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I. INTRODUCTION

Primates have been used in a number of experimental studies of craniofacial growth

since Krogman (1930) published an exhaustive series of anthropological comparative

studies of the higher anthropoids and man. Monkeys have also to a great extent been

used to test and evaluate the effects of orthodontic and surgical procedures for the

correction of dentofacial deformities (Janzen and Bluher, 1965; Joho, 1973; Legan

and Nanda, 1978; Brandt et al., 1979; Jackson et al., 1979; Guyman et al., 1980;

Engelking and Zachrisson, 1982; Nanda et al., 1983; Nanda and Sugawara, 1983;

Nanda et al., 1987; McNamara and Bryan, 1987; Woodside et al., 1987).

Macaca mulatta, the rhesus monkey, has been the most commonly used animal for
studies of growth from the earliest days to the present time. Although there have been

several histologic studies of normal craniofacial growth in Macaca mulatta, few

longitudinal cephalometric studies using metallic implants in this animal have been

reported. Most of these studies have either used a mixed-longitudinal analysis

(McNamara, 1972; McNamara and Graber, 1975; McNamara et al., 1976) or a short

term longitudinal approach (Erickson, 1958; Phil, 1959; Turpin 1968; Elgoyhen et

al., 1972). The advantage of radiopaque implants in longitudinal cephalometric

studies is that they serve as stable reference markers for the superimposition of

successive radiographs taken during growth. Without the use of implants, longitudi

nal growth studies provide unreliable information as to the more specific details of

maxillary and mandibular growth and remodeling.

The aim of the present study is to describe normal facial growth of the rhesus mon

key longitudinally, including maxillary and mandibular growth, with the use of

metallic implants. In addition the study will describe the associated dento-alveolar

changes in both maxilla and mandible to develop standards for normal craniofacial

growth and development in this species.



II. REVIEW OF THE LITERATURE

Welcker (1896) and Tandler (1912) were among the first investigators to point out

the value of roentgenography as a method for anthropological examination of the

human head taken in profile. Berglund (1914), and Lilja (1939) applied this method

to investigations of living material. Roentgenography has since proved to be a

reliable indirect method of studying growth of the facial skeleton.

Broadbent (1931) and Hofrath (1931), simultaneously but independently, developed

a standardized technique for taking cephalometric headfilms. Broadbent (1937), six

years later, reported his early findings gained from studies of growing children and a

method for applying this technique to longitudinal growth studies.

Brodie (1941) was the first to apply Broadbent's method to the study of facial

growth in human males from the third month to the eighth year of life. This analysis

technique, however, was not applied to non-human primates until the 1950's.

The accuracy of the roentgenographic method, as already pointed out by Laurell

(1931), depends on standardization of the technique. The focus film distance as well

as the distance between the subject and the film must be kept constant from film to

film. Secondly, a stable anatomic reference basis for superimposition of the

cephalometric radiographs needs to be adopted during the time of growth, as any

change in the area of superimposition will distort the true direction of growth. The

introduction of the cephalometric technique eliminated most of the serious deficien

cies of the numerous cross-sectional investigations of the skull of higher primates

which had been conducted during the last century. This technique further permitted a

dynamic study of the growing animal hitherto not possible. The combination of serial



roentgenography and the use of metallic implants, pioneered by Björk (1955) in his

study of facial growth in man, has since added a more accurate and reliable approach

to the longitudinal studies of facial growth and development.

Moore (1949) using a vital staining technique, with alizarin dyes, analyzed

histologically the skull of one female rhesus monkey and Craven (1956) with a simi

lar technique studied facial growth in two monkeys (male and female). Both studies

analyzed the facial growth changes in great detail. They reported that the dye later

could be located in the sutures indicating that these structures were the primary

growth sites. Generalized staining of the internal table of the cranium indicated that as

the vault increased in size, by growth at the margins of the bones, the thickness of

the bones also increased by virtue of internal deposition. They showed that the in

crease in width of the cranial base contributed to lateral movement of the temporal

bones and that the upper face grew in height primarily by upward growth of the

fronto-nasal process of the maxilla. Increase in width of the facial structures was

particularly evident at the fronto-zygomatic and zygomatico-maxillary sutures, and

growth in width of the maxilla was associated with growth of the median palatal su

ture. The nasal cavity increased in height by apposition on the oral surface of the

palate and concomitant resorption of the nasal surface. The general direction of facial

growth was forward and associated with apposition at the tuberosity of the maxilla

against the pterygoid process of the sphenoid bone, resulting in a forward posi

tioning of the maxilla. The body of the mandible grew in height to a certain extent by

surface addition along the inferior margin, and growth in ramus width was mainly

through deposition of bone on the posterior edges of the ascending rami, and as a re

sult of divergent growth of the mandibular condyles, "in a manner similar to the

growing ends of long bones" (Craven 1956).



Gans and Sarnat (1951), in studying primates during an experimental period varying

from seven to ten months, were able to describe the longitudinal growth of four in

fant and four juvenile rhesus monkeys using radiographic cephalometry with metallic

implants in conjunction with direct examination of the skulls at the end of the experi

ment. They found, using frontal headfilms, that the greatest increase in distance

between the paired sutural implants was seen at the zygomatico-temporal suture, fol

lowed by the zygomatico-maxillary suture. The fronto-maxillary, fronto-zygomatic

and premaxillo-maxillary sutures were observed to be relatively inactive. Apposi

tional growth was most prominent on the zygomatic arches and the zygomatic pro

cess of the frontal bone. They stated that although roentgenographic studies provided

information about total facial growth and the rate of growth, their method of mea

suring growth was not entirely accurate because of difficulties in the proper posi

tioning of the animals in relation to the X-ray tube, variation in angulation of paired

implants to the central ray of the X-ray tube and variation in the distance of the im

plants to the film.

Baume (1951a, 1951b) presented further longitudinal radiographic, craniometric and

histologic findings on maxillary and mandibular growth, as well as on various as

pects of dental eruption in 41 rhesus monkeys. However, as stated by Schneiderman

(1985), "the extent to which these investigations were truly longitudinal, as well as

the precise manner in which these methods were applied to arrive at numerous con

clusions, is not clear from these brief abstracts, which were apparently never

published as articles".

Björk's technique (1955) made possible to develop a stable reference system for

describing the growth and remodeling of the elements of the facial skeleton and the

changes of these components relative to each other and the cranium.



Erickson (1958) used this implant technique to study facial growth in two rhesus

monkeys, estimated to be 18 and 24 months old, during a six month period. Her

main conclusions were that the implants moved in a downward and forward direction

and that the implants revealed a rotational pattern of the face as the implants near the

posterior portion of the face descended in a more downward direction and the ante

rior implants changed in a more forward direction. These growth changes were des

cribed as "the face coming out from under the cranium". The growth changes in the

mandible were summarized as: a) active growth at the condylar process, mandibular

notch, and posterior border of the coronoid process, b) appositional growth along the

posterior border of the ramus and resorption along the anterior border, c) marked re

sorption at the angle of the mandible, slight remodeling along the inferior border and

some appositional growth at the symphysis and d) alveolar growth which caused

some increase in body height. Analysis of the frontal films showed: a) increase in

width below the fronto-zygomatic suture due to a sutural movement of the zygomatic

bone in a lateral and downward direction and b) an increase in width in the upper part

of the orbit due to resorption and apposition of bone on the inner and outer aspect of

the zygomatic process of the frontal bone.

Pihl (1959), reported sutural growth of the maxilla at the intermaxillary, pterygo

maxillary and maxillo-zygomatic sutures and surface appositional growth at the or

bital surface, the palatal surface, the alveolar process, the posterior lateral surface,

and the cuspid eminence of the maxilla using the two monkeys previously used as

experimental animals by Erickson (1958) during an additional period of eighteen

months. Resorption was noted on the inferior surface of the nasal cavity and also the

previously reported pattern of mandibular growth was seen. In addition, surface

appositional growth was observed on the lingual and external surfaces of the sym

physis and on the lingual and inferior surfaces of the body of the mandible with a ro



tational pattern of mandibular growth that decreased during the study. The mandibu

lar plane remained parallel in relation to the cranial base whereas the occlusal plane

continually changed with the posterior part descending more inferiorly.

Enlow (1966) detailed the sequence of remodeling that takes place during growth of

the facial skeleton in monkeys. His findings were based on ground sections from the

dry skulls of eleven normal, growing rhesus monkeys with mixed primary and per

manent dentition (chronological ages were not reported). He reported that maxillary

growth in the monkey was entirely depository in nature, and that the direction of

growth was downward and forward with the maxillary tuberosity simultaneously

growing backward. Similarly, he found that the entire anterior surface of the chin

was depository in nature. On the lingual surface a combination of resorption of the

periosteal surface of most of the lingual cortex of the chin with progressive new bone

deposition along the crest below the genial fossa produced the characteristic simian

shelf in the monkey. Duterloo and Enlow (1970) described the postnatal remodeling

processes, that take place in the cranial base of Macaca mulatta, using multiple

ground sections of dried skulls from fifteen specimens. Both of these studies, how

ever, are qualitative descriptions and are based only upon cross-sectional material.

Turpin (1968) reported on the normal growth and remodeling of the mandible in six

teen Macaca mulatta monkeys. To obtain stable reference markers, gold implants

were inserted into the mandibles of two monkeys and cephalometric roentgenograms

were taken periodically for 164 days. In addition tetracycline was used as a vital dye

for histologic examination. The results showed that bone apposition occurs on the

posterior, inferior, anterior, and alveolar borders and on the lateral surfaces of the

mandible. The basic pattern of growth and remodeling of the mandible in Macaca

mulatta was found, in general, to correspond to that of the human being. For exam



ple, the direction of growth of the condyles, the coronoid processes, the ramus and

the gonial angle were similar between the two species with some differences in re

modeling of the anterior and posterior surfaces of the symphysis. Meanwhile the an

terior aspect of the chin in the human is stable in most cases and periosteal growth on

its posterior surface makes the symphysis increase in thickness (Björk, 1963), in the

monkey the same areas showed appositional growth. Furthermore, a lingual bony

shelf is formed just posterior to the incisors in the monkey, sometimes called the

"simian shelf", a structure not present in the human mandible.

Another approach to the study of growth of the mandibular condyle in rhesus mon

keys was taken by Kanouse et al. (1969), who applied autoradiographic techniques

to histologic observations of the condyle in four rhesus monkeys of different ages.

They found that the main site of growth was in what they called the "Intermediate

zone" of the cartilage, just below the "Articular zone", and that the radioactive index

decreased with age indicating that the rate of growth diminished with increasing age.

Michejda and Weinstein (1971) carried out a longitudinal cephalometric and histo

logic study of the gonial region in young macaques from two to twenty four months

of age, using metallic implants and in vivo tetracycline labeling. The sample in their

study consisted of four experimental and three control female animals. In the experi

mental animals all the upper and lower anterior teeth including canines were re

moved. In both groups the gonial angle decreased in magnitude during the obser

vation period, with the experimental animals showing the greatest rate of change of

this measurement (the gonial angle decreased faster in the experimental group). The

histological findings, however, indicated differences between the two groups. Sec

tions from the control group showed some bone apposition in the gonial region, but

extensive resorption of the angle of the mandible in the experimental group following



the extractions.

Elgoyhen et al. (1972) described normal craniofacial growth in thirteen juvenile rhe

sus monkeys over a five month period using cephalometric radiography and the

metallic implant technique. They found that the posterior borders of the ramus and

condyle demonstrated pronounced bony apposition with half as much resorption at

the anterior border as apposition on the posterior border. Thus, the ramus became

wider as it was relocated posteriorly. The contour of the anterior surface of the chin

and the lower anterior border of the mandible was changed by apposition which

gradually decreased posteriorly with the region of the gonial angle showing great

variability. The maxillary growth pattern included apposition at the tuberosity, the

muzzle and the floor of the orbit. The amount of deposition on the roof of the palate

was minimal during the period studied.

McNamara (1972), with a similar methodology, extended the study of normal

growth in the rhesus monkeys, in a mixed longitudinal study, to include four groups

according to stage of dentitional development: infant, juvenile, adolescent and adult

animals. The ages of the infant animals ranged from five to eight months of age at the

time of the first cephalogram. The exact dates of birth of most animals in the other

three groups were not available, but according to the tooth eruption scales quoted in

the monograph, the juvenile animals were approximately 18-24 months of age; the

animals in the adolescent group were approximately four to four and one-half years

old; the adult monkeys were at least six to seven years of age and had complete per

manent dentitions including fully erupted third molars. This study was divided into

two thirteen week segments where during the first period, control data were obtained

for each of the twenty eight animals. During the subsequent period additional normal

growth records were taken on the sixteen control animals.



McNamara and Graber (1975) reported specifically on normal mandibular growth in

forty two rhesus monkeys, divided into four groups according to dentitional age

(i.e., infant, juvenile, adolescent and young adult) where each group was observed

for a six month period. The findings of this study correlate well with previous

cephalometric implant studies in the macaque, but the growth and remodeling

changes of both the skeletal and dentoalveolar components of the rhesus mandible

were greatest in the infant monkeys and progressively less in successive age groups.

Posterior relocation of the ramus was noted in all age groups while bone deposition

on the anterior and inferior borders of the mandibular body was greatest in the

younger animals. The most pronounced dental changes occurred in the younger ani

mals while the dentition of the adolescent and adult animals generally was more sta

ble.

McNamara et al. (1976) reported more specifically on normal maxillary growth in

thirty six rhesus monkeys using cephalometric radiography with metallic implants

and a methodology similar to that used in the previous study. These animals were

followed over a six month period and the results showed that the largest increments

of growth occurred in the infant animals and were progressively less in the later pe

riods. The horizontal growth component was predominant over the vertical in all age

groups, and the contribution of sutural growth to the vertical displacement of the

maxilla was greater posteriorly leading to a rotation of the maxillary complex during

growth, however, the extent of this rotation was not quantified. McNamara et al.

(1976) also found that the occlusal relationships were maintained by dentitional mi

gration and selective bone remodeling.

Carlson et al. (1978) provided a quantitative description of the normal microanatomy

and growth of the tissues of the mandibular condyle from the neonate through the
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young adult rhesus monkey.

Schneiderman (1985) carried out a longitudinal and cross-sectional cephalometric

study of normal craniofacial growth in 126 rhesus monkeys, which covered the first

ten years, using metallic implants. His conclusions were that the maxilla and

mandible of the rhesus monkey enlarge and reposition rapidly throughout the infant

and juvenile periods, with a deceleration through the adolescent period and adult

hood. The maxillary complex displaced in a predominantly forward direction relative

to cranial base. The greatest contribution to the overall lengthening of the maxillary

complex is provided by bony apposition at the maxillary tuberosity. Like the maxilla,

the mandible is also displaced forward and downward relative to the cranial base,

with the forward component being predominant. The mandibular condyle is the pri

mary site at which mandibular lengthening occurs. Overall enlargement of the

mandible is primarily accomplished by remodeling of the ramal portion, whereby the

posterior and anterior ramal borders became posteriorly repositioned by apposition

and resorption respectively. Quantitative data on counterclockwise rotation of the

jaws of the rhesus monkey as well as on clockwise rotation of the occlusal plane

relative to the jaws were reported for the first time.

In summary it can be said that previous studies of facial growth in the rhesus mon

key, in general, have been either mixed-longitudinal or short term longitudinal

studies on limited samples. One cross-sectional and longitudinal study on a larger

sample, however, was reported by Schneiderman (1985). This study in addition to

identifying the sites of growth and remodeling over time, also quantified the rotation

of the jaws and the occlusal plane changes.

Hitherto, however, no study has attempted to provide a detailed description of the

jaw rotations separating the intramatrix and matrix rotation nor describe the compen
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satory dento-alveolar changes during growth. It may be assumed that the different

types of jaw rotation observed in different individuals during growth is more readily

understood if the rotation were divided into three components as described by Björk

and Skieller (1983) in humans: (a) Total rotation, which is the only rotation re

ported until now in monkeys, is measured as the change in inclination of an implant

or reference line relative to the anterior cranial base. This total rotation is designated

as negative when the implant line or reference line rotates forward or counterclock

wise. (b) Matrix rotation, expresses a rotation of the soft tissue matrix of the jaws

relative to the anterior cranial base, and may be interpreted as an adaptation of maxilla

and mandible to the continuous rotation going on during maxillo-facial growth. This

rotation is reflected by the change in inclination of the palatal plane and the lower

border of the mandible, and is recorded as a negative value when these lines rotate

forward relative to the nasion-sella line. (c) Intramatrix rotation, is an expression

of the remodeling taking place at the mandibular and nasal line levels, and is by defi
nition the difference between the total and the matrix rotation.
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1949

1956

1951

1951

1958

1959

1966

1970

1968

1971

1972

1972

1975

1976

1978

1985

Material Method

Vital stainin
Histological analysis

1 female rhesus monkey

2 rhesus monkeys Vital staining
male & female Histological analysis

8 rhesus monkeys Metallic implants
5 males & 3 females Radiographic cephalometry

Direct examination of skulls

41 rhesus monkeys Histologic, radiographic & craniometric

2 rhesus monkeys Radiographic cephalometry &
1 male & 1 female metallic implants

2 rhesus monkeys Radiographic cephalometry &
1 male & 1 female metallic implants

11 rhesus monkeys Histological analysis

15 rhesus monkeys Histological analysis

16 rhesus monkeys Radiographic cephalometry &
metallic implants

Vital dye & Histological examination

4 rhesus monkeys Autoradiography &
Histological examination

7 rhesus monkeys Radiographic cephalometry &
females metallic implants

Vital dye & Histological analysis

13 rhesus monkeys Radiographic cephalometry &
males metallic implants

28 rhesus monkeys Radiographic cephalometry &
metallic implants

42 rhesus monkeys Radiographic cephalometry &
31 males & 11 females metallic implants

36 rhesus monkeys Radiographic cephalometry &
25 males & 11 females metallic implants

38 rhesus monkeys Histological analysis

126 rhesus monkeys
68 males & 58 females

Radiographic cephalometry &
metallic implants

Main findings

Sutures as primary sites of growth
Importance of maxillary tuberosity growth

Importance of surface & sutural growth
Importance of condylar growth

Major changes in sutures related
with a-p displacement

Importance of maxillary tuberosity, premaxilla &
tal suture

Importance of condylar growth

Rotational pattem in the face

Sutural and appositional growth in the maxilla
Rotational pattem of the mandible

Pattern of bone deposition and resorption in the face

Remodeling processes in the cranial bones

Remodeling pattem of the mandible

Growth pattem of the mandibular condyle

Adaptative growth changes of the gonial region

Apposition and resorption pattems in nomal cranio
facial growth in juvenile rhesus monkeys

Normal craniofacial growth in infants, juvenile,
adolescent and young adult rhesus monkeys

Normal mandibular growth in infants, juvenile,
adolescent and young adult rhesus monkeys

Nomal maxillary growth in infants, juvenile,
adolescent and young adult rhesus monkeys

Description of the growth of the mandibular condyle
from birth through young adulthood in rhesus monkeys

Longitudinal & cross-sectional study of nomal
craniofacial growth in rhesus monkeys through the

ten first years of life
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III. MATERIALS AND METHODS

Ten male rhesus monkeys, that served as controls for various studies by investiga

tors in the Craniofacial Center, UC San Francisco, on the role of neuromuscular

function in craniofacial growth, were analyzed in the present study. Seven of these

monkeys were obtained from the Primate Center at the University of California Davis

and three were born at the University of California San Francisco.

Stainless steel pins were placed in the animals between 15 and 32 months of age. A

modified Björk pin setter (Björk, 1955) was used to place the metallic implants in the

maxilla, on each side of the zygomatico-maxillary suture, and within the mandible

both near the symphysis and near the lower border of the mandibular body. Pins of

two different sizes were prepared with sharpened tips. The longer pins (0.75 mm.)

were placed on the side furthest away from the film and the shorter pins (0.50 mm.)

were placed on the side which was closest to the film. The pins were inserted while

the animal was anesthetized with Ketamine HCl (Ketalar, 10-15 mg/kg. I.M.) and

sodium pentobarbital (Nembutal, 20 mg/kg. I.V.).

Under general anesthesia, at successive timepoints, the animal was placed in a spe

cially constructed cephalostat in which ear rods stabilized the head and a vertical bar

prevented the head from tipping by resting in one nostril. The distance between focus

and midsagittal plane as well as between this plane and the film was kept constant to

allow comparisons between films at different timepoints. The teeth were placed in

occlusion and five films were taken: one lateral, one frontal, one transverse and two

oblique films at 45 degree angles. A sixth film was taken at approximately one year

interval in a lateral position with the mandible open to provide an accurate view of the

condyles. In this study only the lateral headfilms in occlusion were used. Headfilms
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were taken approximately every six months over a 3.5 year period, using Kodak di

rect exposure-OMAT film (Table 3). However, not all animals were recorded con

sistently and some animals were not followed over the whole time period. A total of

forty five films ranging from 15 to 60 months were available and these radiographs

were arranged in age intervals or timepoints (TP) as shown in Tables 2 and 3.

Tracings of the lateral headfilms were made on 0.003" matte acetate using a fine lead

pencil (0.5 mm. HB) and subsequently analyzed. A tracing scheme was developed to

represent the shapes and spatial relationships of the components of the craniofacial

complex using as few points as possible. The landmarks were first marked on the

tracing acetate and the reference points connected to complete the tracing. These

reference points were then digitized using a Houston Instrument Series 7000 digitizer

which was coupled to a Zenith 158-42 PC computer (256 Kbytes). A Hewlett

Packard 7475A plotter was used to provide control tracings that served to check for

the correct input. A software package (CEPH-MASTER”) was used for collecting,

displaying and measuring the digitized data.

In order to analyze the headfilms a total of 24 landmarks and 13 reference lines were

used. A detailed description of the points used in this project is presented in Table 4

observing the same order in which they were digitized. The reference lines employed

are described in Table 5. The cranial reference line adopted in this study was the na

sion-sella line (NSL) of the first film. The subsequent radiographs in a series were

superimposed in such a way that a maximal relationship between the anatomical de

tails of the middle cranial base was produced. The sella point was then transferred

from the first film to the subsequent radiographs. When nasion was displaced verti

cally during growth it was projected onto the transferred nasion-sella line.
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Table 2 - Distribution of ages in the sample

Age (months) N Mean S.D. Std. Error Min. Max.

TP1: 15–21 4 17.75 2.06 1.03 15 20

TP2: 21-27 4 23.50 1.29 0.65 22 25

TP3: 27-33 10 30.10 1.20 0.38 28 32

TP4; 33–39 9 36.11 0.60 0.20 35 37

TP5: 39-45 7 41.43 2.23 0.84 39 44

TP6: 45–51 4 47.50 1.29 0.65 46 49

TP7: 51-57 4 54.50 1.92 0.96 52 56

TP8: 57-63 3 59.33 1.16 0.67 58 60

Table 3 - Distribution of films

Timepoint (TP) and actual age (in months)

Monkey Nº TP1 TP2 TP3 TP4 TP5 TP6 TP7 TP8

1 e © 30 37 43 49 54 58

2 o 22 28 36 44 © e e

3 © © 32 36 44 48 56 60

4 o 24 29 36 41 47 52 ©

5 o 25 31 36 39 e o o

6 20 o 31 35 39 e e e

7 18 e 29 37 o o O O

8 18 o 30 36 o © o o

9 15 23 31 o e © e o

10 o © 30 36 40 46 56 60
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Table 4 - Reference points on the profile cephalometric films (Fig. 1).

11- ii:

12- ai:

13- limc:

14-lma:

15- id:

16- pg:

17-gn:

18- mlp:

19-rli:

20- amxi:

21-pmy i:

22- amn i:

23- pmni:

24- ar:

Basion. The most postero-inferior point of the clivus.

Sella. The geometric center of the sella turcica on the intial headfilm. The upper limit of the sella turcica
is defined as the line joining the tuberculum and dorsum sellae.

Nasion. The most anterior point of the frontonasal suture.

Prosthion. The most antero-inferior point on the upper alveolar margin.

Incision superius. The midpoint of the incisal edge of the most prominent upper central incisor.

Apex superius. The apex of the root of the most prominent upper central incisor.

Anterior end of hard palate.

Posterior nasal spine. The apex of the posterior nasal spine.

Upper molar apex. The midpoint between the root tips of the first upper molar.

Upper molar cusp. The midpoint between the cusps of the first upper molar.

Incision inferius. The midpoint of the incisal edge of the most prominent lower central incisor.

Apex inferius. The apex of the root of the most prominent lower central incisor.

Lower molar cusp. The midpoint between the cusps of the first lower molar.

Lower molar apex. The midpoint between the root tips of the first lower molar.

Infradentale. The most antero-superior point on the lower alveolar margin.

Pogonion. The most anterior point on the mandibular symphysis.

Gnathion. The most inferior point on the mandibular symphysis.

The point of greatest convexity along the posterior part of the inferior border of the mandible.

The point of greatest convexity along the lower part of the posterior border of the ramus.

Anterior maxillary implant. The midpoint between the bilateral implants in this region.

Posterior maxillary implant. The midpoint between the bilateral implants in this region.

Anterior mandibular implant. The midpoint between the bilateral implants in this region.

Posterior mandibular implant. The midpoint between the bilateral implants in this region.

Articulare. The intersection between the contour of the external cranial base and the dorsal contour of the
condylar head or neck.
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Fig. 1 - Reference points on the profile cephalometric films.
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Table 5 - Reference lines on the profile cephalometric films (Fig.2).

CL:

NL:

RL:

ILs:

MOLi:

MOLS:

OLS:

OLi:

NSL:

IPLS:

IPLi:

Chin line. The line joining id (15) and gn (17).

Mandibular line. The tangent to the lower border of the mandible through gn
(17) and mlp (18).

Nasal line. The line through pns (8) and sp" (7).

Ramus line. The tangent to the posterior border of the mandible through ar (24)
and rli (19).

Lower incisal line. The axis of the lower central incisor from ii (11) to ai (12).

Upper incisal line. The axis of the upper central incisor from is (5) to as (6).

Lower molar line. The axis of the first lower molar from limc (13) to lma (14).

Upper molar line. The axis of the first upper molar from uma (9) to umc (10).

Upper occlusal line. The line through is (5) and umc (10).

Lower occlusal line. The line through ii (11) and lmc (13).

Nasion-sella line. The line through n (3) and s (2).

Maxillary implant line. The line through amyi (20) and pmyi (21).

Mandibular implant line. The line through amni (22) and pmni (23).
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NSL

Fig. 2 - Reference lines on the profile cephalometric films.



A. Cephalometric measurements

The cephalometric morphological analysis was first used to describe the facial form

in general and the position of each of the facial components in the sagittal and vertical

dimensions relative to the cranial base in the sagittal and vertical planes. Secondly

general facial growth, maxillary and mandibular growth were analyzed. Thirdly the

dentoalveolar changes in both jaws were described. Finally the rates of growth in

both maxilla and mandible were analyzed.

In order to describe facial form a total of 14 sagittal and 5 vertical measurements were

used. Mandibular morphology and cranial base form were described by 5 different

measurements. (Table 6, page 23).

Facial growth was determined by the following parameters:

1. Sagittal growth

The sagittal growth was determined by measuring the change in maxillary position as

related to the cranial base (s-n-pr]; change in mandibular position over time was de

termined by measuring its position relative to cranial base (s-n-pg) at each timepoint.

The changes in sagittal jaw relation were recorded by the angle prosthion-nasion

pogonion (pr-n-pg) and changes in mandibular alveolar prognathism by the angle

CL-ML.

The dentoalveolar changes over time were analyzed by the interincisal angle

(ILs-ILi), the intermolar angle (MOLs-MOLi) and the maxillary and mandibular

dental inclinations as follows:



21

Max. incisor inclination (NSL-ILs), Mand. incisor inclination (NSL-ILi)

Max. incisor inclination (NL-ILs), Mand. incisor inclination (ML-ILi)

Max. molar inclination (NSL-MOLs), Mand. molar inclination (NSL-MOLi)

Max. molar inclination (NL-MOLs), Mand. molar inclination (ML-MOLi).

Analogous measurements were made using the maxillary (IPLs) and mandibular im

plant lines (IPLi) instead of the nasal line (NL) and the mandibular line (ML):

Max. incisor inclination (IPLs-ILs), Mand. incisor inclination (IPLi-ILi)

Max. molar inclination (IPLs-MOLs), Mand. molar inclination (IPLi-MOLi).

Sagittal skeletal growth was also measured as the change in the angles

sella-nasion-anterior maxillary implant (s-n-am Xi) and sella-nasion-anterior

mandibular implant (s-n-amni) for each series of radiographs.

Maxillary sutural growth was assessed as the change in the vertical distance between

the posterior maxillary implant and the cranial base NSL (pm xi-NSL), the distance

between the anterior maxillary implant and NSL (amzi-NSL) and the angles

n-s-posterior maxillary implant (n-s-pnxi) and n-s-anterior maxillary implant

(n-S-amzi).

2. Vertical growth

The vertical components examined included variation over time of the maxillary and

mandibular inclinations to the anterior cranial base (NSL-NL, NSL-ML) and also

the changes of the implant lines relative to anterior cranial base (NSL-IPLs,



NSL-IPLi, NL-IPLs and ML-IPLi).

The change in vertical jaw relation was recorded as the change in the angle NL-ML

and by the change in the angle between the maxillary and mandibular implant lines

(IPLs-IPLi).

The vertical dentoalveolar development during the observation period was recorded

as changes in the angles called maxillary zone (NL-OLs) and mandibular zone

(ML-OLi). In addition variations in the angles between the maxillary and mandibular

occlusal planes and the respective implant lines (IPLs-OLs and IPLi-OLi) between

timepoints were recorded for each set of radiographs.

3. Changes in mandibular morphology

Changes in mandibular morphology over time were assessed by measuring the

following parameters: the gonion angle (ML-RL), B angle (ar-gn-mlp) and

mandibular length (ar-pg). In addition, vertical growth of the mandible was mea

sured at ar(IPLi-ar) after superimposing the mandibles on the lower implant line.

4. Changes in cranial base form

Variations of the cranial base form over time were determined by changes in the an

gles n-s-ba and n-s-ar.



Table 6 - Structural measurements on the profile cephalometric films

A. Sagittal:

1. Maxillary prognathism (s-n-pr)

3. Sagittal jaw relationship (pr-n-pg)

5. Interincisal angle (ILs-ILi)

7. Max. incisor inclination (NSL-ILs)

9. Max. incisor inclination (NL-ILs)

11. Max. molar inclination (NSL-MOLs)

13. Max. molar inclination (NL-MOLs)

B. Vertical:

15. Maxillary inclination (NSL-NL)

17. Maxillary zone (NL-OLs)

19. Vertical jaw relationship (NL-ML)

C. Mandibular morphology:

20. Gonion angle (ML-RL)

22. Mandibular length (ar-pg)

D. Cranial base form:

2. Mandibular prognathism (s-n-pg)

4. Mand. alveolar prognathism (CL-ML)

6. Intermolar angle (MOLs-MOLi)

8. Mand. incisor inclination (NSL-ILi)

10. Mand. incisor inclination (ML-ILi)

12. Mand. molar inclination (NSL-MOLi)

14. Mand. molar inclination (ML-MOLi)

16. Mandibular inclination (NSL-ML)

18. Mandibular zone (ML-OLi)

21. Bangle (ar-gn-mlp)

23. Median cranial base angle (n-s-ba) 24. Lateral cranial base angle (n-s-ar)



B. Error of the method

The method error represents the uncertainty associated with the individual observa

tion of a variable, and was determined by means of duplicate measurements of five

randomly selected headfilms. The measurements were made on a single set of head

films as duplicate films were not available (Solow, 1966). The method errors s(i) for

the double determinations were calculated by the formula Wºn:“º
(Dahlberg, 1940), and are shown in Table 7.

1. Tracing error.

The errors included in tracing the headfilms were assessed by tracing five headfilms

on two separate occasions and digitizing each of the tracings. The statistical analysis

was performed using the "STAT-VIEWTM 512+" program on a Macintosh” com

puter. The method error s(i) was analyzed for a total of 42 variables. The mean

method error for the angular measurements was found to be 0.50 degrees with a

range from 0.21 to 0.90 degrees and for the four linear measurements the mean

method error was 0.51 mm with a range from 0.15 to 0.82 mm.

2. Digitizing error

The error in digitizing was assessed using five radiographic tracings that were digi

tized twice on two separate occasions. The average method error s(i) for the angular

measurements was 0.16 degrees, ranging from 0.04 to 0.29 degrees while the

average s(i) for the linear measurements was 0.12 mm. ranging from 0.02 to 0.33

In■ m.



Table 7 - Method errors, s(i).

A. Angular measurements

Variable Tracing error Digitizing error

s-n-pr 0.34 0.08
S-n-pg 0.24 0.07
pr-n-pg 0.21 0.06
CL-ML 0.42 0.17
NSL-ILS 0.62 0.24
NL-ILS 0.68 0.22
IPlS-ILS 0.67 0.27
NSL-ILi 0.46 0.15
ML-ILi 0.71 0.13
IPLi-ILi 0.72 0.17
NSL-MOLS 0.51 0.19
NL-MOLS 0.58 0.22
IPLS-MOLS 0.84 0.22
NSL-MOLi 0.52 0.21
ML-MOLi 0.77 0.24
IPLi-MOLi 0.84 0.29
ILs-ILi 0.90 0.27
MOLS-MOLi 0.51 0.27
s-n-amzi 0.49 0.12
s-n-amni 0.22 0.06
n-s-pnxi 0.57 0.08
n-S-amxi 0.33 0.04
NSL-NL 0.27 0.10
NSL-ML 0.41 0.08
NL-ML 0.30 0.11
NSL-IPLS 0.41 0.13
NSL-IPLi 0.38 0.11
NL-IPLS 0.40 0.19
ML-IPLi 0.56 0.12
IPLS-IPLi 0.49 0.11
NL-OLS 0.51 0.11
ML-OLi 0.45 0.22
IPLS-OLS 0.45 0.17
IPLi-OLi 0.39 0.23
ML-RL 0.46 0.26
ar-gn-mlp 0.27 0.10
n-s-ba 0.40 0.09
In-S-ar 0.55 0.26

B. Linear measurements

pmzi-NSL 0.40 0.04
amxi-NSL 0.67 0.02
ar-pg 0.15 0.10
IPLi-ar 0.82 0.33



C. Statistical analysis

The sample size, mean, standard deviation, standard error of the mean, minimum and

maximum values for each structural measurement and half-year interval are listed

from the first (15-21 months of age) until the last age interval (57-63 months) in Ta

bles 9 to 32 (pages 33–56). The influence of growth on these measurements, that

were not related to implants, was assessed by plotting the relationship between each

measurement and log. of age in months (Saksena et al., 1987)", as shown below the

corresponding table.

T-tests with two-tail probabilities were performed to compare average changes for

each measurement in relation to zero between successive timepoints (longitudinal

growth). The results can be seen in Tables 34 to 75 (pages 68-109). Bonferroni

corrections were applied to the t-tests in order to compensate for simultaneous confi

dence in the whole set of statements, and as 6 t-tests were considered simultaneously

all along the age span studied from TP2 to TP8, an approximated minimal signifi

cance level of 0.01 (0.05/6 = 0.0083) was necessary for each test to maintain an

overall significance level of 0.05 (Glantz, 1987). With this very conservative sta

tistical approach, the degree and nature of the changes over time (positive or nega

tive) are shown for each measurement below its corresponding table. An asterisk

mark (*) is placed to the right of the p-value that turns out to be statistically signifi

Cant.

However, the limited sample size and a need for a p-value at the 5% level as low as

0.0083, required for longitudinal comparison of a group of six tests for each

variable, will make difficult to obtain statistical significance in the longitudinal part of

"Table 8 (page 28) gives the values for conversion of age (months) to log. (age).
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this study if a "null hypothesis" of no changes between timepoints is to be rejected

(H0: pla■ ); Tables 34–75). Differences will have to be quite large in order to be de

tected in limited samples such as this sample, but changes over time in angular

cephalometric measurements are much less pronounced than changes in linear mea

surements and are therefore difficult to demonstrate. The explanation for this is that

angular values represent shape as well as size, and shape or form does not undergo

as vigorous changes through growth as a linear measurement does. Nevertheless,

until now most cephalometric studies of craniofacial growth in monkeys have been

reported mainly in the form of linear measurements.



Table 8 - Conversion of age to log. (age)

Age in months Log. (age) Age in months Log. (age)

15 1.18 38 1.58

16 1.20 39 1.59

17 1.23 40 1.60

18 1.26 41 1.61

19 1.28 42 1.62

20 1.30 43 1.63

21 1.32 44 1.64

22 1.34 45 1.65

23 1.36 46 1.66

24 1.38 47 1.67

25 1.40 48 1.68

26 1.41 49 1.69

27 1.43 50 1.70

28 1.45 51 1.71

29 1.46 52 1.72

30 1.48 53 1.72

31 1.49 54 1.73

32 1.51 55 1.74

33 1.52 56 1.75

34 1.53 57 1.76

35 1.54 58 1.76

36 1.56 59 1.77

37 1.57 60 1.78



IV. RESULTS.

The cross-sectional and longitudinal findings of this study will be presented in the

following, with a brief summary of findings at the end of this chapter.

A. CROSS-SECTIONAL FINDINGS

The mean values reported for each of the structural measurements at eight different

timepoints (TP1 to TP8) in Tables 9 to 32 (pages 33-56) are a numerical

cross-sectional representation of the facial form at those stages.

Because it is difficult in general to visualize shape from numbers, the average facial

morphology in monkeys (+ 2SD) at three representative age intervals (TP1, TP4 and

TP8) is better illustrated in Figs. 3, 4 and 5 (pages 30–32). Comparison of the facial

morphology at the three timepoints by superimposing the templates (provided in the

back of the thesis) on the anterior cranial base, represented by the nasion-sella line,

registered at point sella shows that the maxilla and mandible on average are displaced

in a forward and downward direction during growth. The templates also demonstrate

that the upper and lower incisors procline over time with the greatest increase in pro

clination and alveolar prognathism occurring between TP1 (18 months of age) and

TP4 (36 months of age). The vertical facial dimensions are also seen to increase over

time but considerably less than the sagittal dimensions. The superimposition also

shows that a considerable variation can be observed in both maxillary and mandibular

prognathism over time even in this limited sample. It is notable that very little change

occurs with time in both the inclination of the palatal plane and the mandibular plane.

Mandibular form can be seen on average to remain constant. The cranial base shows

only a slight progressive flattening with limited individual variation.



FACIAL TEMPLATE for 1.5 YEAR OLD
M4C4C4 MUL477.4 MONKEY

+2 SD s-n-pg

Fig. 3.
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FACIAL TEMPLATE for 3 YEAR OLD
M4C4C4 MUL.A774 MONKEY

ML/RL NSL/ML

Fig. 4.
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U TEMPLATE for 5 YEAR OLD
ArTA MONKEY

FACIA
MACACA MUL

+2SD

Fig. 5.
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A. SAGITTAL MEASUREMENTS

Age (months)

Table 9

Maxillary prognathism [s-n-pr (*)]

15-21

21-27

27–33

33-39

39-45

45-51

51-57

57-63

N Mean S.D. Std. Error Min. Max.

4 86.71 2.18 1.09 83.47 88.09

88.27 2.17 1.09 85.81 91.10

10 91.94 3.17 1.00 87.09 96.26

9 94.16 2.67 0.89 89.94 97.03

7 95.64 2.56 0.97 92.83 99.41

4 97.93 2.75 1.38 94.86 100.94

4 98.30 3.35 1.67 94.67 101.64

3 100.66 3.43 1.98 96.71 102.86

CORRELATION BETWEEN s-n-pr AND AGE
y = 26.632x + 52.681, R-squared: .695

1.2 1.3 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)



Table 10

Age (months)

:

15–21

21-27

27–33

33-39

39-45

45-51

51-57

57-63

N

:

:

Mandibular prognathism [s-n-pg (°)]

Mean

73.29

74.36

75.48

75.28

76.63

78.39

79.12

80.86

S.D.

2.44

3.82

2.55

1.29

1.54

2.35

2.70

3.41

Std.error

1.22

1.91

0.81

0.43

0.58

1.17

1.35

1.97

Min.

70.77

71.68

72.82

73.29

74.95

76.13

76.46

76.95

CORRELATION BETWEEN s-n-pg AND AGE
R-squared: .461

y = 124.613 - 78.03x + 29.98x2

Max.

76.02

79.89

81.96

77.11

79.42

80.86

81.63

83.27

82.

80.

78.

76.

74.

1.4
n

1.5 1.8
log(x) of age (months)
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Age (months)

15-21

21-27

27–33

33-39

39-45

45-51

51-57

57-63

22

N

:

:
Mean

13.43

13.91

16.47

18.88

19.02

19.55

19.18

19.80

Table 11

S.D.

2.25

2.14

2.56

2.00

1.26

0.59

0.90

0.23

Std. error

1.13

1.07

0.81

0.67

0.48

0.30

0.45

0.13

Sagittal jaw relationship [pr-n-pg (°)]

Min.

11.72

11.21

13.30

15.64

17.36

18.73

18.21

19.60

CORRELATION BETWEEN pr-n-pg AND AGE

y = 13.841x - 3.74, R-squared: .529
l

Max.

16.59

16.44

19.80

21.78

20.23

20.08

20.39

20.05

20.

18.

16.:
14.

T

1.4 1.5 1.6 1.7 1.8
log(x) of age (months)



Table 12

Age (months)

15–21

21-27

27–33

33-39

39-45

45-51

51-57

57-63

1 40

Mandibular alveolar prognathism [CL-ML (*)]

N Mean

4 122.92

4 126.48

10 128.93

9 134.65

7 133.76

4 130.19

4 129.99

3 129.50

S.D.

4.35

5.77

5.06

2.91

3.48

3.01

2.50

3.20

Std. error

2.17

2.89

1.60

0.97

1.31

1.50

1.25

1.85

Min.

118.84

118.70

119.46

128.09

128.05

126.64

127.38

126.84

CORRELATION BETWEEN CL-ML AND AGE

R-squared: .350

y = -72.63 + 255.622x - 79.729x2

Max.

129.05

131.85

136.81

137.36

137.89

134.00

133.35

133.05

138.

136.

134

132

130

128.

126

124

1 22

120.

118

:

o 9
dº

O
C2

1.1 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)



Table 13

Maxillary incisor inclination [NSL-ILs (*)]

Age (months) N Mean S.D. Std. Error Min. Max.

15-21 4 88.80 9.64 4.82 75.20 96.56

21-27 4 95.32 10.54 5.27 85.03 106.74

27–33 10 103.79 16.41 5.19 79.16 122.18

33-39 9 117.20 4.47 1.49 110.33 122.07

39-45 7 119.87 2.32 0.88 117.44 123.55

45-51 4 122.09 3.51 1.75 117.70 125.57

51-57 4 121.22 4.61 2.31 114.40 124.59

57-63 3 120.68 5.95 3.44 113.92 125.12

CORRELATION BETWEEN NSL-ILS AND AGE

y = 72.196x - .409, R-squared: .552 • *

130 _ º _ _ a •2. º

O O O.2
120- dºo 3% **

8 °,-83. 2--" O O
110. --->3'

* 9.--> z
# 100. ---> 2° o
2 O - • 2. O ºre O º

90- O O
O O

80- O
O

70 T II I I T I n T T T

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)
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Age (months)

15-21

21-27

27–33

33-39

39-45

45-51

51-57

57-63

160

Table 14

Maxillary incisor inclination [NL-ILs (*)]

N Mean

4 116.10

4 124.02

10 130.71

9 143.81

7 146.38

4 146.14

4 145.23

3 144.79

S.D.

9.62

7.82

14.95

4.57

2.76

2.20

4.10

4.89

Std. Error

4.81

3.91

4.73

1.52

1.05

1.10

2.05

2.83

Min.

102.40

117.15

105.73

137.32

143.36

142.95

139.48

139.20

CORRELATION BETWEEN NL-ILS AND AGE
y = 62.122x + 41.426, R-squared: .493

123.61

131.83

148.57

149.00

151.43

148.00

149.20

148.31

150

140

: 130

120

100

O

1.4 1.5
n T T

1.6 1.7 1.8
log(x) of age (months)
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Table 15

Mandibular incisor inclination [NSL-ILi (*)]

Age (months) N Mean S.D. Std. Error Min. Max.

15–21 4 40.35 3.14 1.57 35.94 43.26

21-27 4 42.51 6.79 3.40 35.51 48.69

27–33 10 28.80 12.75 4.03 10.00 49.27

33-39 9 19.31 4.42 1.47 12.24 26.18

39-45 7 18.86 4.72 1.78 8.36 21.35

45-51 4 19.96 6.45 3.23 10.76 25.77

51-57 4 18.52 8.11 4.06 6.47 23.77

57-63 3 17.14 8.12 4.69 7.82 22.66

CORRELATION BETWEEN NSL-ILi AND AGE

y = -53.118.x + 107.207, R-squared: .469

45

# 3 O

25

20

15.

10

5 T T H t

O

T t ■ T T T T º Q
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

log(x) of age (months)



Table 16

Age (months)

15-21

21-27

27–33

33-39

39–45

45-51

51-57

57-63

150

Mandibular incisor inclination [ML-ILi (*)]

N Mean

4 114.59

4 113.68

10 126.78

9 136.21

7 136.57

4 136.68

4 138.03

3 138.38

S.D.

5.10

4.85

12.42

3.85

4.54

4.90

6.79

7.58

Std. Error

2.55

2.42

3.93

1.28

1.71

2.45

3.40

4.38

Min.

109.98

109.70

109.63

128.26

132.21

133.49

133.76

133.25

CORRELATION BETWEEN ML-ILi AND AGE

y = 51.576x + 51.27, R-squared: .508

120.28

120.13

144.00

141.51

145.65

143.91

148.16

147.08

1.45

1 4 0.

135.

130.:
125

120

115.

1 1 0.

105
1.1 1.4

T I

1.5 1.6 1.7 1.8
log(x) of age (months)
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Table 17

Maxillary molar inclination [NSL-MOLs (*)]

Age (months) N Mean S.D. Std. Error Min. Max.

15-21 4 61.38 5.24 2.62 55.06 66.92

21-27 4 60.54 6.59 3.29 51.61 67.50

27–33 10 61.39 4.12 1.30 55.92 67.20

33-39 9 63.26 4.30 1.43 56.16 69.04

39-45 7 65.70 4.89 1.85 57.97 71.62

45-51 4 67.80 3.51 1.75 64.70 71.05

51-57 4 67.57 3.49 1.74 64.20 71.21

57-63 3 66.63 3.96 2.29 64.26 71.20

CORRELATION BETWEEN NSL-MOLS AND AGE

y = 15.29x + 40.19, R-squared: .21
72.5 - _l L —1 -

70.

67.5.

i 62.5-

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)
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Table 18

Maxillary molar inclination [NL-MOLs (*)]

Age (months) N Mean S.D. Std. Error Min. Max.

15-21 4 88.69 5.70 2.85 82.26 95.96

21-27 4 89.25 3.71 1.85 83.73 91.58

27–33 10 88.31 3.19 1.01 83.34 94.24

33.39 9 89.87 2.36 0.79 85.83 92.79

39-45 7 92.21 2.22 0.84 87.87 93.98

45-51 4 91.85 1.33 0.66 90.08 93.24

51-57 4 91.58 1.74 0.87 89.28 93.27

57-63 3 90.74 1.90 1.10 89.54 92.93

CORRELATION BETWEEN NL-MOLS AND AGE

y = 5.925x + 81.108, R-squared: .075
98

;

80 º I º n s I I I u H m

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)
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Table 19

Mandibular molar inclination [NSL-MOLi (*)]

Age (months) N Mean S.D. Std. Error Min. Max.

15-21 4 59.80 3.30 1.65 55.39 63.31

21-27 4 57.22 6.22 3.11 49.42 64.31

27–33 10 58.70 3.73 1.18 52.38 64.77

33-39 9 58.66 3.42 1.14 52.66 62.21

39-45 7 59.23 4.68 1.77 51.99 64.88

45-51 4 62.85 1.56 0.78 61.73 65.14

51-57 4 63.08 2.47 1.24 60.31 66.32

57-63 3 63.28 3.15 1.82 60.01 66.29

CORRELATION BETWEEN NSL-MOLi AND AGE

R-squared: .187
y = 153.725 - 134.697x + 47.321x2

68 _ _ _l L _

66

64

62

60

58

56

54

52- O O

50- O
48 T T- T T T º

Q n T t

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

:

log(x) of age (months)



Table 20

Age (months)

15-21

21-27

27–33

33-39

39-45

45-51

51-57

57-63

Mandibular molar inclination [ML-MOLi (*)]

N Mean S.D. Std. Error Min. Max.

4 95.14 3.22 1.61 90.90 98.47

4 98.98 3.83 1.91 93.87 103.14

10 96.88 2.80 0.89 92.82 100.48

9 96.87 2.74 0.91 92.29 99.97

7 96.20 4.35 1.65 89.13 100.90

4 93.79 3.46 1.73 89.53 97.10

4 93.47 4.23 2.12 88.31 97.36

3 92.23 4.63 2.67 88.61 97.45

CORRELATION BETWEEN ML-MOLi AND AGE

R-squared: .151
y = 18.361 + 111.003x - 38.955x2

_ _El l106

104.

102.

100.

; 9 6

12 13 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)
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Table 21

Interincisal angle [ILs-ILi (*)]

Age (months) N Mean S.D. Std. Error Min. Max.

15–21 4 131.55 11.04 5.52 125.10 148.06

21-27 4 127.20 4.49 2.25 121.95 132.85

27–33 10 105.01 27.43 8.68 75.00 145.09

33-39 9 82.11 8.26 2.75 70.16 95.75

39-45 7 78.99 5.2.1 1.97 68.22 83.58

45-51 4 77.87 6.58 3.29 69.81 84.59

51-57 4 77.30 10.43 5.21 63.54 88.42

57-63 3 76.46 11.97 6.91 64.82 88.74

CORRELATION BETWEEN ILS-ILi AND AGE

, y = -124.988x + 287.069, R-squared: 571
1 50 *_n _ _ _ _

:

60 i. T º I T T I n T I

1.1 1.2 1.3 1.4 1.5 1.6 1.7 * 1.8
log(x) of age (months)



Table 22

Age (months)

15–21

21-27

27–33

33-39

39-45

45-51

51-57

57-63

184

N

4

:

Intermolar angle [MOLs-MOLi (*)]

Mean

178.42

176.68

177.31

175.40

173.53

175.05

175.51

176.65

S.D.

2.23

4.85

2.94

2.85

3.37

4.44

4.29

4.82

Std. Error

1.11

2.42

0.93

0.95

1.27

2.22

2.15

2.78

y = 227.937 - 62.84x + 18.742x2

Min.

176.39

171.60

173.76

171.04

170.05

170.97

171.82

172.35

CORRELATION BETWEEN MOLS-MOLi AND AGE

R-squared: .086

180.36

182.87

181.66

181.03

179.54

180.44

181.33

181.86

182.

180

178.

176.i
174.

172.

170.

168
1.1 1.2 1.3 1.4 1.5 1.8

log(x) of age (months)
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B. VERTICAL MEASUREMENTS

Table 23

Maxillary inclination [NSL-NL (*)]

Age (months) N Mean S.D. Std. Error Min. Max.

15-21 4 27.31 1.54 0.77 25.31 29.04

21-27 28.71 4.00 2.00 22.93 32.12

27–33 10 26.92 3.17 1.00 20.28 31.13

33-39 9 26.61 3.39 1.13 19.42 31.12

39-45 7 26.51 3.45 1.31 21.99 31.14

45-51 4 24.05 2.60 1.30 21.26 27.05

51-57 4 24.01 2.16 1.08 21.29 26.27

57-63 3 24.11 2.06 1.19 21.73 25.31

CORRELATION BETWEEN NSL-NL AND AGE

R-squared: .212
y = -4.072 + 50.722x - 19.988x2

34 _l _ _ _l L

32.

30.

28 O# “ 8
3 26.
2. O

24.

22.

20.

1 8 T T T I I T m T I T n s

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)



Table 24

Mandibular inclination [NSL-ML(*)]

Age (months) N Mean S.D. Std. Error Min. Max

15-21 4 25.06 2.78 1.39 21.97 28.36

21-27 4 23.81 2.73 1.36 21.61 27.44

27–33 10 24.43 2.40 0.76 19.62 27.63

33-39 9 24.47 2.29 0.76 20.13 27.37

39-45 7 24.58 2.53 0.96 20.35 27.11

45-51 4 23.36 2.49 1.25 20.40 25.51

51-57 4 23.46 2.21 1.10 20.90 25.37

57-63 3 24.48 1.72 0.99 22.54 25.81

CORRELATION BETWEEN NSL-ML AND AGE

R-squared: .012
y = 13.482 + 15.83x - 5.67x2

29 L _ _ __ l

28. O O

27. O O o 9
26. O ooo cº o .

s 25: O 3 o 9 oo of

23. O O
22. O O

O Oo O
21. O O

20. o o o
O

1 9 s T I I I I T T I

1. 1.2 1.3 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)
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Age (months)

15-21

21-27

27–33

33-39

39-45

45-51

51-57

57-63

:

Table 25

Vertical jaw relationship [NL-ML(*)]

N Mean

4 2.24

4 4.90

10 2.49

9 2.14

7 1.93

4 0.69

4 0.56

3 -0.38

S.D.

4.30

2.87

3.39

3.44

3.26

3.34

3.11

3.45

Std. Error

2.15

1.44

1.07

1.15

1.23

1.67

1.55

1.99

Min.

-3.05

1.32

-4.84

–5.70

–3.67

–4.25

–3.94

–4.08

CORRELATION BETWEEN NL-ML AND AGE

y = -7.22x + 13.162, R-squared: .099

7.07

8.32

7.87

5.03

6.94

3.04

2.75

2.74

1.2 1.3 1.4 1.5 1.8
log(x) of age (months)



Table 26

Maxillary zone [NL-OLs (*)]

Age (months) N Mean S.D. Std. Error Min. Max.

15-21 4 3.30 3.48 1.74 0.40 8.36

21-27 4 6.84 2.73 1.36 3.46 10.14

27–33 10 5.70 2.95 0.93 1.12 10.82

33-39 9 5.44 1.70 0.57 3.26 8.67

39-45 7 6.60 1.65 0.62 4.97 9.69

45-51 4 6.06 1.18 0.59 4.65 7.48

51-57 4 6.45 1.14 0.57 5.25 7.79

57-63 3 5.91 0.54 0.31 5.57 6.53

CORRELATION BETWEEN NL-OLS AND AGE
y = 3.146x + .926, R-squared: .042

1 2 _ _ _ _

;

1.5 1.6 1.7 1.81.1 1.2 1.3 1.4
log(x) of age (months)
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Table 27

Mandibular zone [ML-OLi (*)]

Age (months) N Mean S.D. Std. Error Min. Max.

15-21 4 5.30 1.75 0.88 3.36 6.88

21-27 4 3.01 2.26 1.13 0.76 5.90

27–33 10 3.31 0.99 0.31 1.37 5.00

33-39 9 3.50 1.25 0.42 1.98 5.64

39-45 7 3.66 1.74 0.66 1.51 6.10

45-51 4 4.03 1.98 0.99 2.04 6.01

51-57 4 4.44 1.54 0.77 3.10 5.90

57-63 3 3.89 2.02 1.17 1.75 5.76

CORRELATION BETWEEN ML-OLi AND AGE

R-squared: .048
y = 32.876 - 38.732x + 12.758x2

8 _ _ - l

7. O O

6. O

O O °. Qo O
..— 5: O O
& o o o
— 4- O

> CO O
3- O o° O O

O CO Gb O2- 8 O |-

O O OO
1 -

O

O T º I T I T I º I n W

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)
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C. MANDIBULAR MORPHOLOGY

Table 28

Gonion angle [ML-RL (*)]

Age (months) N Mean S.D. Std. Error Min. Max.

15–21 4 97.85 5.67 2.84 92.79 103.07

21-27 4 97.20 4.52 2.26 92.69 101.68

27–33 10 97.26 3.90 1.23 92.67 103.12

33-39 9 97.83 4.20 1.40 91.46 102.51

39-45 7 97.61 4.89 1.85 91.65 102.77

45-51 4 96.51 3.92 1.96 91.52 100.48

51-57 4 96.84 4.14 2.07 91.84 101.63

57-63 3 95.01 3.32 1.92 91.30 97.71

CORRELATION BETWEEN ML-RL AND AGE

R-squared: .033
y = 51.554 + 64.182x - 22.214x2

104 _ _ _

O

O

1 OO- O 8 O O O
#, O O

§ 98. O O 9 o H
º O

3 –§ 96- O O H.

94- O 3 O O
92 O o o o o

9 O n º u T I º T T I T —I w

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)
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Table 29

■ angle [ar-gn-mlp (*)]

Age (months) N Mean S.D. Std. Error Min. Max

15–21 4 30.62 1.47 0.73 28.63 31.82

21-27 4 30.79 1.63 0.82 28.90 32.56

27–33 10 31.08 1.62 0.51 29.22 33.48

33-39 9 31.36 1.73 0.58 29.40 33.83

39-45 7 31.16 1.86 0.70 29.04 34.57

45-51 4 31.50 2.52 1.26 28.68 34.44

51-57 4 31.00 2.80 1.40 28.58 34.54

57-63 3 30.45 3.05 1.76 28.48 33.96

CORRELATION BETWEEN ar-gn-mlp AND AGE
R-squared: .013

y = 15.141 + 20.399x - 6.473x2
35 _ _ _ _l

o o o
34- O O F

O O O
33

O O O O
O# 32.

g 8 O O ê o

* 31. a -T O T
O

30- O o° g? O goo co d
29- O O O r

O O oo
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1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
log(x) of age (months)



Table 30

Mandibular length [ar-pg (mm.)]

Age (months) N Mean S.D. Std. Error Min. Max.

15–21 4 58.43 5.14 2.57 53.95 65.58

21-27 4 62.30 2.35 1.17 59.88 64.57

27-33 10 66.38 3.62 1.15 61.65 72.00

33-39 9 69.12 3.98 1.33 63.56 75.68

39-45 7 72.83 6.16 2.33 64.62 81.60

45-51 4 78.60 6.88 3.44 71.06 84.70

51-57 4 80.10 8.28 4.14 71.18 87.76

57-63 3 83.46 10.40 6.01 71.52 90.57

CORRELATION BETWEEN ar-pg AND AGE
y = 47.877x - 3.702, R-squared: .65

90. O |.
O

i
log(x) of age (months)
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D. CRANIAL BASE FORM

Age (months) N

15-21

21-27

27–33

33-39

39-45

45-51

51-57

57-63

166

4

:

Median cranial base angle [n-s-ba (*)]

Mean

151.49

152.61

155.54

157.09

157.67

159,37

160.01

161.21

Table 31

S.D.

2.98

4.37

3.59

3.05

3.22

2.66

3.23

3.60

Std. Error

1.49

2.18

1.14

1.02

1.22

1.33

1.62

2.08

Min.

147.32

147.64

150.29

151.06

151.74

156.97

156.50

157.45

CORRELATION BETWEEN n-S-ba AND AGE
y = 19.746x + 126.222, R-squared: .477

Max.

153.69

156.48

161.00

161.15

162.20

163.11

164.16

164.62

164

1624

1 60

158.

156

154.

152

150

1 48

:

146
1. 1 1.2 1.4 1.5

T

1.7 1.8
log(x) of age (months)



Table 32

Age (months)

15-21

21-27

27–33

33-39

39-45

45-51

51-57

57-63

160

Lateral cranial base angle [n-S-ar (*)]

S.D.

7.00

6.00

4.61

4.29

4.96

5.63

5.51

5.82

Std. Error

3.50

3.00

1.46

1.43

1.88

2.81

2.76

3.36

Min.

133.23

139.97

142.10

144.37

143.91

145.76

145.90

146.74

CORRELATION BETWEEN S-n-ar AND AGE

y = 23.91x + 113.081, R-squared: .354

Mean

141.69

146.94

148.43

150.77

151.96

153.99

154.05

153.46

150.00

153.27

155.72

156.83

155.79

158.38

158.00

157.03

155

150

: 1 45

1 40

1 35

130
1.1 1.4 1.5 1.6 1.7

log(x) of age (months)
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Table 33 - Regression of craniofacial measurements on log (age).

R2 Intercept Regression coefficientit S.E.

26.63 + 2.69

x { 78.03 + 38.15
x2 ( 29.98 + 12.60

13.84 + 1.99

x { 255.62+ 71.83
x2 ( -79.73 + 23.71

72.20 + 9.92

62.12 + 9.61

-53.12 + 8.62

51.58 + 7.74

15.29 + 4.53

x {-134.70 + 64.24
x2 ( -79.73 + 23.71

x { 111.00+ 59.75
x2 ( -38.96 + 19.73

-124.99 + 16.53

x { 50.72 + 51.22
x2 ( -19.99 + 16.91

Variable

s-n-pr

S-n-pg

pr-n-pg

CL-ML

NSL-ILS

NL-ILS

NSL-ILi

ML-ILi

NSL-MOLS

NL-MOLS

NSL-MOLi

ML-MOLi

ILS-ILi

MOLS-MOLi

NSL-NL

NSL-ML

NL-ML

NL-OLS

ML-OLi

ML-RL

ar-gn-mlp
ar-pg
n-s-ba

0.695

0.461

0.529

0.350

0.552

0.493

0.469

0.508

0.210

0.075

0.187

0.151

0.571

0.086

0.212

0.012

0.099

0.042

0.014

0.033

0.013

0.650

0.477

52.68

124.61

–3.74

–72.63

-0.41

41.43

107.21

51.27

40.19

47.88 + 5.35

19.75 + 3.15

In-S-ar 23.91 + 4.930.354
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B. LONGITUDINAL FINDINGS

The scatterplots with the simple regression line, 95% confidence limits for the slope

of the regression line and 95% confidence bands for the population mean of the mea

surement (Y) at X (logarithm of age), which are illustrated below Tables 9 to 32,

show the relationship between the respective parameter and age. Also given for these

same variables are the regression equations and their R-squared values. Table 33

(page 57) shows the regression equations (i.e., intercept, regression coefficient and

its standard error) and their coefficients of determination (R-squared values) for all

measurements which have R-squared values 2 0.10. For measurements with a

R-squared value < 0.50, a polynomial regression of second order was tested and ac

cepted when a notable improvement in R-squared was achieved (> 20%).

The detailed longitudinal statistical analysis, however, will be presented from Table

34 to Table 75 (pages 68-109) with the following structure: (1) Sagittal growth; (2)

vertical growth; (3) changes in mandibular morphology; (4) changes in cranial base
form.

1. Sagittal growth

The prognathism of the maxilla is found to increase during growth as seen by the

positive correlation with log. age (R-squared = 0.695). The increase in maxillary

prognathism during the timeperiod from TP2-TP8 (9.62°; Table 34, page 68) is

found to be greater than the increase in mandibular prognathism (6.58°; Table 35,

page 69) during the same period. The changes in maxillary and mandibular prog

nathism during the growth period result in a total average increase in sagittal jaw re

lationship of 3.04° (Table 36, page 70).
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In contrast, mandibular prognathism is found not to be as highly correlated with age

(R-squared = 0.461). There is also a positive correlation between the sagittal jaw re

lationship and log. age (R-squared = 0.529).

While a continuous increase in maxillary (s-n-pr] and mandibular prognathism

(s-n-pg) can be seen over the time period studied, less intense after 4 years of age,

the sagittal jaw relation (pr-n-pg) demonstrates the greatest increase (2.06°) between

TP3 (30 months) and TP4 (36 months) after which it remains unchanged.

Mandibular alveolar prognathism (CL-ML) increases until TP4 (33-39 months of

age), and then shows a progressive decrease resulting in an average overall dif

ference between TP8 and TP2 of 1.15° (Table 37, page 71). As a result of this the

relationship between this measurement and age is low, as seen by a determination

coefficient with respect to log. of age of 0.350.

The maxillary incisor inclination shows similar values whether measured with respect

to the nasion-sella-line (NSL-ILs) or to the nasal-line (NL-ILs). The correlation

between incisor inclination and age of the animals shows R-square coefficients of

0.552 (NSL-ILs) and 0.493 (NL-ILs) respectively indicating only a moderate asso

ciation. The mean total change between TP2-TP8, as expressed by the cumulative

variation, is found to be 20.03% and 18.999 respectively (Tables 38 and 39, pages 72

and 73). During this period the maxillary incisor inclination increases until TP4

(33-39 months) with no major changes after this timepoint. A parallel change is ob

served when maxillary incisor inclination is measured to the maxillary implant line

(Table 40, page 74) although the mean differences between timepoints are smaller.

The proclination of the mandibular incisors increases, and it is shown in Table 42

(page 76) as an increase over time in the angle between the mandibular line and the

lower incisal line (ML-ILi). The value of the angle between the nasion-sella line and
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the lower incisal line (NSL-ILi), however, decreases over time but it also represents

an increase in lower incisor proclination (Table 41, page 75). No major changes in

the inclination are observed after TP4 (33-39 months). The R-squared values for

NSL-ILi and ML-ILi are 0.469 and 0.508 respectively showing only a moderate

association between lower incisor inclination and age. When incisor inclination is

measured to the mandibular implant line (IPLi-ILi) the changes are smaller than to the

mandibular plane (ML). When comparing the change in maxillary and mandibular in

cisor inclination to their respective implant lines, the change in lower incisor inclina

tion is greater (Table 43, page 77).

The interincisal angle decreases progressively (Table 50, page 84) with a mean cu

mulative change over the whole time period of -32.07%. The interincisal angle is

found to be greatest in the young monkeys and smallest in the older monkeys. The

change over time does not occur gradually but takes place mainly between TP4 and

TP5. After TP4 (33-39 months) no further change in the interincisal angle is ob

served. The correlation between the interincisal angle and age is moderate as seen by

the R-squared value of 0.571.

The maxillary molar inclination presents similar changes whether it is measured res

pect to the nasion-sella-line (NSL-MOLs) or respect to the nasal line (NL-MOLs), as

it is shown in Tables 44 and 45 (pages 78 and 79). The correlation between these

two measurements and the log. of age is not high as it is shown by the respective

R-squared values of 0.210 and 0.075. The values of these angles tend to increase

until TP5 (39–45 months) and then decrease slightly. A corresponding change is ob

served when this measurement is carried out in relation with the maxillary implant

line (IPLs-MOLs) but with smaller values (Table 46, page 80).
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The mandibular molar inclination does not show important variations between time

points whether measured with respect to the nasion-sella-line (NSL-MOLi; Table 47,

page 81) or to the mandibular line (ML-MOLi; Table 48, page 82). It should be noted

that the absolute values are expressed in opposite directions due to the way the angles

are measured. The respective R-squared coefficients are also low (0.187 and 0.151).

The mandibular molar inclination in relation to the mandibular implant line (IPLi

MOLi; Table 49, page 83) shows higher values than those regarding the mandibular

plane.

The intermolar angle does not vary much over time as seen by the R-squared=0.086,

with a mean cumulative variation of -2.57°. However, the intermolar angle tends to

close during the two first years (until TP5, i.e. 39-45 months of age) after which

timepoint it opens slightly (Table 51, page 85).

Sagittal skeletal growth, measured by changes in the angles s-n-amki and s-n-amni,

shows progressive forward movement of both jaws which after 4 years of age (TP6)

is less pronounced, especially in the maxilla. This can be observed by the mean cu

mulative increase for these two angles, which is 7.90° and 8.05° respectively (Tables

52 and 53, pages 86 and 87).

The distance from the posterior maxillary implant to the cranial base, as expressed

here as the mean cumulative increase (5.86 mm.), is found to be greater than the dis

tance from the anterior maxillary implant to the cranial base (4.67 mm.) indicating a

counterclockwise rotation of the maxilla (Tables 54 and 55, pages 88 and 89).

The angle n-s-amzi shows that the direction of displacement of the anterior implant

remains fairly constant, with a mean cumulative variation of only 0.41° (Table 57,
page 91). The mean cumulative change in angle n-s-pmzi, however, is somewhat
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larger (1.50°, Table 56, page 90), mainly due to the counterclockwise rotation of the

maxilla and the position from which the posterior implant is measured from sella.

2. Vertical growth

Changes in maxillary and mandibular inclinations (NSL-NL and NSL-ML) relative

to anterior cranial base (Tables 58 and 59, pages 92 and 93) over time, also called

"matrix rotation" (Björk, 1983), are very small with a mean cumulative decrease of

-1.06% and -0.85° respectively. The R-squared values in relation to the log. of age, as

an indicator of the extent of the changes, are low for these two measurements (0.212

and 0.012 respectively).

The "total rotation" of the maxilla and the mandible (Björk, 1983), as expressed by

the changes in the angles NSL-IPLs and NSL-IPLi, is a counterclockwise rotation of

both jaws (Tables 61 and 62, pages 95 and 96). The mean cumulated rotation of the

maxilla during the three year period between TP2 and TP8 is 4.23°. During the same

time interval the cumulative value for the average mandibular rotation is more than

twice as much the rotation of the maxilla, namely -9.44°.

The cumulative total maxillary rotation in the last 1.5 years of this study (TP5-TP8)

is about half the amount seen in the 1.5 year period between TP2 and TP5 (-1.45°

vs. -2.78%). In other words, the rotation of the maxilla from 2 to 3.5 years of age

(TP2-TP5) is -0.93% per half-year whereas the growth rotation from 3.5 to 5 years of

age (TP5-TP8) is only -0.48°, or half the amount seen during the previous time pe
riod.

The cumulative total mandibular rotation in the two-year period between TP2 and

TP6 is more than 3.5 times the rotation seen in the one-year period between TP6 and

TP8 (-7.46° vs. -1.98%). The average total mandibular rotation is -1.87° per half-year

from TP2 to TP6 and only half of this amount, -0.99% per half-year, from TP6-TP8.
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Changes in the angles NL-IPLs and ML-IPLi, expressing the "intramatrix rotation"

for each jaw, are -3.20% for the maxilla and -8.57° for the mandible (Tables 63 and

64, pages 97 and 98).

The vertical jaw relation changes over time expressed as changes in the angle

NL-ML, are small as seen by the mean cumulated change (-0.19%) and also reflected

in the very low coefficient of determination: 0.099 (Table 60, page 94). When the

vertical jaw relation between both reference lines (IPLS-IPLi) is measured, a mean

cumulated change of -5.19% is found (Table 65, page 99).

The relative difference between anterior and posterior dento-alveolar height is re

ported as the maxillary zone (NL-OLs; Table 66, page 100). The value of this angle

remains quite constant over time (mean cumulated increase equal to 1.77°) and the

R-squared coefficient is quite low (0.042). When the upper dento-alveolar region is

assessed in relation to the maxillary reference line (IPLs-OLs; Table 68, page 102) an
increase of 4.96% in the mean cumulated value is observed. This indicates that the

upper occlusal plane rotates clockwise relative to the maxillary reference line at a rate

of 1.10° per half-year from 2 to 3.5 years of age (TP2-TP5) and half of this amount,

0.55% from 3.5 to 5 years (TP5-TP8).

The vertical development of the lower dento-alveolar region represented by changes

in the mandibular zone (ML-OLi; Table 67, page 101) does not suffer big changes

either. The mean cumulated increase between TP2 and TP8 is 1.799, and the

R-squared coefficient is very low (0.014). The mandibular zone when measured re

garding the mandibular reference line (IPLi-OLi; Table 69, page 103) shows an in

crease in the mean cumulated value of 10.23°. The lower occlusal plane, then, rotates

clockwise an average of 1.91% per half-year from 2 to 4 years of age (TP2-TP6) and

1.30° per half-year from 4 to 5 years (TP6-TP8).



3. Changes in mandibular morphology

The gonion angle (ML-RL) does not show major changes between TP2 and TP8,

with a mean cumulated value of 0.53° (Table 70, page 104) and a R-squared coeffi

cient of 0.182.

The change in the Bangle (ar-gn-mlp) through time is not very important (Table 71,

page 105). The overall mean cumulated value results -0.90° and the coefficient of

determination (R-squared) is low too: 0.013.

The mandibular length (ar-pg) having a greater R-squared coefficient (0.65) also

shows greater changes (Table 72, page 106), reaching an increase of 16.13 mm. in

the mean cumulated value. However, the rate of change is not the same throughout

the period of time studied. The increase observed in the two years between TP2 and

TP6 (12.98 mm., i.e. 3.25 mm. per half-year) is more than four times the value of

the increase observed in the last year between TP6 and TP8 (3.15 mm., i.e. 1.58

mm. per half-year).

The mean cumulated increase in vertical growth at articulare is 14.87 mm. (Table 73,

page 107). Between 2 and 4 years of age (TP2-TP6) the average increase reaches

3.02 mm. per half-year, and only 1.40 mm. per half-year from 4 to 5 years

(TP6–TP8).

4. Changes in cranial base form

Changes in the form of the cranial base are reported as changes in angle n-s-ba (Table

74, page 108). This angle shows a slight but continuous opening resulting in a mean

cumulative increment of 4.88%. Nevertheless, the change observed in the 1.5 years

between TP2 and TP5 (3.14%, i.e. 1.05% per half-year) is almost twice the change

observed in the last 1.5 years, from TP5 until TP8 (1.74%, i.e. 0.58% per half-year).

The R-squared value for this measurement is found to be moderate (0.477).



65

The angle n-s-ar also opens progressively, but only until TP6 (45-51 months), not

showing much change after that point (Table 75, page 109). The total mean cumu

lative increase for this angle is 4.679, and it reaches 4.62° by TP6. The R-squared

coefficient for this measurement in relation with log. of age is small (0.354).

C. SUMMARY OF FINDINGS

Maxillary and mandibular prognathism was found to increase during the whole time

span studied, both when measured in relation to the skeletal landmarks (s-n-pr and

s-n-pg) and when measured to the implants. This change was observed to be less in

tense after 4 years of age.

Maxillary vertical displacement was analyzed in relation to the implants and it was

found that the downward displacement of the posterior implant was greater than of

the anterior, indicating a forward rotation of the maxilla in relation to cranial base.

The direction of maxillary sutural growth, as determined by implant displacement,

was found fairly constant for each individual monkey.

Mandibular vertical displacement resulting from growth at the condyles and eruption

of the teeth was found to be associated with a pronounced anterior rotation in all ani

mals. The increase in posterior face height was mainly due to condylar growth with

little contribution from cranial base growth.

The change in maxillary and mandibular inclination in relation to the cranial base, the

so called "matrix rotation" (Björk and Skieller, 1983), was very small (-1.06° and

-0.85° respectively) during the growth period. The "total rotation", as measured by

the change in the inclination of the implant lines in the maxilla and mandible respec

tively relative to the anterior cranial base, was found for both jaws to be counter
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clockwise. The mandibular rotation was found to be twice as great as the maxillary

rotation, i.e. -9.44° and -4.23°, over the total time span. However, the rate with

which the rotation occurred was different at different ages. Until 3.5 years of age in

the maxilla and 4 years in the mandible the average total rotation per half-year was

approximately double of the amount recorded in the latter time period. The

"intramatrix rotation" was found on average to account for approximately 75% of the

total maxillary rotation and 90% of the total mandibular rotation.

The vertical dentoalveolar development, as measured by the maxillary zone

(NSL-OLs) and mandibular zone (NSL-OLi), did not appear to change much over

time. However when measured relative to the implant lines both occlusal planes were

found to rotate clockwise with the greatest intensity in the mandible (10.23% vs.

4.96%). This intensity of rotation was observed to diminish after 3.5 years of age in

the maxilla and 4 years in the mandible.

The interincisal angle decreased continuously until 3 years of age corresponding to

the change in proclination of the incisors in both jaws, as the permanent teeth

erupted. Mandibular alveolar prognathism similarly increased over time to reach a

maximum at 3 years of age whereafter the prognathism decreased slightly as a result

of the changes in inclination of the teeth. The intermolar angle remained fairly cons

tant and diminished only on average 2.6 degrees during the study period. The maxil

lary molars continued to erupt mesially until 3.5 years of age and then uprighted

slightly. The mandibular molar in contrast showed a slight continuous mesial erup

tion during the entire age period observed.

Mandibular morphology as measured by the gonion angle and the Bangle remained

almost unchanged. Increase in mandibular length (ar-pg), resulting mainly from

growth at the condyle, was pronounced until 4 years of age. The semiannual rate of
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growth was observed to be more than 3 mm. during the first period until 4 years of

age. Thereafter the growth rate decreased to an average of 1.5 mm. per half-year

between 4 and 5 years of age. The vertical growth at the condyle was found to in

crease a similar amount when measured from the mandibular implant line to articulare

with the same pattern of growth rate.

The median cranial base angle (n-s-ba) increased slightly and continuously from 2 to

5 years to a maximum of 4.88%. The rate of opening was found to be nearly twice as

great during the first half of this period than in the latter part of the same period. The

lateral cranial base angle n-s-ar similarly opened progressively with an average

amount of 4.67%, with no major changes after 4 years of age.



E. LONGITUDINAL GROWTH

1.- Sagittal

Table 34

Change in maxillary prognathism (s-n-pr) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)
TP3-TP2 4 2.35 1.52 0.81 4.16 0.05

TP4-TP3 9 2.58 1.70 0.57 5.69 0.00+

TP5–TP4 7 1.70 1.47 –0.17 3.89 0.02

TP6–TP5 4 1.47 0.20 1.22 1.69 0.00%

TP7–TP6 4 0.37 0.69 -0.21 1.18 0.36

TP8-TP7 3 1.15 0.70 0.41 1.81 0.11

One standard deviation error bars for A s-n-pr with age

|||—|| |V-III V-IV VI-V VII-VI VIII-VII

3

; -2
*

A s-n-pr
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Table 35

Change in mandibular prognathism (s-n-pg) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 2.17 0.51 1.53 2.76 0.00%

TP4-TP3 9 0.52 0.68 -0.53 1.79 0.05

TP5–TP4 7 1.06 0.94 0.13 2.99 0.03

TP6–TP5 4 1.24 0.75 0.32 2.13 0.05

TP7–TP6 4 0.74 0.67 0.33 1.73 0.11

TP8–TP7 3 0.85 1.12 -0.20 2.02 0.32

One standard deviation error bars for A s-n-pg with age

1.-1.-
|||—|| |V-III V-IV VI-V VII-VI VIII-VII

5

A S-n-pg
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Table 36

Change in sagittal jaw relationship (pr-n-pg) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 0.18 1.48 -1.50 2.09 0.82

TP4-TP3 9 2.06 1.66 –0.07 5.22 0.01*

TP5–TP4 7 0.64 0.86 -0.97 1.72 0.10

TP6–TP5 4 0.23 0.86 –0.71 1.37 0.64

TP7–TP6 4 –0.37 0.46 -0.71 0.31 0.21

TP8–TP7 3 0.30 0.98 –0.80 1.09 0.65

One standard deviation error bars for A pr-n-pg with age

in----
l

|||—|| IV-III V-IV VI-V VII-VI VIII-VII

A pr-n-pg
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Table 37

Change in mandibular alveolar prognathism (CL-ML) between successive tiemepoints

Stage N Mean S.D. Min. Max. p (Ho: H-0)

TP3-TP2 4 0.22 1.55 –2.07 1.37 0.80

TP4-TP3 9 4.67 2.67 0.55 8.98 0.00%

TP5–TP4 7 -0.94 3.06 –6.30 2.63 0.45

TP6–TP5 4 -1.85 0.81 -2.59 –0.92 0.02

TP7–TP6 4 -0.21 0.69 -0.78 0.74 0.59

TP8–TP7 3 –0.74 0.57 -1.39 -0.30 0.15

One standard deviation error bars for ACL-ML with age
8 l 1 º l l

- 2

- 4.

|||—|| |V-||| V-IV V|-V VII-VI VIII-VII

A CL-ML



Table 38

Change in maxillary incisor inclination (NSL-ILs) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 5.78 6.90 -1.18 14.84 0.19

TP4-TP3 9 13.05 13.85 -1.58 31.27 0.02

TP5–TP4 7 0.72 2.53 -3.31 3.36 0.48

TP6–TP5 4 1.32 0.93 0.26 2.18 0.07

TP7–TP6 4 -0.88 2.17 -3.30 1.98 0.48

TP8–TP7 3 0.04 0.51 -0.48 0.53 0.90

One standard deviation error bars for A NSL-ILs with age
30 l L l l ■ º I

25.

20.

15. -

!
1 O. º

5.

O I- - sºm.....

I
º

- 5 T n I T u t

|||—|| |V-III V-IV VI-V VII-VI VIII-VII

A NSL-ILs
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Table 39

Change in maxillary incisor inclination (NL-ILs) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 5.23 7.51 –2.35 15.01 0.26

TP4-TP3 9 12.97 13.86 -1.14 32.03 0.02

TP5–TP4 7 0.77 3.03 -2.75 5.93 0.52

TP6–TP5 4 1.00 1.19 -0.41 2.44 0.19

TP7–TP6 4 –0.91 1.94 -3.47 1.20 0.42

TP8-TP7 3 –0.07 0.95 –0.89 0.97 0.91

One standard deviation error bars for A NL-lls with age
30 1 1 l Li l

25.

20- |-

;
15.1 O.

5.

O — -- --~"-k
l

- 5 n n n u u u

|||—|| |V-III V-IV VI-V VII-VI VIII-VII

A NL-lls
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Table 40

Change in maxillary incisor inclination (IPLs-ILs) between successive timepoints

Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

One standard deviation error
30

N

:
Mean

5.23

12.11

-0.57

0.87

-1.48

-0.36

S.D. Min.

7.04 –2.00

13.09 -1.62

2.14 -3.54

0.67 0.12

2.31 –4.69

0.66 –0.88

Max.

14.24

28.47

2.71

1.51

0.77

0.39

p (Ho: H=0)

0.24

0.02

0.51

0.08

0.29

0.45

bars for A IPLs-ILs with age

25.

20.

;
15.10.

l l
m-"T"-f

IV-III V-IV VI-V VII-VI VIII-VII

A |PLs-ILs
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Table 41

Change in mandibular incisor inclination (NSL-ILi) between successive timepoints

Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8-TP7

N Mean S.D. Min. Max.

4 –7.41 11.12 –23.37 1.30

9 –7.21 8.70 –21.87 2.24

7 1.34 2.71 -3.88 4.28

4 1.97 1.96 -0.22 4.42

4 -1.44 2.19 –4.29 0.53

3 0.37 0.85 –0.16 1.35

One deviation error bars for A NSL-ILl with age

p (Ho: H-0)

0.28

0.04

0.24

0.14

0.28

0.53

2.5-

0.

-2.5-

- 54;
-7.5.
- 10.

- 12.5-

-1s
- 17.5.

-20

-- =
l

—T-
-

V-IV|||—|| |V-III V|-V VII-VI VIII-VII

A NSL-ILi
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Table 42

Change in mandibular incisor inclination (ML-ILi) between successive timepoints

Stage

TP3-TP2

TP4–TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

25

N Mean S.D. Min. Max.

4 7.97 11.95 -0.58 25.36

9 7.53 8.84 –2.49 22.13

7 -1.24 2.92 -4.89 4.14

4 -1.81 2.00 –4.47 0.37

4 1.34 2.13 -0.65 4.25

3 -0.55 0.52 -1.08 –0.05

p (Ho: H-0)

0.27

0.03

0.30

0.17

0.30

0.21

One standard deviation error bars for A ML-ILl with age
l t l l

20.

15.

;
1 O.

-

--
| l

|||—|| |V-III V-IV VI-V VII-VI VIII-VII

A ML-ILi



Table 43

Change in mandibular incisor inclination (IPLi-ILi) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 9.21 11.06 1.68 25.40 0.19

TP4-TP3 9 9.24 9.29 –2.37 23.69 0.02

TP5–TP4 7 0.45 2.91 -3.93 4.30 0.70

TP6–TP5 4 -0.14 1.82 -2.81 1.16 0.89

TP7–TP6 4 2.64 2.94 0.22 6.75 0.17

TP8–TP7 3 0.40 0.43 –0.04 0.81 0.25

One standard deviation error bars for A IPLi-ILI
22.5 l I l 1 l

17.5.

15.

12.5-

;
1 O7.5.

5.

2.5- I ==
—º-

O I
-2.5-

- 5 I I n I m i.

|||—|| |V-||| V-IV VI-V VII-VI VIII-VII

A |PLi-ILi
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Table 44

Change in maxillary molar inclination (NSL-MOLs) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H-0)

TP3-TP2 4 1.76 2.69 –0.82 4.31 0.28

TP4-TP3 9 2.30 1.82 0.01 5.01 0.01%

TP5–TP4 7 2.36 2.72 -0.52 7.21 0.06

TP6–TP5 4 -0.52 0.47 -1.00 0.13 0.12

TP7–TP6 4 -0.23 0.53 –0.75 0.29 0.45

TP8–TP7 3 –0.17 0.34 -0.56 0.06 0.48

One standard deviation error bars for A NSL-MOLs with age
6 l l l l

5. r

4.

3. .

;
2.
1. º

O m-----T-I
- 1 - l l

º

- 2 m T T n t t

|||—|| IV-III V-IV VI-V VII-VI VIII-VII

A NSL-MOLS
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Table 45

Change in maxillary molar inclination (NL-MOLs) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 1.20 2.12 -1.05 3.32 0.34

TP4-TP3 9 2.22 1.71 0.23 5.49 0.02

TP5–TP4 7 2.42 2.04 -0.26 5.15 0.02

TP6–TP5 4 –0.84 0.32 -1.30 -0.54 0.01

TP7–TP6 4 –0.27 0.46 –0.80 0.19 0.33

TP8–TP7 3 -0.28 1.08 -1.52 0.43 0.70

One standard deviation error bars for A NL-MOLs with age
5 l I l l I

O
m-T- 1. l

- 2 º m T I T T

|||—|| |V-III V-IV VI-V VII-VI VIII-VII

A NL-MOLS



Table 46

Change in maxillary molar inclination (IPLs-MOLs) between successive timepoints

Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

N

:
One standard de

Mean

1.20

1.37

1.07

-0.97

–0.84

-0.57

S.D.

2.40

1.40

1.59

0.71

0.86

0.57

Min.

–0.90

–0.86

–0.88

-1.67

-2.02

-1.22

Max.

3.54

3.21

3.76

-0.01

-0.18

–0.15

p (Ho: H=0)

0.39

0.02

0.13

0.07

0.15

0.23

viation error bars for A IPLs-MOLs with age

- 1 - |m = -
|V-III V-IV V|-V VII-VI VIII-VII

A |PLS-MOLS
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Table 47

Change in mandibular molar inclination (NSL-MOLi) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: pla■ ))

TP3-TP2 4 1.03 1.78 -1.15 2.96 0.33

TP4-TP3 9 0.64 0.95 -0.99 2.25 0.08

TP5–TP4 7 0.81 1.48 -0.67 3.42 0.20

TP6–TP5 4 0.16 0.70 –0.71 1.00 0.68

TP7–TP6 4 0.23 1.19 -1.42 1.18 0.73

TP8–TP7 3 0.06 0.42 -0.30 0.52 0.82

3 one, standard deviation error bars for A Nsu-Mol with age
2.5-

2.

1.5.

; :
.5-

+
O

-

-.5-

- 1 -

1.5 n n T- m u

|||—|| |V-III V-IV VII-VI VIII-VII

A NSL-MOLi



Table 48

Change in mandibular molar inclination (ML-MOLi) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H-0)

TP3-TP2 4 -0.47 1.81 -3.15 0.87 0.64

TP4-TP3 9 -0.31 1.09 -1.71 1.40 0.41

TP5–TP4 7 -0.71 1.35 –3.16 0.93 0.21

TP6–TP5 4 -0.01 0.86 -2.60 -0.14 0.99

TP7–TP6 4 -0.33 1.11 -1.22 1.30 0.60

TP8–TP7 3 -0.24 0.76 -1.10 0.30 0.64

One standard deviation error bars for A ML-MOLl with age
t l l l l

|||—|| |V-III V-IV VI-V VII-VI VIII-VII

A ML-MOLi



Table 49

Change in mandibular molar inclination (IPLi-MOLi) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H-0)

TP3-TP2 4 0.77 1.80 -1.49 2.52 0.46

TP4–TP3 9 1.40 1.44 -1.59 3.73 0.02

TP5–TP4 7 0.98 2.12 -3.00 2.98 0.27

TP6–TP5 4 1.67 0.46 1.39 2.35 0.01%

TP7–TP6 4 0.98 0.99 –0.15 2.17 0.14

TP8–TP7 3 0.71 0.57 0.22 1.34 0.17

One standard deviation error bars for A IPLl-MOLl with age

------
|||-|| |V-III V-IV VI-V VII-VI VIII-VII

A |PLi-MOLj



Table 50

Change in the interincisal angle (ILs-ILi) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H-0)

TP3-TP2 4 - 13.19 17.92 –38.21 2.48 0.24

TP4–TP3 9 –20.25 21.82 –49.34 1.98 0.02

TP5–TP4 7 0.62 3.24 -1.95 7.59 0.63

TP6–TP5 4 0.65 1.99 -2.24 2.24 0.56

TP7–TP6 4 -0.56 4.26 -6.27 3.83 0.81

TP8–TP7 3 0.33 0.94 -0.60 1.28 0.60

One standard deviation error bars for A lls-ILl with age
10 I l l l 1

5. -

—I- –F– l sº-l.

-35

- 40

- 4.5 T T n n u T

|||—|| |V-III V-IV VI-V VII-VI VIII-VII

A lls-lli



Table 51

Change in the intermolar angle (MOLs-MOLi) between successive timepoints

Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8-TP7

N Mean

-0.72

-1.66

-1.56

0.68

0.46

0.23

.
One standard deviation error bars for

l l

S.D.

2.30

2.28

2.95

0.56

0.84

0.51

* I m

|||—|| IV-III V-IV

Min.

-3.37

–4.76

-5.00

-0.14

-0.79

-0.36

Max.

2.16

1.25

3.94

1.09

0.90

0.53

p (Ho: H=0)

0.57

0.06

0.21

0.09

0.35

0.51

A MOLs-MOLl with age

* + -i-

VI-V VII-VI VIII-VII

A MOLS-MOLi



Table 52

Change in angle sella-nasion-anterior maxillary implant (s-n-amxi) between

Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

successive timepoints

N Mean S.D. Min. Max. p (Ho: H-0)

4 2.52 2.40 0.42 5.89 0.13

9 1.46 0.86 0.44 2.88 0.00%

7 1.48 1.10 0.34 3.47 0.01

4 2.04 0.31 1.74 2.44 0.00%

4 -0.11 0.58 –0.81 0.50 0.74

3 0.51 0.39 0.20 0.95 0.16

One standard deviation error bars for A s-n-ant. max. implant with age
6 _1 I n I

5.

4. ----
|||—|| |V-III V-IV VI-V VII-VI VIII-VII

A s-n-ant. max. implant



Table 53

Change in angle sella-nasion-anterior mandibular implant (s-n-amni) between
successive timepoints

Stage N Mean S.D. Min. Max. p. (Ho: H=0)

TP3-TP2 4 2.04 0.52 1.47 2.68 0.00%

TP4-TP3 9 1.53 1.11 –0.02 3.07 0.00%

TP5–TP4 7 1.87 1.20 0.69 4.27 0.01*

TP6–TP5 4 1.34 0.44 0.98 1.95 0.01

TP7–TP6 4 0.87 0.94 0.01 2.15 0.16

TP8-TP7 3 0.40 0.18 0.20 0.54 0.06

One standard deviation error bars for A s-n-ant. mand. Implant with age
3.5 l l l

3.

III.
|||—|| IV-III V-IV VI-V VII-VI VIII-VII

5

A s-n-ant. mand. implant



Table 54

Change in distance from posterior maxillary implant to cranial base (pmyi-NSL)

Stage

TP3-TP2

TP4–TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

One standard deviation error bars for A post. my.
2.25

.
Mean

1.34

1.26

1.20

0.97

0.79

0.30

S.D.

0.30

0.79

0.77

0.60

0.82

0.27

between successive timepoints

Min.

0.89

0.41

0.59

0.42

–0.09

0.00

1.52

2.48

2.83

1.78

1.89

0.54

p (Ho: H=0)

0.00%

0.00%

0.01%

0.05

0.15

0.20

imp.-NSL with age

2.

1.75.

1.5.

1.25.
# 1.

.75.

.5.

.25.

O

iii in
-.25

|V-III V-IV VII-VI VIII-VII

A post. my.. imp.-NSL
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Table 55

Change in distance from anterior maxillary implant to cranial base (amxi-NSL) between

Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

1.6

successive timepoints

N Mean S.D. Min. Max. p (Ho: HaO)

4 1.22 0.33 0.75 1.51 0.01%

9 0.96 0.50 0.18 1.58 0.00%

7 0.87 0.65 0.15 1.94 0.01

4 0.86 0.61 0.37 1.72 0.07

4 0.58 0.61 0.03 1.43 0.15

3 0.18 0.24 –0.09 0.34 0.32

One standard deviation error bars for A ant. mx. Imp.-NSL with age

1.4.

1.2.

É Iiii.
-

.
|||—|| |V-III V-IV VI-V VII-VI VIII-VII

A ant. my... imp.-NSL



Table 56

Change in angle nasion-sella-posterior maxillary implant (n-s-pmyi) between

Stage

TP3-TP2

TP4–TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

2.5

successive timepoints

N Mean S.D. Min. Max. p (H0 : 1=0)

4 0.40 1.61 -1.56 1.94 0.65

9 -0.05 0.84 -1.18 0.93 0.88

7 0.52 0.84 –0.86 1.44 0.15

4 0.14 0.98 -0.69 1.56 0.80

4 0.80 1.16 -0.67 1.93 0.26

3 -0.31 1.16 -1.59 0.66 0.69

One standard deviation error bars for A n-s-post. mr. Imp. with age

2.

1.5.

1. -----
|||—|| |V-III V-IV VI-V VII-VI VIII-VII

A n-s-post. my.. imp.
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Change in angle nasion-sella anterior maxillary implant (n-s-amzi) between

Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

One standard deviation error bars for A n-s-ant.
1.25

Table 57

successive timepoints

Mean

0.37

-0.05

-0.18

0.12

0.44

-0.29

S.D.

0.76

0.51

0.71

0.67

0.68

0.79

Min.

-0.44

-0.57

-1.16

–0.35

-0.25

-1.14

1.26

0.85

0.69

1.11

1.18

0.41

p (Ho: 1=0)

0.41

0.80

0.52

0.75

0.29

0.59

mx. Imp. with age

1.

.75.

.5.

.25.

O

-.25.

-.5.

-.75.

- 1.25

IV-III V-IV VI-V VII-VI VIII-VII

A n-s-ant. my.. imp.



2.- Vertical

Change in angle NSL-NL between successive timepoints

Maxillary inclination (matrix rotation)

Table 58

Stage N Mean S.D. Min. Max. p (Ho: pla())

TP3-TP2 4 -0.56 0.63 - 1.17 0.17 0.18

TP4-TP3 9 –0.08 0.56 -0.95 0.76 0.68

TP5–TP4 7 0.05 1.80 -2.43 2.57 0.94

TP6–TP5 4 -0.32 0.47 -0.73 0.26 0.27

TP7–TP6 4 –0.04 0.64 –0.78 0.78 0.92

TP8–TP7 3 –0.11 0.75 –0.96 0.44 0.83

One standard deviation error bars for A NSL-NL with age
2 I I I l l t

1.5.

-

-

| ---T
|V-||| V-IV V|-V VII-VI VIII-VII...

A NSL-NL



Table 59

Change in angle NSL-ML between successive timepoints

Mandibular inclination (matrix rotation)

Stage N Mean S.D. Min. Max. p (Ho: H-0)

TP3-TP2 4 -0.56 1.06 -1.99 0.28 0.37

TP4-TP3 9 -0.32 0.76 -1.90 0.51 0.24

TP5–TP4 7 –0.09 0.64 -1.26 0.61 0.71

TP6–TP5 4 –0.15 0.36 -0.66 0.15 0.46

TP7–TP6 4 0.10 0.32 –0.28 0.50 0.60

TP8–TP7 3 0.17 0.43 –0.27 0.58 0.55

One standard deviation error bars for A NSL-ML with age
.75 l l L l

º + +
| HIM = | :

mºn VII. V-IV VI-V VII-VI VIII-VII

A NSL-ML



Table 60

Change in vertical jaw relationship (NL-ML) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 0.00 -1.18 2.16 1.18 1.00

TP4–TP3 9 0.24 0.66 -0.86 1.14 0.30

TP5–TP4 7 0.15 1.48 -1.47 2.12 0.80

TP6–TP5 4 –0.17 0.64 –0.82 0.52 0.64

TP7–TP6 4 -0.13 0.54 –0.82 0.31 0.66

TP8–TP7 3 -0.28 0.36 -0.69 -0.01 0.31

One standard deviation error bars for A NL-ML with age
2 1 I l t t l

1.5. º

1. |-

º

.5- º

- 1. +

1.5.

- 2 T T

NL-ML |||—|| |V-III V-IV VI-V VII-VI VIII-VII

A NL-ML



Table 61

Stage

TP3-TP2

TP4–TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

Change in angle NSL-IPLs between successive timepoints

N

.
One standard d

(Total maxillary rotation)

Mean S.D. Min.

-0.55 0.37 –0.82

-0.94 1.41 -3.17

-1.29 1.57 -3.45

-0.45 0.27 -0.68

-0.60 0.88 -1.39

-0.40 0.26 -0.66

l

eviation error bars f
l l

Max. p. (Ho: H=0)

–0.02

0.57

0.42

-0.14

0.53

–0.14

0.06

0.08

0.07

0.04

0.27

0.12

or A NSL-IPLs with age

- 3
NSL-IPLS... |V-III V-IV VI-V VII-VI VIII-VII

A NSL-IPLS



Table 62

Change in angle NSL-IPLibetween successive timepoints

(Total mandibular rotation)

Stage N Mean S.D. Min. Max. p. (Ho: H-0)

TP3-TP2 4 -1.80 0.96 –2.98 –0.71 0.03

TP4-TP3 9 -2.04 1.32 -4.23 0.13 0.00%

TP5–TP4 7 -1.79 1.55 -4.40 –0.35 0.02

TP6–TP5 4 -1.83 0.88 -2.61 -0.68 0.03

TP7–TP6 4 -1.21 0.84 -2.46 -0.75 - 0.06
TP8–TP7 3 -0.77 0.52 -1.31 –0.27 0.12

One standard deviation error bars for A NSL-IPLl with age

NSL-IPLi [... |V-III V-IV VI-V VII-VI VIII-VII

A NSL-IPLi



Table 63

Change in angle NL-IPLs between successive timepoints

(Maxillary intramatrix rotation)

Stage N Mean S.D. Min. Max. p (Ho: H-0)

TP3-TP2 4 0.00 0.52 -0.77 0.35 0.99

TP4-TP3 9 –0.86 1.45 -3.56 0.70 0.11

TP5–TP4 7 -1.35 1.03 –3.22 0.16 0.11

TP6–TP5 4 –0.13 0.61 –0.93 0.53 0.70

TP7–TP6 4 -0.57 0.44 -1.22 -0.25 0.08

TP8–TP7 3 –0.29 0.51 -0.60 0.30 0.43

One standard deviation error bars for A NL-lPLs with age
1 I l l l i

.5-

0.

;
-.5-

|
*- 1 - |
|-

1.5-

- 2
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A NL-IPLS



Table 64

Change in angle ML-IPLi between successive timepoints

(Mandibular intramatrix rotation)

Stage N Mean S.D. Min. Max. p (Ho: H-0)
TP3-TP2 4 -1.24 0.95 -2.26 -0.05 0.08

TP4–TP3 9 -1.71 0.85 -2.66 -0.12 0.00%

TP5–TP4 7 -1.69 1.20 -3.46 –0.16 0.01

TP6–TP5 4 -1.68 0.85 –2.57 -0.53 0.03

TP7–TP6 4 -1.30 0.85 -2.50 -0.58 0.05

TP8–TP7 3 -0.95 0.43 -1.32 -0.48 0.06

One standard deviation error bars for A ML-IPLl with age
0

-.5-

- 1 -

;
- 1.5-

- 2.

2.5

- 3 I

ML-IPLi ... |V-III V-IV V|-V VII-VI VIII-VII

A ML-IPLi



Table 65

Change in vertical jaw relationship (IPLs-IPLi) between successive timepoints

Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

N

:
Mean

-1.25

-1.10

-0.49

-1.38

-0.60

–0.37

S.D. Min. Max. p (Ho: H-0)

0.70 -2.16 -0.69 0.04

0.82 –2.29 0.10 0.00%

0.77 -1.66 0.70 0.14

1.12 –2.30 0.00 0.09

0.90 -1.28 0.64 0.27

0.44 -0.65 0.13 0.28

One standard deviation error bars for A IPLs-IPLl with age
l

;
-2.5-

- 1.5-

|PLS-IPLi... |V-III V-IV V|-V VII-VI VIII-VII

A |PLS-IPLi
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Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8-TP7

Table 66

Change in maxillary zone (NL-OLs) between successive timepoints

0.16

0.31

0.63

0.37

0.39

–0.09

:
S.D.

0.88

2.01

1.73

0.99

0.72

1.11

Min.

-0.68

–4.57

-2.10

-0.98

-0.54

-1.36

Max.

1.15

2.14

3.56

0.41

1.18

0.72

p (Ho: H=0)

0.75

0.66

0.38

0.51

0.36

0.90

One standard deviation error bars for A NL-OLs with age

-----
NL-OLS Ill-ll IV - || |

I

V-IV VI-V VII-VI VIII-VII

A NL-OLS
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Table 67

Change in mandibular zone (ML-OLi) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 0.57 2.10 –2.36 2.64 0.62

TP4–TP3 9 0.32 0.71 -0.72 1.59 0.22

TP5–TP4 7 0.16 2.07 -3.44 2.31 0.85

TP6–TP5 4 0.26 0.82 -0.67 1.13 0.58

TP7–TP6 4 0.41 0.50 -0.11 1.06 0.20

TP8–TP7 3 0.07 1.23 -1.38 1.06 0.93

One standard deviation error bars for A ML-OLl with age
l l l n

|--|--
|-

-.5-

- 1.

H
º

- 1.5.

- 2 T T T T u u

ML-OLi |||—|| |V-III V-IV VI-V VII-VI VIII-VII

A ML-OLi
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Table 68

Change in maxillary zone (IPLs-OLs) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 0.16 1.33 -1.03 1.92 0.83

TP4–TP3 9 1.17 3.06 –5.27 5.70 0.29

TP5–TP4 7 1.97 2.62 -1.31 6.78 0.09

TP6–TP5 4 0.50 0.68 -0.05 1.36 0.24

TP7–TP6 4 0.96 0.93 –0.17 1.82 0.13

TP8–TP7 3 0.20 1.62 -1.66 1.30 0.85

One standard deviation error bars for A IPLs-OLs with age

4

3.

2.; : L — = -l
O

- 1 -

- 2- |-

|PLS-OLs... |V-III V-IV VI-V VII-VI VIII-VII

A |PLS-OLS
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Table 69

Change in mandibular zone (IPli-OLi) between successive timepoints

Stage

TP3-TP2

TP4–TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

N Mean

1.81

2.03

1.85

1.94

1.71

0.89

.
S.D.

2.78

1.28

2.67

1.60

1.25

1.58

Min.

–2.32

0.32

–3.28

-0.14

0.79

–0.90

Max.

3.63

4.13

4.59

3.70

3.56

2.10

p (Ho: H-0)

0.28

0.00%

0.12

0.09

0.07

0.44

One standard deviation error bars for A IPLs- OLl with age

***.
IPLS-OLi... |V-III

T

V-IV VI-V VII-VI VIII-VII

A |PLS-OLi
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3.- Changes in mandibular morphology

Table 70

Change in gonion angle (ML-RL) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 0.21 1.91 -1.92 2.68 0.84

TP4-TP3 9 0.18 1.12 -1.28 1.91 0.65

TP5–TP4 7 -0.05 1.37 –2.47 1.87 0.92

TP6–TP5 4 0.08 0.72 -0.56 1.11 0.83

TP7–TP6 4 0.33 0.62 -0.34 1.15 0.37

TP8–TP7 3 -0.22 0.53 -0.54 0.39 0.54

2.5 One standard deviation error bars for A gonlon angle with age
2- |-

1.5.

1. .

;
.5-0.

-.5-

- 1 -

1.5-

- 2
GOn |||—|| Gon. IV-||| GOn V-IV GOn VI-V GOn VII-VI GOn VIII-VII

A Gonion angle (ML-RL)
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Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

Table 71

Change in Bangle (ar-gn-mlp) between successive timepoints

N

:
Mean S.D. Min. Max.

0.32

1.01

0.74

0.22

0.26

0.32

p (Ho: H-0)

One standard deviation error bars f

-0.25

0.20

0.26

–0.37

-0.50

-0.24

0.97

0.40

0.41

0.95

0.91

0.49

-1.70

-0.21

-0.36

-1.77

-1.74

-0.58

0.64

0.17

0.15

0.50

0.35

0.49

or A B angle with age

[3 |||—|| B IV-III [3 V-IV B VI-V [3 VII-VI B VIII-VII

A B angle
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Table 72

Change in mandibular length (ar-pg) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: HaO)

TP3-TP2 4 3.43 0.84 2.46 4.13 0.00%

TP4–TP3 9 2.99 1.80 0.55 5.64 0.00%

TP5–TP4 7 3.51 2.59 1.06 8.80 0.01

TP6–TP5 4 3.05 1.08 2.16 4.55 0.01

TP7–TP6 4 1.51 1.42 0.12. 3.06 0.12

TP8–TP7 3 1.64 1.24 0.34 2.81 0.15

One standard deviation error bars for A ar-pg with age
17 I —1 l l

6.

5. -

4.

# 3.
2.

1 - º

O º

- 1 i n m m º i.

Md. |||—|| Mo. IV-III Md. V-IV Md. VI-V Mo. VII-VI Mo. VIII-VII

A mandibular length (ar-pg)
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Table 73

Change in vertical growth at ar (IPLi-ar) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H=0)

TP3-TP2 4 3.00 0.82 2.00 4.00 0.01%

TP4–TP3 9 3.28 1.46 1.00 5.00 0.00%

TP5–TP4 7 3.29 0.82 2.00 8.00 0.01%

TP6–TP5 4 2.50 1.87 0.00 4.50 0.08

TP7–TP6 4 1.63 1.25 1.00 3.50 0.08

TP8–TP7 3 1.17 0.76 0.50 2.00 0.12

One standard deviation error bars for A IPLl-ar with age
6 l I I l

5.

4

# 3.

2.

1.
m

O u u n n T I

|PLi-ar |||—|| |V-III V-IV V|-V VII-VI VIII-VII

A |PLi-ar
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4.- Changes in cranial base form

Table 74

Change in lateral cranial base angle (n-s-ba) between successive timepoints

Stage N Mean S.D. Min. Max. p (Ho: H-0)

TP3-TP2 4 1.21 0.99 0.44 2.65 0.09

TP4-TP3 9 0.97 1.04 -0.38 3.11 0.02

TP5–TP4 7 0.96 1.14 -0.33 3.28 0.07

TP6–TP5 4 0.30 0.54 -0.25 0.91 0.35

TP7–TP6 4 0.64 0.79 -0.47 1.33 0.21

TP8-TP7 3 0.80 0.30 0.46 0.99 0.04

One standard deviation error bars for A n-s-ba with age
2.5 l l _L l l

2.

1.5-

;
1.

O

n-s-ba Ill-ll |V-III V-IV VI-V VII-VI VIII-VII

A n-s-ba
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Table 75

Change in lateral cranial base angle (n-s-ar) between successive timepoints

Stage

TP3-TP2

TP4-TP3

TP5–TP4

TP6–TP5

TP7–TP6

TP8–TP7

N Mean S.D. Min. Max.

4 0.97 1.59 –0.86 2.45

9 1.64 0.99 0.05 3.25

7 0.89 1.69 - 1.50 3.14

4 1.12 1.30 –0.02 2.59

4 0.06 0.36 –0.38 0.49

3 -0.01 0.91 -0.97 0.84

p (Ho: H=0)

0.31

0.00+

0.21

0.18

0.75

0.99

One standard deviation error bars for A n-s-ar with age

*i-s,
|

*

n-s-ar lll-ll IV-III V-IV V|-V VII-VI VIII-VII

A n-S-ar
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V. DISCUSSION

The aim of this study was to examine facial growth longitudinally in the Macaca mu

latta monkey with specific emphasis on maxillary and mandibular growth. The mon

keys served as controls for studies of the effects of neuromuscular function on

craniofacial growth. The growth changes of the jaws are reported based on semian

nual observations of angular measurements from 1.5 to 5 years of age in 10 male

monkeys.

Previous studies have been in general mixed-longitudinal and have described facial

growth changes reported mainly as linear measurements. The facial changes have

generally been observed over shorter periods and the studies have mainly concen

trated on the overall changes (Elgoyhen et al., 1972; McNamara, 1972; McNamara

and Graber, 1975; McNamara et al. 1976). Schneiderman (1985) reported facial

growth longitudinally from birth to age 7.5 semiannually in 35 monkeys (males and

females) also using linear measurements. In addition he included, for the first time,

quantitative data using angular measurements on rotation of the jaws and the func

tional occlusal plane in monkeys. The common use of linear measurements to des

cribe cranio-facial growth, provides only limited information as to the relationships

between the anatomic structures, the changes in these relationships, and must be

adjusted for size differences between animals. Angular measurements instead yield

information as to position and relationships and are not affected by size.

The present study includes both cross-sectional summary descriptive statistics for

each of the 24 structural variables (Tables 9 to 32), and a longitudinal analysis of all

the measurements which have been the main focus of this thesis (Tables 34 to 75).
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A. CROSS-SECTIONAL FINDINGS

The general trend of facial growth in the Macaca mulatta monkey is characterized by

an increase in facial prognathism with time. This increase is greatest for the maxilla

and is on average about 14 degrees, while mandibular prognathism increases only

half as much (7 degrees). This results in an average increase in sagittal jaw relation

ship of 7 degrees. The greater increase in maxillary prognathism can in part be ex

plained by the way prognathism is measured namely to prosthion which becomes

more prominent as the maxillary incisors procline during growth and increases as

the teeth become more proclined. As no clearly defined anatomical anterior nasal

spine is present in monkeys, prosthion was chosen to represent the maxilla ante

riorly. Thus, this measurement includes both the change in maxillary prognathism

and the change in maxillary alveolar prognathism. The same phenomenon therefore

also affects the sagittal jaw relationship. A similar high correlation between maxil

lary and mandibular growth has been reported by Schneiderman (1985). His

measurements, however, do not represent the actual positional change between the

maxilla and mandible, as they are linear measurements, but instead reflect the

relationship between the increments in length of the maxilla and mandible over time.

The increased proclination of upper and lower incisors relative to the maxilla and

mandible over time is associated with a simultaneous increase in maxillary and

mandibular alveolar prognathism. This increase in incisor inclination is greatest

between 1.5 years and 3 years of age and amounted to 27 degrees in the maxilla and

22 degrees in the mandible. Between 3 and 5 years the increase in upper incisor in

clination on average is approximately 1 degree and 2 degrees in the mandible. In

other words the primary incisors in the 1.5 year old monkeys are more upright than

the permanent incisors. As the permanent teeth erupt they gradually become more

proclined up until age 3 years, whereafter their inclination remains almost un
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changed. Concomitant with the proclination of the lower incisors the alveolar prog

nathism in the mandible also gradually increases until 3 years of age a total amount of

12 degrees. From this timepoint a decrease of 5 degrees can be observed until age 5.

[These changes in incisors inclination can be seen by superimposing the enclosed

transparencies (facial templates) along the NSL line registered at sella].

It may be speculated that these changes in incisor inclination, mostly completed by

age 3, may be associated with the maturation of the soft tissues, i.e. tongue, cheeks,

and lips. After this timepoint the relationship between soft tissue and dental arch is

more permanently established. From then on the changes in mandibular alveolar

prognathism are probably in response to the continued growth of the mandible and

the mandibular growth rotation. This concept is further supported by the observation

that the interincisor angle remains almost constant from 3 to 5 years of age, with an

average reduction of this angle of only 5 degrees. Similar observations of stability of

the interincisor relationship have been made in longitudinal human studies using

metallic implants (Björk et al. 1972).

The inclination of both upper and lower incisors relative to the anterior cranial base

is found to change in a way similar to that described for the inclination of the teeth

relative to the jaws. The greatest changes here are found to occur between age 1.5

and 3 years. This corresponds to very little change in the inclination of the nasal line

and the mandibular line over time in relation to the cranial base.

Slight proclination of the upper molar (about 5 degrees) and retroclination of the

lower molar (about 3 degrees) with a small closing of the intermolar angle (2 de

grees) is observed as the average change with time relative to the anterior cranial

base. This indicates that the molars follow the rotation of the jaws only to a limited
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degree. Similar stability of the molars in relation to the face has been reported in im

plant studies in human (Björk et al., 1972).

Dental changes in the rhesus monkey have been reported by McNamara and Graber

(1975), and McNamara et al. (1976). They found, using metallic implants, that the

greatest changes occur in infant and juvenile animals (up until 2 years of age). They

reported that the dental arch migrates mesially and that the lower incisors and canines

erupt upwards and forwards. The upper incisors and canines similarly migrate

mesially and erupt downward and forward. Similar eruption patterns were found in

the present study.

The inclination of both the maxilla and mandible is found on average to remain rela

tively stable over time with an average reduction in maxillary inclination of only 3

degrees and in mandibular inclination of only 1 degree. It is important, however, to

note that considerable individual variation is observed, so mean values are here rela

tively nondescriptive. As a result the stability of the maxillary and mandibular incli

nation the vertical jaw relationship on average remains almost unchanged. The sta

bility of the mandibular inclination was already reported by Pihl (1959), who mea

sured the changes in mandibular inclination to the cranial base. McNamara et al.

(1976) in their study reported only a slight change in the inclination of the maxillary

complex, in relation to the cranial base, which is in agreement with this study. They

also pointed out that the lower border of the mandible is very unstable and therefore

is not useful as reference structure in monkeys.

Maxillary and mandibular zones on average remain stable through the study period

(2.5 and 2.3 degree changes respectively). Similar observations are made for the go

nion angle that decreases only 3 degrees and for the B angle that remains almost

constant when measured to the lower border of the mandible. A gradually more
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vertical orientation of the ramus to the mandibular corpus has also been reported by

McNamara and Graber (1975) and Schneiderman (1985) who measured the up

righting of the posterior border of the ramus in relation to the mandibular implant

line. Mandibular length in this study shows a considerable increase (23 mm.) from

the initial timepoint (1.5 years of age) until 5 years of age.

The craniofacial morphology, in general, underwent minor changes during the study

period as also reported in the study of Schneiderman (1985), who states "the overall

shapes of the jaws and their dispositions relative to each other and the cranial base are

more or less maintained throughout ontogeny over long periods of time".

However, the changes of the parameters between timepoints are to some extent dis

torted, and do not fully demonstrate the actual growth changes as not the same mon

keys are analyzed at each stage and varying numbers of animals are included in the

sample at each stage, due to to incomplete records. For instance, the form of the cra

nial base remains almost unchanged, as seen by a mean cumulative increase of less

than 5% in the angles n-s-ba and n-s-ar, when the analysis is based on the longitudinal

data. If instead the analysis of the same parameters is made transversely, this change

is 10 degrees for the n-s-ba angle and 12 degrees for the n-s-ar angle. This finding

points to the necessity for analyzing the data not only cross-sectionally but also lon

gitudinally in order to obtain accurate information. If for example an animal, with an

extreme value for a certain parameter, is included in the data only at certain time

points, this extreme value may affect the mean values at those stages unfairly in

cross-sectional analyses of limited samples.
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B. LONGITUDINAL FINDINGS

The effects of growth are reflected by the changes in the cephalometric variables over

time. These changes can be expressed by the regression equations and R-squared

values (R2) that demonstrate the relationship between the respective parameter and

age (Table 33). Higher R2 values using the independent variable (X = age) in form of

X = logarithm of age suggests an exponential relationship between changes in

cephalometric measurements and age (Wonnacott and Wonnacott, 1984). In other

words linear changes in a cephalometric parameter, in particular an angular measure

ment that undergoes less change over time than a linear measurement, occur parallel

to exponential changes in age. It is possible by using this relationship between age

and a given cephalometric parameter, with a certain accuracy expressed by the

coefficient of determination, to predict the value of the dependent variable

(cephalometric measurement) at any point in time when the independent variable is

known. Extrapolating the dependent variable, however, beyond the observed values
of X (X1 ......... Xn) greatly increases the risk of an incorrect estimation.

The R-square values (R2), or the coefficients of determinations, for all parameters

with R2 values > 0.10 ranged from 0.151 to 0.695 (Table 33). For six variables this

coefficient was greater than 0.500 namely (a) maxillary prognathism, (b) sagittal jaw

relationship, (c) maxillary incisor inclination [NSL-ILs], (d) mandibular incisor in

clination [ML-ILi), (e) interincisal angle, and (f) mandibular length. These variables

better fit the linear regression against the logarithm of age of all the variables, and can

be predicted with greater accuracy. If the derived measurements are disregarded

(sagittal jaw relationship and interincisal angle), then the variables that changed the

most consistently with age were maxillary prognathism, proclination of the upper and

lower incisors, and mandibular length.
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The results of this study show that the general direction of facial growth in the rhesus

monkey is characterized by a predominant horizontal displacement over the vertical,

with a concomitant counterclockwise rotation of the jaws. Similar observations have

been made by Elgoyhen et al. (1972), McNamara (1972), McNamara and Graber

(1975), McNamara et al. (1976), and Schneiderman (1985).

The direction of maxillary displacement has been reported to be quite variable, with a

mean direction for the resultant vector of 51° in man and 10° in the rhesus monkey

(Björk, 1966; Schneiderman, 1985). In this study the direction of growth was not

examined, but it has been established that for each individual monkey this direction

over time does not change appreciably. The intensity of maxillary growth is found to

decrease after 4 years of age which is in agreement with the findings of Schneider

man (1985).

Mandibular growth was measured as the change in mandibular length from articulare

to pogonion, and by measuring vertical growth changes at articulare after

superimpositioning on the lower implant line. The results show that the growth ve

locity decreases after 4 years of age as in the maxilla. It is of interest to note that

mandibular length changes in this study are somewhat smaller (an average velocity

of 3.25 mm. per half-year from infancy until 4 years of age) than those reported by

Schneiderman (1985) who measured from pogonion to condylion (4.65 mm. per

half-year). This difference may be explained by differences in analysis technique

where Schneiderman (1985) used enlarged images (3x) which increases the accuracy

especially in linear measurements. The mean value for vertical growth at articulare in

the present study (3.02 mm. per half-year) is smaller than Schneiderman's value

(3.91 mm.) for vertical displacement at condylion, which may be explained by the

same phenomenon. However, both studies show a pronounced decrease in

mandibular growth velocity after 4 years of age.
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Facial growth in man is characterized by rotations involving both jaws, as described

by Björk (1955, 1966) and Björk and Skieller (1972). Similar observations have

been made in the rhesus monkey by McNamara (1972), McNamara and Graber

(1975), McNamara et al. (1976), and Schneiderman (1986). Simultaneously with

this rotation there is a continuous remodeling of the maxilla in man that normally is

greatest anteriorly (Björk 1955, 1966; Nielsen, 1987). Björk and Skieller (1972,

1977) reported that this type of bony remodeling is compensatory in nature and oc

curs with individual variation. They also observed that the direction of mandibular

rotation in man is forward, but that in certain instances a backward rotation can be

observed. Considerable compensatory remodeling along the lower border of the

mandible was also noted in most of the cases, which masked approximately half the

rotation. This remodeling included in most instances resorption of the posterior part

and apposition along the anterior part of the lower border.

The results of the present study demonstrate that craniofacial development in the rhe

sus monkey similar to man is characterized by rotations involving both the maxilla

and the mandible. The direction of these rotations in the rhesus monkey is found to

be more consistent than in man. A continuous forward or counterclockwise rotation

of the maxillary complex relative to the anterior cranial base is observed, on average,

between successive timepoints. Only three monkeys demonstrated a small degree of

backward rotation between some of the timepoints, however, these were isolated ex

ceptions and not the general trend. This rotation is associated with concomitant com

pensatory remodeling (as seen by the amount of intramatrix rotation) and tooth mi

gration.

The total rotation of the maxilla from 2 to 5 years of age was on average -4.23% of

which approximately 75% is masked by intramatrix rotation. During the interval from

3.5 to 5 years the average rate of rotation is only half the amount seen during the in
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terval from 2 to 3.5 years (-0.93% per half year versus -0.48%). This observation is in

agreement with Schneiderman (1985) who reports a gradual increase in the rate of

counterclockwise rotation with maximal activity occurring between 2.5 and 3.5 years

followed by a gradual decrease in the rate. The average velocities of rotation found in

this study (-0.93% and -0.48%) however, are only half of those reported by Schnei

derman (-1.929 and -0.96%) who pointed out that a great deal of variability is asso

ciated with this measurement.

The dentition responds to the rotation of the maxilla with greater eruption of the in

cisors than of the molars, as illustrated in Figs. 6 and 8. This differential eruption

leads to a clockwise rotation of the maxillary occlusal plane of 4.96% which further

masks the effects of the maxillary rotation. Because of this phenomenon the orienta

tion of the upper occlusal line remains relatively stable in relation to the cranial base

with a mean posterior rotation of only (0.71°). From 2 to 3.5 years of age the upper

occlusal plane rotates clockwise at a rate of 1.10° per half-year and only half as much

from 3.5 to 5 years (0.55%). A similar rotation pattern has been reported by Schnei

derman (1985) who suggests that there is a peak in the rate of reorientation of the

occlusal plane relative to the maxilla at about 3 years. The mean velocity values pre

sented in his thesis are slightly higher (1.40° and 0.78%), although he states that dur

ing the first three years of life there is great variability in this measurement. The

counterclockwise rotation of the maxilla also explains the smaller values found for

the changes in the inclination of the upper teeth when this inclination is measured

relative to the implant line instead of the nasal line.

A similar counterclockwise rotation of the mandible, which is greater in magnitude

than of the maxilla (-9.44% from 2 to 5 years of age), is a consistent finding between

successive timepoints. Only one animal showed a small posterior rotation of the

mandible between two timepoints, which may be attributed to measurement error.
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The mean total mandibular rotation rate is -1.87° per half-year from 2 to 4 years of

age, and only half of this amount (-0.99%) from 4 to 5 years. This is also in agree

ment with Schneiderman who reports a peak of rotational activity at 3.5 to 4 years of

age, although somewhat higher (-2.30°)

The counterclockwise rotation is likewise associated with a simultaneous compen

satory bony remodeling and tooth migration. The amount of intramatrix rotation on

average accounts for approximately 90% of the total mandibular rotation. The lower

occlusal line undergoes a total clockwise rotation of 10.23° in relation to the lower

implant line, which tends to mask the effects of the mandibular rotation. From 2 to 4

years of age the lower occlusal plane rotates on average 1.91% per half-year, and

from 4 to 5 years 1.30°. This is in close agreement with Schneiderman's findings,

who reports an average velocity of rotation of 1.67° per half-year for the period

between 1.5 to 3 year and 0.87° from 3 to 6 years with great individual variation.

Because of this pronounced rotation the tooth eruption is also more pronounced in

the posterior region of the mandible, as seen in Figs. 7 and 9.

The counterclockwise rotation of the mandible is the reason for the greater values

found in the inclination of the lower teeth when such inclination was measured rela

tive to the mandibular implant line instead of relative to the mandibular line

In summary it can be said that the growth rotation of maxilla and mandible di

minishes after 3.5 to 4 years of age as also observed by Schneiderman (1985). The

effects of the growth rotations on the inclination of the occlusal planes is to a great

extent masked by the dentoalveolar development in both jaws. The maxillary and

mandibular rotations are similarly masked by bone remodeling in the growing rhesus

monkey. These adaptative changes make the rotations difficult to detect on serial

cephalograms without the aid of metallic implants. Similar observations have to a
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certain extent been made in monkeys by McNamara et al. (1976) and Schneiderman

(1985), and by Björk and Skieller (1972) and Solow (1980) in humans. Hitherto,

however, theses changes have not been analyzed in detail in monkeys.

As already shown in this thesis, the different patterns of rotation observed in dif

ferent individuals during growth can be better understood if the rotation is divided

into three components: (a) total rotation, (b) matrix rotation, and (c) intrama

trix rotation. The proportion of intramatrix rotation in this study accounted for ap

proximately 75% of the total rotation observed in the maxilla and 90% of the total

rotation in the mandible. This finding has not been reported in the literature pre

viously.

The details of the eruption pattern of incisors and molars, regarding the changes in

inclination of these teeth over time, have been reported in this study as well as the

changes in the alveolar prognathism in the maxilla and mandible. It has been showed

that the interincisal angle decreased progressively until three years of age (ca. 30”) as

a result of the progressive proclination of the upper and lower incisors over time.

After this timepoint no major changes in the inclination were observed. The increased

proclination of the teeth is associated with increase in maxillary and mandibular alve

olar prognathism. Slight proclination of the upper molar (about 5 degrees) and retro

clination of the lower molar (about 3 degrees) with a small closing of the intermolar

angle (about 2 degrees) are reported as the average change with time relative to the

anterior cranial base.

New findings not previously reported refer to the consistency in the changes over

time of three of the measurements used in this study, namely maxillary prognathism,

proclination of the upper and lower incisors, and mandibular length.
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MAXILLARY GROWTH FOR
| 5–3 YEAR OLD

MAC4C4 MULATWA MONKEY NO8

Fig. 6.
Maxillary superimposition on implant line (IPLs)

The total maxillary rotation (rotation of NSL on the top of this figure), remodeling of
the nasal line and differential eruption of the teeth may be observed.

(The dotted teeth represent primary dentition)

----------------
= 1.5 years old
= 3.0 years old
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MANDIBULAR GROWTH FOR
1.5–3 YEAR OLD

MacACA MUL4774 MONKEY No 8

Fig. 7.
Mandibular superimposition on implant line (IPLi)

The total mandibular rotation (rotation of NSL on the top of this figure), remodeling
of the mandible and differential eruption of the teeth may be observed.

(The dotted teeth represent primary dentition)

----------------
= 1.5 years old
= 3.0 years old
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MAXILLARY GROWTH FOR
2.5-5 YEAR OLD

M4C4C4 MULATWA MONKEY No ||

Fig. 8.
Maxillary superimposition on implant line (IPLs)

The total maxillary rotation (rotation of NSL on the top of this figure), remodeling of
the nasal line and differential eruption of the teeth may be observed.

----------------
= 2.5 years old
= 5.0 years old
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MANDIBULAR GROWTH FOR
2.5-5 YEAR OLD

M4C4C4 MUL.A77A MONKEY No ||

;A-

Fig. 9.
Mandibular superimposition on implant line (IPLi)

The total mandibular rotation (rotation of NSL on the top of this figure), remodeling
of the mandible and differential eruption of the teeth may be observed.

----------------
= 2.5 years old
= 5.0 years old
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VI. CONCLUSIONS

A cross-sectional and longitudinal study of the craniofacial growth in ten male rhesus

monkeys over a period of three years using metallic implants and roentgenographic

cephalometric technique led to the following conclusions:

1. In the rhesus monkey, the maxilla and mandible are displaced in a forward and

downward direction during growth, with the horizontal displacement being

predominant over the vertical.

2. Maxillary and mandibular prognathism was found to increase over the whole time

span. These changes were less intense after 4 years of age.

3. The direction of maxillary sutural growth, as determined by the displacement of

the implants, was found fairly constant for each individual monkey.

4. The inclination of the palatal plane and the mandibular plane remained almost

constant over time indicating an almost unchanged vertical jaw relationship.

5. Mandibular form on average remained constant but the cranial base showed a

slight progressive flattening.

6. The measurements that changed most consistently with age were the increase in

maxillary prognathism, the proclination of the incisors (upper and lower), and the

length of the mandible.

7. Maxillary and mandibular vertical displacement was associated with anterior or

counterclockwise rotation ("total rotation").
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8. The total mandibular rotation was found to be twice as great as the total maxillary

rotation. This rotational activity of the jaws diminished after 3.5–4 years of age,

coinciding with similar less growth changes in other areas after that timepoint.

9. The change in inclination of the palatal plane and the lower border of the

mandible, i.e. the "matrix rotation", was very limited and amounted

approximately to only 25% of the total rotation in the maxilla and 10% in the

mandible.

10. The "intramatrix rotation" or remodeling of the maxilla and mandible accounted

for approximately 75% of the total rotation in the maxilla and 90% in the

mandible.

11. The relative difference between anterior and posterior vertical dentoalveolar

development, as determined by the maxillary and mandibular zones, changed little

over time. Both the upper and lower occlusal planes were found to rotate

clockwise when measured relative to the implant lines. The intensity of this

rotation was about twice as great in the mandible as in the maxilla. The vertical

dento-alveolar development was found to almost completely mask the

counterclockwise rotation of both jaws.

12. The interincisal angle decreased continuously until 3 years of age as a result of

the increase in proclination of the permanent incisors in maxilla and mandible.

The intermolar angle remained almost unchanged and diminished on average only

2.69 during the whole study period.
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