e mode of. grorrrth for th-e

rabbit skuLl was deveLoped. Thi.s Ìrn¡ol-ved a l.ongitud.inal,

th-ree-dimensional radÌograpl,-ic study of a group of large

and. smal.l rabbits. Al-so included. in the. investigation was

a three-dimensional- photograpir-Ìc study á¡ tix groups of

wild rabbits

(2) The basic nature of. vartation in the adult form of the

different rabbit groups inras demons trateð'

(3) Growth occurring in th-ree dimensions can be described

'as a precise logarithmic process involving changes in size

and shape. The process is basical-l-y a *cohesive phenomenon

involving the entire head.

(4) Points on the rabbit skulL can be represented as closely

adhering to the alJ-ometric growth equation Y = êXtr, thus the

direction of movement for any given point throughout growth

on arL individual aninal is constant and is represented by the

two invariates |tarr and rtnft.

(5) A precise mode of growth, if described mathematically,

afford.s a method of projecting the future shape of the skull.

*-colr.ering, or
Websterrs New
[unabridged) .

sticking togeth-er, âs Ìn a
International- DictionarY,

MAS S

Secpnd Edition,
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(6) After exarnining the reJ-ationsir-ip between attained

adul.t size and. th-e size at specific Sges during growtlr-,
:,

,'l it was found that a strong corre].ation existed between th*e

size at seren weeks and th-at at maturîty. The method of
neasurement was found to be important as''measurement in

,i a traditional- linear manner yielded lower correlation
values than measurements made aLong .the growth curvatures.

I (7) High correlations perinitted a re1-ativeLy accurate

prediction of I'final-rr aduLt size to be made from the

seven week records

I (8) The strong size correlations in combination with

i tne dependability of the growth predictions confirm

f the contention t}rat genetics and not environrnental
l

i factors are dominant în growth under controLled environ-

mental conditions

, (9) The sirnilar magnitud.e of variation in wild and
.:

: environmentally induced variation occurs in adult wild
animals

(10) The appl-ication of similar techniques to man might

; eventually lead to a ci.inically varuab]-e method of pre-

dicting the adult dirnensions of the human cranium,
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Description of Points Used.:

Basilar View as Described Ìn lvlaterial.s and Methods

1. q 2. Most Lateral- point on zygomatic bone

3. External occipital- protuberance

4. Most anterior point of the premaxilla between the
central and Lateral incisor on the mid-sagittal suture

5. Most anterior point on the mÌil-palatine suture
- 6" Synchondrosis between the anterior and posterior

portions of the basi-sphenoÌd

7. q 9. Most posterior point of head of condyle

8. Posterior aspect of basi-occipitalis as it forms the
anterior of the foramen magnum
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Description of Points Used:

Lateral View as Des'cribed in lvlaterlal- and Methods

1. Lowest point on the Ìnferior border of the posterior -.1,1,

part of the mandibl-e

2. Most superior point on th-e frontal bone

3. Most posterior point on the external occipital
pro tuberance

- 4" Most anterior point of the premaxil-la betl,¡een the
centra! and Lateral- incisors

5. Inferior bordeï of mandible at prominence below the
masseteric rid.ge

6. Most posterior point on the angle of the nandible

7. lr{ost superior point on the spheno-occipital
''':synchondrosis 
,.,i

8. Most posterior point of head of condyle ,l

g. Most anterj-or point of cranial vault on th-e endocranial 'i"'
surface
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Description of Points llsed;
.:: Antero-Posterior View as Described in Material and Methods -

Section of Positioning of th-e Live Rabbit

1 c a ,ar^^L 1^L^-^^1 
-^:- --,-^:^!-_ ^ I-^.r. ë 2. 'Most lateral point on zygomatic bone

3. Inferior aspect of basi-occipLtal-is on the nid-

'I

I 4. Superior aspect of th-e frontal- bone on. the nid-
i sagittal plane :
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MATERIALS AND METHODS

Error of th-e MetTrod

The error of the meth-od Ìn the Radiographic Ceplr-alo-

metïy section of this study was d.etermÌned bts taking four ì',.

separate x-rays of the same anÌmal- în the same stage and 
.,,.,,

view. Th-e four fil-ms hrere then digÌtÌzed four times and

each anirnal was then run through- th-e coordinate analysis

pïogram as 16 separate animals. Tables XI' Tf I and XIII sholv.

the results of the error of the method. Anirnal- No. 7 from

the second Dutch litter was useil at stage 5r for 13 weeks

Table XI shows the results of the basilar view; Table XII

shows the resul-ts of the Latera| view. Animal- No. l-4 from

the New ZeaLand group was used at stage 6, for 17 r¡¡eeks.

Table XIII shows the resuLts of the error of the method of the ,,,.

.t,t.

lateral view. It is possible to compaïe the error of the met- :

't.t,,

hod between the two live groups and, also, between two views

frorn the same animal of the same group at the same stage. The

very small d.ifferences in the standard deviations of animal
':;

No. 7 on th-e length of the skul1 (points 5-4) show the reli-. i''r'

ability of the positioning in both the basilar and the ArP

yiew. If the animal is tipped in the basilar vìew¡ oï
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rotated in the lateral view, there r'¡ouLd be a considerable

difference in the same measurements taken in two dimensions.

The erroï of the nethod. on the angular measuïements is similar

between the two groups. The erïor of the method is slightly
greater in the linear measurements on the smaller group of

animals taken at a slightly younger age. These animals are

harder to anesth,estise and smali-er animals are somewhat

harder to position. Th-e landmarks are not cluite as easy to

see on the x-rays; many of the bony landmarks are not dense

on a smaller animal. One could assume that the error of the

method would improve directly proportional to the age of the

animal no matter which group you r^rere working with.

Measuring the condylar angle 5-1-8-6 (Tab1e XII)
shows a very similar standard. d.eviation regard.less of the type

of animal and the stage. This appears to be true in all the

gïoups observed. The difficulty here would be involved in
accurately locating the head. of the condyle on the lateral

view. This problem exists in any lateral- radiographic view

of the skull of any mammal.

Many observations of radiographs involve the dis-
cernment of contrast and the landmarks within the borcler of
the skul1 often d.emand a rather objective impression to give

a constant result when digitizing these landmarks. Ratliff,
(Lg7Z) did a stud.y on contour and contrast and pointed out
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the difficulty of being objective when observing contrast.

It is much more difficult to d.etermine contrast in an object

that also has contour. Decid.ing upon the edge of a straight

line is not nearly as difficult as deterrnining the edge of a

curve. Th-is migtrt well explain the dependabil-ity in 1ow

stand.ard d.eviations in our study when we deal with the bi-

zygomattc width- on the basiLar yiew. The probl-en of seeing

points on x-rays is compounded. when you have contrast, cuïve

and also juxtapositioning of two bony parts, one on top of

.another as you fincl when looking for the head of the condyle

on the lateral view. Metelli, t1974) in a study on the

perception of transparency workecl with various semi-trans-

parent shapes which were laid one on top of another. He

found that when one object affects the degree of transpar-

ency of the other object, various sectors take on an entirely

different appearance, thus the problem of contour and. the

juxtapositioning and. its effect on what we see inside th-e

outline of a basilar or lateral x-ray can give an error
which cannot be entirely eliminated.

McKeown, C1972), in his three dimensional study

of Boxers and Pointers, found that the position of the head

r'ùas a greater source of error than distortion. An example

of this is the fact that plotting of points of g::owth from

one stage to another on the A-P view will be affected to a
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greater degree by points w-h-ich are in a vertical grorvth

relationsh-ip since these points fai.1- on th-e iorrg"t axis of

the sku11" Transverse measurements on the A-P view d.o not

result in as much- error. This is a good..reason to choose

widely separated points on th.e bas iLar á"*. Richardson,

C1966) dié e. study on the reproducibility of cephalone.tric

landmarks. He found that some l-andmarks were more reprodu-

cible vertically than horizontalLy and vice versa, and this

factor should be taken into account in assessing the suita-

bility of points, planes, or angles for a particular in-

vestigation.
Kremenak, êt a1. C1969) did a comparison of the

osteometry of facial bones and the reliability of a radio-

graphic yersus a direct rnethod. He found that a direct

method. is a reliable nethod where practical, an indirect
method such as we have with radiographic cephalonetry or

photographic cephalometry yields a \rery sma11 additional

component of eïroï. The error of the method in photographic

cephalometry has been examined by McKeoïrn, (7972) and

Smith, (1975) 
"
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Figure 35

Superìmpositions of two New Zeal.and. rabbits
at eìght stages of groruth. [true re].ationship
shown, but en1-argeil for ÌLlustrative purposes)
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