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Purely descriptive studies of tooth size and developmental timing, though
useful in their own right, fail to explain the extent to which size and timing
are dependent upon endogenous and exogenous factors, respectively. For
such work, particular research designs must be selected. Nutrition can be
explained within a population where one or more nutritional parameters can
be quantified. Genetic factors can be investigated both between populations
(if nutritional status is known) and within populations, using sibling and
twin comparisons and correcting for attenuation due to measurement error.
Sex-specific sibling comparisons (sister-sister, brother-brother) and parent-
child comparisons (father-daughter, father-son, etc.) help to uncover X-
and Y-linked genetic mediation.

S. M. G.

Genetic, Nutritional, and Maturational Correlates
of Dental Development

STANLEY M. GARN, ARTHUR B. LEWIS, and ROSE S. KEREWSKY
Fels Research Institute, Yellow Springs, Ohio

It is remarkable how little we still know about the many determinants of dental develop-
ment. Genes, hormones, and calories must all play some role, but how much and to what
effect on size, morphology, growth rate, and occlusal arrangement?

There appear to be rather large racial differences in tooth eruption timing, differences
in excess of 10 per cent, when Chinese, whites, Negroes, Amerinds, Asiatic Indians, and
Eskimos are all compared.' 4 Since the most advanced eruption appears to exist in least-
favored groups, the genetic hypothesis perhaps reasonably stands.

Tooth size appears to be gene-determined, at least on a population basis. Both the
largest teeth in the world and the smallest belong to hunting and gathering peoples of
the bush.5' It is possible that tooth size may also be influenced by nutrition. It is true
in the rat, but with respect to man such a suggestion appears unlikely and as yet barely
possible even for eruption timing.7

Most developmental parameters are clearly and unequivocally affected by extremes
of nutrition. Fat children, for example, grow faster, mature earlier, and have advanced
bone ages and earlier epiphyseal union.9-13 But what of dental development? Here we are
in a conceptual and statistical marsh. Logan and Kronfeld thought that dental develop-
ment ought to go hand in hand with general development,'4 but they had no proof. Of
the various studies that have attempted to correlate somatic and dental development,'5-18
most have obscured the true relationships by giving age-inconstant correlations.'9 Except
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DENTAL DEVELOPMENT CORRELATES 229

for ongoing and still unpublished studies by Fess20 and Sweeney,21 nutritional status has
not yet been put together with dental development in man.

Under these circumstances it appears appropriate to consider genetic, nutritional, and
maturational correlates of dental development in a single population sample, intensively
studied from all three points of view, and where the extra-dental variables considered
were not expedients but carefully selected data from an ongoing longitudinal program of
developmental research.

Materials and Methods
Measurement of tooth size, tooth calcification and movement rates, somatic matura-

tion, body size, fat storage, osseous development, and sexual maturation were made on
a serial basis on regular participants in the Fels Longitudinal Studies. All subjects were
white, from southwestern Ohio, and primarily of northwest European ancestry.

Tooth size was measured as the mesiodistal crown diameter, using ground-tip vernier
calipers with 0.1 mm. readout. All available permanent teeth in all four jaw quadrants
were measured on casts, generally taken after completion of second molar emergence.22' 23
Replicability of tooth measurements exceeded 0.99, with RMS measuring errors of from
0.12 to 0.24 mm., depending upon tooth class, and a replicability coefficient for all classes
of teeth approximating 0.99.

Dental development (tooth formation and tooth movement) was determined as the
age of appearance of specified stages of cusp, crown and root development, tooth move-
ment, and apical closure, all determined in serial, longitudinal, oblique-jaw radiographs,
usually without interpolations.24' 25 Replicability of these measures of dental development
approximated 0.99.
Body size was represented by recumbent length in infancy and stature thereafter.

Weights were corrected to nude weights."9
Osseous development was represented as (a) number of hand-wrist centers present at

various ages in infancy and childhood,26 (b) age at appearance of the distal epiphysis of
the fourth digit,27 (c) conventional assessments of "bone age," using the Greulich-Pyle
standards described in detail in their monograph,28 and (d) the age at complete union of
the proximal epiphysis of the tibia.29' 3 Reliability of each of these measures of osseous
maturation has been shown to exceed 0.97 under the conditions of this study, with a re-
liability coefficient of 0.99 for assessments based on the number of ossification centers
present.
Body fat, a direct measure of the caloric excess, was measured as the thickness of the

fat shadow at the level of the tenth rib, taken on standard postero-anterior chest roent-
genograms.12, 31 The reliability of this simple direct measurement of body fat, as well as
the basic relationship between fat and growth progress, has previously been discussed in
detail.12' 32, 33

Pattern comparisons, that is, "relative" or T-scored sex-specific tooth-size patterns,
were further compared in siblings of like sex and unlike sex in order to ascertain the extent
of genetic control of the patterns of tooth size and the extent of non-genetic modification
of specific pattern segments in monozygotic twins. The statistic O-dt was employed as a
numerical measure of pattern similarity, with a 0rdt value of zero representing complete
pattern identity.34

Wherever appropriate, the variously skewed and non-normal raw distributions were
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230 GARN, LEWIS, AND KEREWSKY

converted into T-scored distributions, normalized by McCall's method as described by
Johnson35 and validated by Lacey36 (see Table 1). This procedure made possible combined-
sex correlations using sex-and-age- or age-aixd-stage-specific normalized T-scores, either
by hand calculation or by using the IBM 1620 electronic computer.

Certain methodological points merit clarification. With the narrow tolerance limits for
scheduling in force for the Fels Longitudinal Studies,19 interpolation of values was not
needed. Again, since premature loss of dm2 or M1 and/or extensive caries were both rare
as compared with other studies,37 such cases were deleted from the tabulations referring
to movement of the second premolar and molar. Of the total number of measurements
and observations employed on an intralineage, cross-sib basis, only menarche (i.e., the

TABLE 1

PROCEDURES USED IN ASSESSING DETERMINANTS OF DENTAL DEVELOPMENT

Measurement Technique

1. Tooth size ........ Mesiodistal crown diameters

2. Tooth formation......

3. Ossification status ....

4. "Bone age" .........

5. Tibial union ..........

6. Lower thoracic fat....

7. Normalized T-scores ..

8. Pattern analysis......

Age at appearance of specified stages of crown
and root development, movement and com-
pletion

Number of hand-wrist centers in comparison to
Fels Longitudinal standards

Age-equivalent of the hand skeleton in compari-
son to the Brush Foundation standards

Age at complete union of the proximal epiphysis
of the tibia

Thickness of the fat shadow at the level of the
10th rib as measured in standard chest plates

Skewed or non-normal raw distributions con-
verted into fully normal T-scored distribu-
tions with mean 50 and S.D. 10

Comparison of relative (T-scored) tooth-size
patterns to determine extent of sibling simi-
larity
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age of the first menstruation) depended upon parental and child recall, and here the
average error may be estimated as less than 1.5 months, with semi-annual visits to Fels.

With five or more developmental stages of five posterior teeth involved, all possible
sex-specific correlations could obviously not be presented here. Accordingly, a choice of
tooth stages was made to encompass the total age range involved. In similar fashion,
choices had to be made among the forty age-specific weight or size values per child. Again,
selection was designed to provide representative information, covering an eighteen-year
period.
The present studies relate to genetic, maturational, and nutritional correlates of dental

development in a given population sample of well-nourished, semi-urban American whites.
While the data so obtained provide a good estimate of the relative weighting of genetic
and non-genetic parameters, it should be recognized that they apply specifically to the
particular population segment. The extent of non-genetic involvement may be greater
in other populations exhibiting a greater variability in caloric intake or a higher propor-
tion of individuals on suboptimal diets.
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DENTAL DEVELOPMENT CORRELATES 231

Results
NUTRITIONAL CORRELATES OF DENTAL DEVELOPMENT.-The study of nutritional, matu-

rational, and genetic correlates of dental development was begun by comparing the degree
of fatness with the rate of dental development. The fat measure (lower thoracic fat3)
was chosen for several reasons. First, extensive study had shown that the subject popula-
tion was well nourished, with no limiting nutrients; major nutritional variability resided
in the caloric balance. Second, previous investigations on these subjects had shown system-
atic, moderate correlations between fatness (as here measured) and size, growth rate,
and maturational timing throughout childhood and adolescence.'2'

Correlating lower thoracic fat, normalized to eliminate skewness3' at four selected ages
with age-appropriate stages of calcification, eruption, and completion of P1-M3, two ob-
servations could be summarized, as shown in Table 2. First, the majority of the correla-
tions were in the expected direction, i.e., negative, showing that fatter children were

TABLE 2

RELATIONSHIP BETWEEN BODY FAT AND TOOTH FORMATION
TIMING IN CHILDHOOD AND ADOLESCENCE

Boys GIRLS
TOOTH AND STAGE FAT CORRELATION
OF DEVELOPMENT

N r Nr

Pi, beginning calcification.... LT fat at 3. 5 years 34 -0.01 14 -0. 12
M2, beginning calcification ... LT fat at 3.5 years 38 -0.05 16 +0.01
Pi crown completion........ LT fat at 6.5 years 67 -0.16 49 -0.11
Ml, alveolar eruption........ LT fat at 6.5 years 41 0.00 26 -0.19
Pi, alveolar eruption...............LT fat at 9.5 years 38 -0.06 30 +0.21
M3, beginning calcification ... LT fat at 9.5 years 58 -0. 19 46 -0.20
Pi, apical closure ............ LT fat at 13.5 years 19 +0.20 9 +0.07
M2, apical closure ........... LT fat at 13.5 years 15 -0.24 8 -0.25

Mean r ...................................... 310 -0.08 198 -0.08

earlier in tooth formation (x2= 4.0). Second, the correlations, though in the expected
direction, were uniformly low, averaging approximately 0.10 throughout.

Accordingly, it was possible to say that the degree of fatness, representing the caloric
balance, is associated with dental development, fatter children being advanced in this
respect as they are in somatic growth and sexual maturation. Second, the relationship
between the caloric excess and dental development is low, the teeth being about one-
third as responsive to nutritional status as ossification timing or epiphyseal union.
GROWTH CORRELATES OF DENTAL DEVELOPMENT.-Rates of dental development were

next compared with a variety of measures of body size, ossification status, and matura-
tional timing, separating the latter into prepubertal and pubertal measures, since ossifica-
tion rates and epiphyseal union for the same centers are essentially unrelated.30 38

Taking body size first, and using selected ages corresponding to particular stages of
dental development,24' 25 it is clear that taller or heavier children are slightly advanced
dentally, as evidenced by generally negative correlations. Of the total of 52 age-stage and
sex-specific correlations, 45 were negative, and the resulting distribution (45: 7) was un-
questionably significant as compared with the chance (26:26) distribution (see Table 3).
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232 GARN, LEWIS, AND KEREWSKY

Thus taller boys and girls and heavier boys and girls are advanced in tooth calcification
movement and completion, just as Psyche Cattell showed for tooth eruption many years
ago.39 However, the correlations are not high in any event, and the trend would not have
been certain for any single age or any one stage of tooth development. But it may be
added that neither the nutritional correlates described above nor the parental size factor
account for the correlations as shown by the technique of partial correlations. Bigger
children are dentally advanced, though only slightly, and the reasons why are still obscure.

Very much the same picture emerges when ossification status is taken into account,
as shown in Table 4. Using a variety of conceptually independent measures, advanced
osseous development is associated with earlier dental development. This is less true for

TABLE 3

CORRELATION BETWEEN BODY SIZE AND TIMING OF DENTAL DEVELOPMENT

TooT AND STAGE
OF DEVELOPMENT

P1, beginning calcification....
M1, crown completion.......
Pi, crown completion........
M2, crown completion.......
P1, alveolar eruption.......
Pi, occlusal level............
P2, alveolar eruption.........
M2, alveolar eruption........
P2, occlusal level............
M2, occlusal level...........
Pi, apical closure............
P2, apical closure............
M2, apical closure...........
M2, crown completion.......

Mean values all stages*..

MEAN AGE
FOR STAGE

2.0
4.2
7.3
8.8
9.9
10.6
10.7
10.9
11.7
12.3
12.8
13.8
14.8
14.8

Height

N r

88 -0.1
100 -0.0
93 -0.2
82 -0.2
44 -0.2
34 -0.2
32 -0.2
40 -0.1
25 -0.5
26 -0.5
24 +0.3
16 -0.0
20 -0.4
32 -0.4

474 -0.1

Boys

Weight

N r

L2 89 -0.19
)8 100 -0.17
.3 92 -0.15
!4 82 -0.24
!4 44 -0.29
!0 34 -0.39
!6 32 -0.42
.6 40 -0.27
5 25 -0.21
;3 26 -0.32
6 24 +0.17
)5 16 +0.26
[3 20 -0.45
3 32 -0.24
6 249 -0.22

* Mean r from weighted mean z transforms.

the number of centers present at 2.0 and 3.5 years; it is more certain for the time of ap-

pearance of the distal epiphysis of the fourth digit and especially in the conventional atlas
measure of "bone age," at 8.5-9.5 years of age.

Bigger children and children with more ossification centers and earlier appearance of
a key center or advanced bone age in prepubertal life thus prove to be advanced dentally.
MATURATIONAL CORRELATES OF DENTAL DEVELOPMENT.-Turning finally to the period

of sexual maturation and steroid-mediated developmental events on the same children
described in the previous sections, we see that there is a more clear-cut evidence of somatic-
dental relationships. Generally, earlier osseous union or earlier sexual maturation are

associated with earlier tooth movement and completion.
For both sexes the timing of union of the proximal epiphysis of the tibia correlates

relatively highly with dental development (Table 5). This is, of course, a highly specific
osseous measure as distinguished from an averaging one, and it is clearly steroid-mediated

(though with considerable intra-individual variability, as we have elsewhere shown).29 30

GIRLS

Height

N r

62 -0.08
66 -0.23
74 -0.30
80 -0.34
46 -0.09
34 +0.16
32 -0.17
39 -0.26
22 +0.12
17 +0.14
15 -0.20
12 -0.55
14 -0.56
18 -0.55

385 -0.14
1

Weight

N r

62 -0.01
66 -0.25
74 -0.21
80 -0.26
46 0.00
34 +0.19
32 -0.22
39 -0.36
22 -0.09
17 -0.10
15 -0.09
12 -0.22
17 -0.49
18 -0.45

385 -0.14
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TABLE 4

OSSIFICATION STATUS, "BONE AGE," AND THE TIMING OF DENTAL DEVELOPMENT

TOOTH AND STAGE
OF DEVELOPMENT

Pi, beginning calcifica-
tion.

P2, beginning calcifica-
tion................

M2, beginning calcifica-
tion................

Pi, crown completion ...
P2, crown completion.
Ml, crown completion..
M2 crown completion.
M3, crown completion..
M3, beginning calcifica-

tion ................
M2, crown completion..
Ml, apical closure......
P2, crown completion...

Mean values all
stages ..........

CORRELATED WITH

Number of carpal centers at 2 yrs

Number of carpal centers 3.5 yrs

Number of carpal centers 3.5 yrs
Time of appearance of Distal IV
Time of appearance of Distal IV
Time of appearance of Distal IV
Time of appearance of Distal IV
Time of appearance of Distal IV

Bone age at 9. 5-d 8. 5- 9
Boneageat 9.5- 8.5-9
Bone age at 9.5-c 8.5- 9

Bone age at 9.5-dc 8.5- 9

TABLE 5

CORRELATIONS BETWEEN EPIPHYSEAL UNION AND TIMING OF DENTAL DEVELOPMENT

(Union of the Proximal Epiphysis of the Tibia)

MEAN AGE FOR STAGE Boys GIRLS

TOOTH AND STAGE OF DEVELOPMENT

Boys Girls N r N r

Ml, crown completion ............... 4.3 4.0 39 0.10 24 0.23
Ml, alveolar eruption ...... ......... 5.8 5.7 22 0.17 15 0. 70
Ml, occlusal level ................... 6.9 6.9 18 0.49 9 0.54
Pi, crown completion ...... ......... 7.4 7.2 46 0.17 39 0.52
P2, crown completion ...... ......... 8.2 8.0 45 0.20 43 0.20
M2, crown completion ............... 8.9 8.7 50 0.25 51 0.42
M 3, beginning calcification . 9.0 9.0 42 0.31 44 0.09
Pi, alveolar eruption ................ 10.1 9.7 26 0.13 27 0.50
Ml, apical closure ........ .......... 10.3 10.6 30 0.06 23 0.19
Pi occlusal level ........ ........... 10.9 10.3 19 0.09 18 0.35
P2, alveolar eruption ................ 11.1 10.3 16 0.33 20 0.55
M2, alveolar eruption ....... ........ 11.2 10.7 22 0.19 23 0.73
P2, occlusal level ........ ........... 12.2 11.3 13 0.22 15 0.57
M2, occlusal level ......... .......... 12.7 11.8 15 0.30 11 0.66
Pi, apical closure ......... .......... 13.0 12.5 15 0.28 11 0.07
P2, apical closure ......... .......... 14.1 13.4 12 0.60 11 0.23
M2, apical closure ............ ...... 15.0 14.6 17 0.37 1 1 0.27
M3, crown completion ............... 14.6 15.2 28 0.56 16 0.34

MALE FEMALE COMBINED-SEX

N IN

45

45

50
57
56
50
57
23

44
54
36
48

N

41

47

48
45
46
34
53
16

39
46
18
37

r

+0.13

-0.16

+0.17
+0.02
-0.11
-0.09
-0.03
-0.12

-0.35
-0.23
-0.30
-0.28

-0.12

86

92

98
102
102
84
110
39

83
100
54
85

r

+0.05

+0.22

-0.08
-0.09
-0.08
+0.08
+0.20
+0.52

-0.25
-0.34
-0.02
-0.25

-0.05

+0.09

+0.08

+0.03
-0.02
-0.10
-0.01
+0.07
+0.13

-0.31
-0.27
-0.20
-0.28

-0.09
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234 GARN, LEWIS, AND KEREWSK d

For the female it was further possible to relate dental development to the age at me-
narche, i.e., the time of the first menstruation, a commonly used if not perfect measure of
sexual development in the female.
Though exhibiting variability both with respect to tooth and developmental stage

(see Table 6), tooth-menarche correlations do tend to be higher than those summarized
in the previous sections, averaging close to 0.26 over all. There is a suggestion that tooth
movement is particularly involved. These findings are somewhat complicated by the facts
that menarchial timing is itself (a) a partial function of nutritional status, as we have
shown elsewhere,12 and (b) a function of parental body size and lineage per se.13 Partial
correlations though calculated, do not appreciably alter the raw correlations given in the
tables.

Earlier maturing children of both sexes are thus advanced in dental development,
with the teeth more nearly resembling the bones in degree of responsiveness about the
time of puberty than during earlier developmental ages or stages of dental development.

TABLE 6

CORRELATIONS BETWEEN MENARCHE AND THE TIMING OF DENTAL DEVELOPMENT

Ml Pi P2 M2 M3

DEVELOPMENTAL STAGE
M

N r N r N r N r N

Beginning calcification. ..............
Crown completion.... 30 0.03 49 0.38 55 0.15 63 0.34 36 0.24 0.25
Alveolar eruption ... 19 0.37 32 0.47 23 0.31 28 0.60 33 0.20 0.40
Occlusal level......... 11 0.25 21 0.16 17 0.12 15 0.44 15 0.06 0.20
Apical closure ........ 30 0.17 15 0.07 14 0.18 15 0.29 12 0.13 0.17

Meanweighted r....... 0.18 ..... 0.33 ..... 0.18 ..... 0.41..... 0.14 .......

Movement of P2 and M2 may well be directly mediated by steroids of gonadal and adrenal
origin, though the final evidence must necessarily come from the study of specific endo-
crinopathies.

GENETIC CORRELATES OF DENTAL DEVELOPMENT AND TOOTH SIZE. In contrast to nu-

tritional correlates of dental development, which are low but in the expected direction,
and maturational correlates, which are low to moderate at best, genetic correlates are of
a reasonable order of magnitude and, with monozygotic twin pairs, about as high as theory
would allow.

For monozygotic twin pairs and triplet sets, our correlations for tooth calcification,
movement, and completion approximate 0.90. Since side-to-side concordance within indi-
viduals is not over 0.95,41, 41 the attained correspondence in single-egg pairs represents
the maximum attainable after attenuation. On the other hand, occasional monozygotic
twins may show poor correspondence for one or more teeth,42 particularly 12 and P2, just
as twin concordance may fall short of perfection with regard to agenesis of 12, P2, or M3.

Sibling comparisons for dental development similarly fall in the expected range, assuming
(as seems reasonable) multiplicative effects of independent but possibly linked genes.42 4
Pooling all our data involving over 1,000 individual but not independent pairings, sibling
similarities in tooth formation average close to 0.30, as shown in Table 7. There is no
evidence that the degree of genetic involvement differs from one tooth class to the other.

J. dent. Res. Supplement to No. 1
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DENTAL DEVELOPMENT CORRELATES 235

The over-all value of 0.30 given here probably represents a close approximation of the
true sibling similarity in dental development, since extraneous factors that would exag-
gerate sibling similarities (common nutrition, similar rates of somatic and sexual develop-
ment, etc.) are approximately offset by attenuation due to imperfect reliability videe supra).

But the over-all sibling similarity of 0.30, summarized from Table 7, conceals rather
important sex differences in dental development. Analyzing the data separately for sister-
sister correlations (SS), brother-brother correlations (BB), and sister-brother correlations
(SB), we find that the ranking is clearly SS > BB and SB.44 45 Based on approximately
1,100 sex-, age-, and tooth-specific pairings for developmental timing, sister-sister correla-
tions approximate 0.50, brother-brother correlations 0.30, and brother-sister correlations
average near 0.25, as summarized in Table 8.

Following an original exchange of papers in Nature and subsequent correspondence with
Professor Mather44 45 concerning the probable role of the X chromosome, we were then
more than interested to discover the same over-all trend (SS > BB > BS) in our data on
tooth size for the same subject population.46 As given in Table 9, sister-sister correlations
were clearly the highest (0.64), brother-brother correlations next (0.38), and sister-brother

TABLE 7

SIBLING SIMILARITIES IN TOOTH FORMATION TIMING

Mandibular
Tooth

P1 ............
P1 ............
pi ............
pi ............
P2.
P2 ............
P2 ............
ml ...........
ml ...........

ml ...........

ml ...........

ml ...........

M2............
M2 ...........

M2...........

M3..........
Weighted
mean r.

Formation Stage

Beginning calcification
Root formation
Alveolar eruption
Occlusal level
Beginning calcification
Root formation
Alveolar eruption
Beginning calcification
Root formation
Apical closure
Alveolar eruption
Occlusal level
Beginning calcification
Root formation
Alveolar eruption
Beginning calcification

No. Sib-
ling Pairs

99
116
32
19

119
99
17
95
111
29
26
18

131
101
29
73

Correlation
(r)

0.33
0.26
0.23
0.29
0.19
0.18
0.41
0.21
0.40
0.45
0.50
0.35
0.14
0.34
0.50
0.11

0.28

TABLE 8

X LINKED INHERITANCE OF TOOTH
CALCIFICATION AND MOVEMENT

Sibling Correlation

Sister-sister (SS)........
Brother-brother (BB)....
Sister-brother (SB)......

Number of
Correlations
Involved

9
12
14

Number of
Individual
Pairings

177
403
579

Mean
Weighted

r*

0.51
0.29
0.24

* From mean weighted z transform of r.
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236 GARN, LEWIS, AND KEREWSKY

correlations the lowest (0.21). With but one exception out of 14 teeth compared, sister
correlations exceeded brother correlations. And in 9 out of 14 cases, brother-brother corre-
lations exceeded cross-sex correlations. The data presented in Table 9 are sufficiently con-
vincing to us to raise the hypothesis of X-linkage once more, wherein sisters (possessing
the paternal X chromosome in common) are necessarily more alike in tooth size than
brother-brother or sister-brother pairings.

Further data analysis, on a sex-specific basis, showed that intra-girl correlations for
tooth size, like intra-girl correlations for tooth formation timing and for osseous develop-
ment as a whole, were higher than the comparable intra-boy correlations. That is to say,
girls are more consistent intra se in tooth size, and they are more consistent intra se in

TABLE 9

EVIDENCE FOR X-LINKED INHERITANCE OF TOOTH SIZE
(MESIODISTAL DIAMETERS)

SISTER-SISTER BROTHER-BROTHER SISTER-BROTHER
CORRELATIONS CORRELATIONS CORRELATIONS

TOOTH RANKING

N r N r N r

Maxilla:
I......... 13 0.52 46 0.44 70 0.18 SS>BB>SB
I2.. 12 0.65 45 0.06 67 0.14 SS>SB>BB
C ...... 10 0.53 26 0.67 43 0.28 BB>SS>SB
pl ...... 10 0.66 43 0.59 62 0.19 SS>BB>SB
p2 ........ 7 0.72 39 0.49 49 0.10 SS>BB>SB
Ml ....... 13 0.63 43 0.26 65 0.06 SS>BB>SB
M2 ....... 7 0.82 17 0.19 35 0.27 SS>SB>BB

Mandible:
L ........ 13 0.76 42 0.48 65 0.20 SS>BB>SB
I2 ..... 13 0.71 46 0.33 70 0.36 SS>SB>BB
C ........ 9 0.74 38 0.35 62 0.40 SS>SB>BB
P1..... 10 0.61 37 0.57 60 0.19 SS>BB>SB
P2..... 9 0.55 31 0.46 49 0.27 SS>BB>SB
Ml ....... 10 0.46 45 0.22 60 0.22 SS>BB-SB
M2 ....... 4 0.70 17 0.33 25 0.04 SS>BB>SB
Weighted

r..... )0.64 ....... 0.38 0.21

developmental timings of all kinds. Following information theory, which today provides
a further understanding of the genetic "code," the greater consistency within girls may
be attributed to the informational redundancy derived from the reduplication or pairing
of X-linked genetic material, a conclusion which we have discussed in detail elsewhere.46

Pattern analysis, involving the T-score profile patterns for tooth size, similarly gave
evidence for genetic control, siblings being far more alike in the tooth-size profile pattern
than the unrelated pairs of like sex, and monozygotic twins even more alike (Fig. 1). It
may be noted, however, that occasional monozygotic twin differences for a particular
pair of teeth, especially P2, exceeded expectancy, being > T 10 (that is, greater than
1 S.D.). We feel that such localized and occasional divergences from genetic theory need
serious study, particularly with reference to the actual twins involved. Despite their
zygotic identity, monozygotic twins do not necessarily share identical intra-uterine exist-
ences. And, as we have come to realize, size differences at birth (attributable to differential
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intra-uterine competition) are by no means necessarily erased in later extra-uterine exist-
ence. Often the smaller twin at birth remains smaller throughout life. A hazardous pre-
natal existence is not easily overcome, and the teeth and imperfect twin concordance in
the teeth may preserve such evidence, not just in developmental timing and size but
even in cusp pattern and crown morphology.

However much the evidence may be for X-linkage in relation to (a) tooth formation
and (b) tooth size, as detailed in Tables 7-9, there is at least one dental phenomenon that
suggests a different basis, and that is the sexual dimorphism in canine tooth size. Such
dimorphism is well known in mammals. In anthropoids it may be extreme; males tend to
have large "fighting" canines (though this obviously varies both between species and
within species).

to UPPER 70 UPPER TO UPPER

3'0- > 5' C 63560 h 'An 60 60 i148W9

L O

1III
WERL WE2 O3E

40 4014

30 30 30 I% V,
V %l

o 20 20 20
M2"I P2 PiC 12 11 II 12C 9PI M,2M M 2MlP2 PIC 12 11, 11 P~ic PMlM2 M1PC 11I2 IMM0w70. 7O-T 2MlP iC70' 2M
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FiG. .o fTscoreprofile patterns for tooth size of monozygotic triplets (left), like sexed siblings (center),
and unrelated like-sexed pairs (right). Although pattern identity is not always complete in monozygotes (see
text), the larger the proportion of genes held in common, the closer the similarity in tooth-size patterning,
both with respect to profile and level.

On the average the canine-size dimorphism in man (ca. 5 per cent) is larger than the
size dimorphism for the other teeth (ca. 3 per cent).47 But these averages ignore intra-
lineage differences. After all, the females of large-toothed families will have larger canines
than do males from small-toothed families! So pooling the data obscures the true sex
differences.

When, however, canine-size dimorphism is explored entirely within sibships, as shown
in Table 10, at least three phenomena may be cited. First, the magnitude of the canine-
size dimorphism rises, on the average, to 7-8 per cent; second, individual sex differences
within sibships may be as large as 20 per cent (cf. Subjects 237 and 265 in Table 10);
and last, there is excellent correspondence between the jaws. Lineages characterized by
little sexual dimorphism in the maxillary canines also exhibit little sexual dimorphism in
the mandibular canines.

Evidence for genetic control of dental development is therefore excellent, not just for
autosomal genes, but for sex-linked genes as well. The higher sister-sister correlations for
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developmental timing and tooth size strongly suggest X-linkage. But the extent of canine-
size dimorphism, which we may take to be presteroidal in nature, is at least presumptive
evidence for Y-linkage. Clearly the type of sibling comparison (brother-brother, brother-
sister, sister-sister), like the type of parent-child comparison (father-son, father-daughter,
etc.), will loom large in future expansions of dental genetics.

TABLE 10

BROTHER-SISTER DIFFERENCES IN CANINE TOOTH SIZE

MAXILLARY CANINE

9

7.1
7. 1

7.4
8.2
7.3
7.7
7.4
7.4
8.2
7.2
6.5
7.2
6.5
6.9
7.1
6.9
7.1
7.6
7.5
7.1
7.1

Diff.

1.1
1.1
0. 1

0.1
0.7
0.3
0.4
0.4

-0.4
-0.1
0.6

-0.4
0.3
1.4
1.2
1.3
1.1
0.0
0.3
0.4
0.7

8.3%o

MANDIBULAR CANINE

7.6
6.8
6.2
7.0
6.8
6.8
7.2
6.7
7.0
5.9
5.9
6.0
6.0
7.2
7.2
7.1
7.1
6.7
6.8
6.5
6.5

9

6.1
6.1
6.4
7.0
6.1
6.0
6.5
6.4
6.9
6.2
5.8
6.2
5.8
6.3
6.3
6.3
6.3
6.7
6.5
5.7
5.7

Diff.

1.5
0.7

-0.2
0.0
0.7
0.8
0.7
0.3
0.1

-0.3
0.1

-0.2
0.2
0.9
0.9
0.8
0.8
0.0
0.3
0.8
0.8

7.5%

Discussion
The most important generalization from our six years of research on the determinants

of dental development concerns the involvement of genes. Taking tooth size into consider-
ation, as well as calcification timing, tooth movement, and attainment of the occlusal
level, by far the largest portion of variance is explained by genes held in common. If we
correct for that portion of variance attributable to measuring errors of all sorts (including
readout error and errors of coding), which we estimate to be as high as 10 per cent, then
up to 90 per cent of the residual variance may well be gene-determined.

This generalization applies to the particular dental variables mentioned: mesiodistal
crown diameter; cusp, crown, and root calcification; alveolar and gingival eruption; and
the attainment of the occlusal level. It also applies, as well as we can discern, to the for-
mation sequence polymorphism P2M2/M2P2,48 to the size-sequence polymorphism M1>
M2/M2 > M1,23 49 and to the magnitude of canine dimorphism.

Moreover, the data do more than prove that siblings are alike, and monozygotic twins
more so, in dental development. The prevailing trend is for sister-sister correlations (SS)
to exceed brother-brother (BB) and brother-sister (BS) correlations in order of magnitude,

SUBJECT No.

Brother

237
352
87

213
197
324
215
4

189
223
223
246
246
177
177
206
206
114
154
153
270
Mean dif-

ference

Sister

265
265
56

271
279
277
191

3
255
126
151
126
151
233
263
233
263
72

221
313
313

8.2
8.2
7.3
8.3
8.0
8.0
7.8
7.8
7.8
7.1
7.1
6.8
6.8
8.3
8.3
8.2
8.2
7.6
7.8
7.5
7.8
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i.e., SS > BB > BS. Such a trend is demonstrable both for tooth formation and for per-
manent tooth size, taking 28 teeth into consideration. The most economical and currently
most plausible explanation is that of X-linked inheritance, which we have discussed both
in press and in private with Professor K. Mather.44-
The X chromosome also appears to be involved, but in a different way, in the consist-

ently higher intra-girl correlations. We had previously observed that girls were more con-
sistent intra se in dental development. However, the same trend reappeared in crown
size.46 As with ossification timing, it would appear that the paired X chromosomes of the
female give her "informational redundancy" and hence steer her on a more consistent
developmental course than is true for the boy. But the canine-size dimorphism, even more
than the sex dimorphism in tooth size in general, at least hints at Y-chromosomal involve-
ment.47 This sexual dimorphism, which clearly antedates the developmental timing of
steroidal differentiation, is even more dramatic within sibships than between them, tooth
size per se thus being cancelled out. If truly Y-linked, it must be transmitted from father
to son, and therefore the size ratio C :Pi within lineages becomes the crucial next test.

But all is not genes, and, despite the sibling and twin comparisons, there are pairings
where the genetic hypothesis takes a beating. We have seen monozygotic twin pairs dis-
cordant in formation timing of a single tooth, in the size of one or two teeth, in cusp
number or crown morphology of a particular tooth, or in concordance for absence of '2
or P2. Significantly, the discordance was only part of a pattern, not the pattern as a whole.
We have seen occasional twin discordances in ossification timing which have led us to
consider further the prenatal histories of the aberrant member. We believe that the dis-
cordant twin, or the always smaller "junior" member of a monozygotic triplet set, will
help to explain the source of unexpected discordances in tooth development, morphology,
and patterning.
We have explored the relationship between dental development and somatic and sexual

development in complete longitudinal fashion, starting at one month and terminating the
comparisons long after the completion of osseous union. Extra-dental variables have in-
cluded length, weight, ossification timing, "bone age," osseous union, menarche, etc. With
25 tooth and development stages (5 X 5) and more than 50 age-specific measures of
growth and maturation, only a fraction of the matrix of 2,500 correlations could be sum-
marized here. Yet the selected age-, sex-, and stage-specific comparisons clearly show that
prepubertal relationships between tooth-formation timing and somatic development,
though in the expected direction, are of a low order of magnitude. At the time of maximum
steroidal differentiation, however, dental and sexual maturation are of a higher degree of
relationship, particularly so for certain stages of tooth movement in the female. The in-
ference would thus appear to be that steroids of gonadal and adrenal origin, or both,
speed up root development, movement, and/or alveolar resorption in the female. While
the practical advice to the practitioner may still be to concentrate on the teeth and their
development rather than on extra-dental maturation, there is the possibility that P2 and
M2, like the movement of C, respond to steroidal stimuli. We have therefore explored
certain of these possibilities, in extenso, in endocrinopathies, as will be seen in a separate
paper in this Symposium.50
We have also explored the nutritional variable, or more specifically, the caloric surplus

(as measured by the amount of stored fat) in a population sample that is not characterized
by limiting nutrients. The results, which would have been equivocal if considered only
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at a single age, or only in cross-sectional context, are now easily summarized. Fatter
children (whom we know to be markedly advanced in both somatic and sexual develop-
ment) are slightly but consistently advanced in dental development.

This observation, on a single population sample lacking nutritional extremes, is in
accordance with expectancy and the still meager literature on the subject. Fess has re-
ported this, in his still unpublished thesis on children in Cali, Colombia.20 Reviewing the
raw data of Sweeney, which refer to numbers of teeth only, a slight advancing trend
would appear to be evident in Maya Indian children in Guatemala who were given pro-
tein-calorie supplements. Probably because tooth formation has such a high genetic com-
ponent in man, nutritional factors are easily missed except en masse and in major nutri-
tional extremes.5l*

Yet all that we have said refers to a particular population sample of well-nourished,
middle-class white Americans primarily of English-German-Scotch origin. Having rather
less dental decay and little premature tooth loss compared with Boston Clinic patients37
or British school children,52 tooth loss does not have to be explained away. Being consid-
ered on a sibling basis, examined at identical ages with small schedule tolerances, and in
true longitudinal fashion,'9 many genetic parameters here studied would be impractical
to consider in purely cross-sectional context in the field. Keeping age constant, or stage
constant, in comparing dental development with other maturational variables, we did
not generate the exaggerated correlations characteristic of studies that make no attempt
to hold stage constant.19 However, the uniformity of racial origins and health and nutri-
tional status, which undoubtedly contributed to the genetic comparisons, leaves open for
further study other racial groups (in particular the American Negro), nutritional extremes,
e.g., kwashiorkor and marasmus, and the chromosomal abnormalities (XO, XXY, etc.)-
all of which bear on the genetic, nutritional, and maturational correlates of dental develop-
ment.

Summary
Considering the variables of (a) tooth size, (b) calcification rate, and (c) movement

timing, studied in true longitudinal and family-line context, the largest proportion of
variance appears to be genetically determined, with little more than 10 per cent of vari-
ance presently attributable to caloric status or protein adequacy per se.

Besides evidence derived from twin studies and sibling comparisons for genetic deter-
mination of tooth size, calcification, and movement, higher sister-sister correlations for
all three variables suggest X-linked inheritance.

The fact that intra-individual correlations are systematically higher in girls may be
attributed to reduplication of the X chromosome, as also appears to be true for ossification
timing of individual postnatal hand and foot centers.

However, the large sex difference in canine size evidenced within sibships (7-8 per cent)
points to a dimorphism that is possibly influenced by the Y chromosome.
Though nutritional status is only slightly related to tooth-formation timing in the Fels

population, larger correlations may be expected where the nutritional range is large,
particularly where high-quality protein is a limiting nutrient.

* Although there have been various attempts to compare tooth eruption in malnourished non-European
populations with standards for recent European whites,5" the large population differences mentioned make
such interpopulation comparisons hazardous. This stricture applies equally to the deciduous teeth, which
have been claimed to show advanced eruption in sickness.53
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Correlations between maturational status and tooth formation and movement timing
are in the expected direction, though low, rising to moderate levels of r at the time of
puberty, suggesting direct influence of steroidal hormones on tooth movement of P2 and M2.

Particular problems of interest include occasionally large divergences between mono-
zygotic twins, suggesting prenatal influences, and the specific effect of steroids of gonadal
and adrenal origin on root formation and tooth movement.

Suggestions for future research include the nutritional extremes, treated panhypopi-
tuitary dwarfs, and (considering the metabolic and immunochemical peculiarities now
known to exist in the XO and XXY) cases of ovarian agenesis with a normal sex chromatin
complement.

Appreciation is expressed to Carl R. Black of the Fels Computer Facility for computational aid and to
Dorothy Gross, who typed the manuscript.
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