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INTRODUCTION

D

ATA on the variability of tooth formation are of potential use in a wide
variety of applications. With juvenile fossil "ancestors" of man, teeth
alone may have to serve as indicators of age. 1 The identification of skeletal
remains, cadavers, or amnesia victims may be speeded by good age-estimates
utilizing the teeth. 2 Where endoerinopathy is known or suspected, comparison
of the dental status of individuals with appropriate norms may be of potential
diagnostic value, and may help to elucidate the effects of endocrine secretions
on tooth development. 3 ' 4 ' 5 It is useful, therefore, to have adequate information on the "normal range" of variability of tooth formation, using either the
±2 a limits currently aceepted 6 or other limits, precisely defined.
The literature prior to 1930 provides little assistance in this task. Although there is no lack of tables, the accuracy of the early estimates is open
to question, and ranges of variability are almost totally lacking. The tables of
Pierce,? Black, 6 and Legros and Magitot 9' 10 simply do not agree with clinical
experience. The atlas of Remington, and the trilingual photographic atlas of
Witzel 11 are beautifully printed, but inadequate, as is the tabulation reprinted
by Churchill in 1933.12
Most contemporary references to tooth formation and the variability of
tooth formation are derived from the studies of Logan and Kronfeld, 13 and the
table published by Kronfeld in 1935. 14 Arey's table, as printed in DevelopvteMat Anatomy (ed. 6, 1957's) is clearly modified from Kronfeld's although
not so designated. Wilkins attributes his Table VI (Ref. 16, p. 38) to Holt and
Mcintosh,17 and they (via Sehour and Massler 18 ) to Kronfeld. 14 The "norms"
for tooth formation in The Handbook of Biological Data6 are evidently derived
from Kronfeld" through Schour and Massler. Thus, any worker who wishes
information on the variability of tooth formation knowingly or unknowingly
makes use of the Logan-Kronfeld data and the Kronfeld values.
However, in the course of our longitudinal investigations on the development of the secondary dentition, we encountered increasing evidence that the
Logan-Kronfeld ranges were unduly narrow. Many children in our series
fell outside of the published ranges, occasionally by as much as 3 to 4 years.
Accordingly, we prepared new estimates of variability for 3 stages of 5 posterior teeth, and found a much larger range of variability than had been
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claimed hitherto. Yet, the new, larger estimates of variability were not larger
than estimates of variability for other age-comparable developmental phenomena.
The present paper, then, is directed to two ends. First, it is our purpose
to provide new and improved estimates of variability for 3 stages of formation
of the mandibular premolar and molar teeth. Second, it is our intention to
contrast the variability of formation of these teeth with other measures of
osseous and sexual development, using, for the most part, data derived from
the same population sample for strictest comparability.
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Fig. 1.—Cumulative percentile distribution for crown completion, root formation of 7'2
showing location of 5th, 15th, and 50th percentiles by interpolation. Although interpolations
made by five different observers agree to within ± 0.03 years, the final values used in this
study are rounded off to the nearest 0.1 years (see Table I).

METHODS AND MATERIALS

The present study is based upon serial longitudinal oblique-jaw x-rays,
supplemented by serial lateral-skull plates of 255 white Ohio-born children of
Northwest European ancestry. As a group, the boys and girls were clinically
healthy, primarily of the middle socioeconomic class, and relatively free from
excessive decay and premature loss of dm i, din,, and M 1 . Multiple births and
children with growth failures or developmental defects were excluded from
the tabulations.
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Three widely-spaced stages of tooth formation, as discernible in the radiographs, were selected to correspond as nearly as possible with the — stages"
given in the literature. The stages employed and previously described by us
include (a) beginning caleitieation.s' (b) beginning root formation, and (c)
apical closure,w. 2' as shown in rigs. 2-4.

Fig. 3.-1 ,:xtreme$ in beginning caliitication of the mandibular premolar and molar teeth.
bore., early beginning calcification or Pi at( 2.5 years It711Ne
, 11 It beginning- ea athin of P yearn Wane No,
.11 id -tile extremes in beginning ca teilii:Lition of MIa.
C.PISC}S 2.7„:3 and 3711,
Below, fairly early beginning calcification of Ala t 4%tst= N. 299). anti
late beginning cifIcillention 1.1t. M. ('/, NV NO, 67, as Ki ► 01.en art 12.0 and

in making the statistical analyses, the possibility of ~ocular changes was
ruled out.'" Since skewness could not be excluded in advance, the 5th, 15th,
s5th, and With percentiles were determined, usually by interpolation from
the cumulative frequency curves (Pig. I). The quartiles (Q, and were
also determined, in order to wake use of the semiquartile lest of skewness.'
In addition. the standard. deviation(, ) and its derivative, the eoefficient or
variation (t,..N) were computed in order to compare the relative variabilities
of the different. developmental s;ta!_uteN of the 5 mandibular molar and premolar
teeth.
*Although eah-ifleation is histologically demonstrable before it is evident on radiographs ..
ntr ratemPt wan made in the present study to ailjklat the radiographic data systematic:411Y.
since SUCK a procedure would not affeet the rarigem. Moreover, it was felt that data on
Calcification us seen in x . -rays would I-a, more useful clinirally than to. that attempted to
simulate histologic findings.
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Since the coefficient of variation of the first stages of the early-forming
teeth was unrealistically high, due to the fact that birth is ordinarily assigned
zero time, all of the coefficients of variation given hi the present study were
adjusted to conception. A preliminary test on M, and P,, using individuallycomputed gestation lengths for 90 to 100 individuals, showed that a group
eorrection of 0.75 years yielded essentially similar results. Accordingly, the
group eforeetion was then employed throughout.*

8.—Elictrenies in beginning root formation for 1%11 (eases 220, age 3.0 years and 871.
age 6.5 years), and M: leases 856, a.ge 7•0 years and 280, age 11.0 years). These. e.xtreme
values greatly exceed the ranges given in the literature (see text).

Due to the fact that the children in the Fels Longitudinal studies are part
of tr longitudinal program with continuing recruitment." there are necessarily
more data for the earlier stages of the earlier-forming teeth than for the later
stages of the later-forming teeth. Again, since some of the children were ill
the latter part of their first decade at the time the present radiographic series
was begun (1939), not all of the data refer to the same subsample. Therefore, the number of children involved in each tabulation is shown separately.
Although the present data are derived from a clinically healthy and fairly
sizeable sample of American-born white children, the tabulations are not intended to serve as norms, for the samples are, in most eases, inadequate for
that purpose. We trust that workers who refer to the present findings wilt
bear this precautionary st in mind.
*For beginning calcification of .111, the combined-sex. individually conee thin-corrected
CV tyro; 11,63, as compared to a CV crt 11,55, using the group correction. Vet' MMa the comparable values were 4.88 and 5.10. N was 99 and 98. respectively.
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N DINGS

To begin with, percentiles were computed for each of the 3 developmental
stages (beginning calcifieation, beg,inning root formation, and apical closure)
of the 5 mandibular teeth considered, and for boys and girls, respectively.

-2'..!ILV and
4.--T1xattip1o8 of early and late: an1r ,Lil elogurit: Si, 8.542.0 years
tt41
1$0141
Pi. 11.3-15. 41 Years (eihKes. $71‘1. and 21)7M . ) : aro i P2. 13.0-16.0 yeti mI c':1_,4•.211711.1). ExiiinpleR given for l412 include 41741.
'2 4 01. (MO years) and 157M
yvario.

Although skewness was minimal for most of the 28 sex-speeifie distributions,
as measured by the semiquartile test of skewness, 2.2. moderate to high degrees
of skewness were observed for a few distributions. Aecordingly. the assumption of normality of distribution was not made. and values corresponding to
the 5th, 15th, 50th, 85th, and 95th percentiles are provided in the tabulations
(Table I), For practical purposes, the 15th-85th percentile values given here
may be taken as equivalent to the ±..1 u limits.
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As might be expected, variability of tooth formation increased steadily
with advancing median age. Thus, the early developmental stages of earlyforming teeth were notably less variable than the later developmental stages
of the later-forming teeth. Over-all, the correlation between one measure of
variability (the 15th-85th percentile range) and the median age-for-stage was
nearly perfect, with an obtained r of 0.96. The statement that variability (15th85th percentiles) approximates 28 per cent of the median age for any stage of
any tooth adequately fits the data By this token, the percentagewise variability
of M3 , for example, is of the same order of magnitude as that for the other teeth.
Although the median age for a given developmental stage of a particular
tooth proved slightly higher in the boys, as previously noted," there was no
consistent sex difference in variability, as may be seen in Table I. Variability
in the male exceeded that in the female as often as the reverse was true. Thus,
by this simple sign test, as by the more exact P test,23 it could not be stated
that one sex was more variable than the other, in the formation of the teeth
here considered.
Throughout, combined-sex values for tooth formation were obtained by pooling all data, regardless of sex (not by averaging male and female percentiles).
Properly, such combined-sex distributions ought not to be effected, since there
is a. true sex difference in the times of beginning calcification, beginning root
formation, and apical closure. However, such combined-sex distributions were
necessitated by the fact that all previously published "normative" values were
not sex-specific, and one purpose of the present investigation was to make comparisons with previous tabulations. Further, the combined-sex percentiles
given in Table I have the advantage of being based on the largest possible
sample, 150-200 eases in 8 of the 14 relevant individual distributions.
Using the combined-sex values, as given in Table I, it was then possible
to make comparisons with previously published data. Two difficulties were
immediately encountered. Except for one secondary reference, The Handbook
of Biological Data,8 which specified the-±2 o- limits, none of the authors explicitly defined the "ranges" as given by them. Again, there was confusion in
the literature as to the source of the data given in the various tabulations. We
have, therefore, adopted the conservative plan of giving our 5th-95th percentile
limits for comparison, and of grouping authorities according to the values reported by them. Thus, Holt and McIntosh, 17 and Wilkins16 are listed with
Kronfeld, 14 since the values given by all three authors are identical. Arer
is grouped with Schour and Massler 18 (who combined maxillary and mandibular
ranges), while Spector's data in the Handbook of Biological Date are presented
separately.
As is immediately apparent in Table TI, where data on the variability of
tooth formation are compared, the ranges obtained in the present study of
dental development greatly exceed those in the literature. Although the true
"range" should, of necessity, exceed our 5th-95th percentile values, the
"ranges" given by Kronfeld, Holt and McIntosh, Wilkins, Schour and Messier, Arey, and Spector fall quite short of ours, usually by a year, and often
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more. For beginning calcification of P2, beginning calcification of M 1, and
beginning root formation of P 2, the discrepancy approximates or exceeds two
years. Moreover, the previous ranges of variability for apical closure (root
completion) are both narrower than ours, and inexplicably uniform from
whereas ours increase progressively from 3,1 1-M3, in accordance with
the general picture of increasing variability.
TABLE II
VARIABILITY OP P,-M, AS GIVEN BY VARIOUS AUTHORS

MANDIBULAR TOOTH

LOOAN AND
KRONFELD"

KRONFELD5 14
HOLT AND
MC INTOSHp
WILKINS 16

SCHOUR AND
MASSLER,18
5 AREYI

SPECTOR6

THIS STUDY
(PERCENTILES
5TH - 95TH)

Beginning Calcification* (Years)
P,
P2

Mi
M.,
M,

1.50-2.00
2.00- 2.50
0.08 - 0.33
2.00-2.50
7.00 - 9.00

1.75 - 2.00
2.25 - 2.50
Birth
2.50- 3.00
8.00-10.00

1.50- 2.00
2.00- 2.50
Birth
2.50 - 3.00
7.00 -10.00

1.75
2.501
Birth
2.75
7.00-10.00

L6- 3.0
2.7 - 4.7
0.04- 0.24
2.8- 4.8
7.5 -10.9

Crown, Completion-Boot Pormationt (Years)
P,
P,
M,
M2
M,

55.00- 6.00
6.00- 7.00
2.50- 3.00
7.00 - 8.00
12.00 - 16.00

6.0- 8,1
6.7 - 9.3
3.1 - 4.9
7.3-10.2
12.0-17.1

5.00- 6.00
6.00- 7.00
2.50- 3.00
7.00- 8.00
12.00-16.00

Root Completion-Apical Closure§ (Years)
P,
P,
M,

12.00 - 13.00
13.00 -14.00
9.00 -10.00
14.00 -15.00
18.00 -25.00

12.00-13.00
12.00 -14.00
9.00- 10.00
14.00-16.00
18.00-25.00

12.00 -13.00
12.00 -14.00
9.00-10.00
14.00-16.00
18.00 -25.00

11.2-14.0
12.1-15.4
8.8-11.6
12.8 -17.6
Under 18 to
over 26

°Defined as "time of beginning calcification:" "hard tissue formation:" "first evidence
of caicification." 161/ "apposition of enamel and dentin,"" "calcification of crown begins..."
tProbably an averaging error.
tDesigna.ted "enamel completed" by Kronfeld, 14 "crown completed" by remaining authors.
r`Root completed," lc 16-18 “olticification of root ends."

The difference between the ranges given here and those in the literature,
quite apparent in Table If, is much more dramatic when graphed, as in Fig. 5.
Using the Kronfeld table for comparison (since mandibular teeth are not combined with maxillary teeth, as in Sehour and Massler 18 and Arey15 ), the ranges
of variability as given in the literature are approximately one third as great
as ours. This generalization holds true not only for beginning calcification,
where differences in the investigative criteria may be at least partially responsible, but also for apical closure.
In short, the data from the present study, based on 255 children, and with
30-190 examples of a given stage for a particular tooth, suggest that the true
variability of tooth formation is approximately 3 times as great as has been
accepted so far.
Finally, since tooth formation appeared to be at least 3 times as variable
as had been claimed hitherto, it seemed pertinent to compare the variability of
tooth formation with that of other commonly measured developmental phenomena. Accordingly, the data from Table were compared with data on
Downloaded from http://jdrsagepub.cam at Kings College Landon on April 27, 2010
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7 age-associated phenomena, selecting a variety of criteria that would cover
the rather wide age-range involved. These developmental variables included
(a) eruption of the deciduous 24 and permanent teeth, 25 (b) time of appearance
of the first 61 centers of ossification, 26 (c) "wrist age," 27 (d) age at menarche,
(e) age at beginning breast development," (f) age at beginning of pubic hair
development,28, 29 and , g,) age at beginning of enlargement of the genitalia."
Except for permanent tooth eruption, based on Hurnte's norms, 26 and wrist
age (Greulich and Pyle 27 ), all data on variability were derived from and therefore uniquely applicable to the present population sample.
6—

Pi P2 Mi M2 M3
Beginning Calcification

Pi P2 Mt Ma M3
Root Completion

Pi P2 Mi Me
Apical Closure

Pig. 5 ,--Comparison of the "ranges" for several stages of formation of PI—M3, as given
by Kronfeld (stippled bars) and as determined in the present study (solid bars). Clearly
the variability- of these teeth has been considerably underestimated hitherto.

However, two statistical problems had to be met. The first was the need
for a measure of relative variability, since developmental phenomena covering
an 18-year range had to be compared. Despite our initial reluctance to do so,
because of the skewness of some tooth-formation curves, the familiar coefficient
of variation (CV) was finally adopted as a practical necessity. Again, there
was need to correct all values to conception, rather than to birth, since this
latter procedure resulted in spuriously high values of the coefficient of variation for such early phenomena as beginning formation of M 1 and P1, time of
appearance of the distal epiphysis of the radius, etc. Accordingly, and as
described in the previous section, a group correction of 0.75 years was added to
all values, since it had been demonstrated that individual corrections for length
of gestation did not yield appreciably different results.
In essence, tooth formation proved no more variable, and often less variable, than the other age-correlated developmental variables. For beginning
calcification of P,—M 3 , the combined-sex conception-corrected CV ranged from
5.1 to 13.9, with a mean (for 5 teeth) of 113. In contrast, the comparable
mean conception-corrected combined-sex CV for the first 61 ossification centers
exceeded 19, that for 8 selected centers of ossification (in boys) exceeded 19,
Downloaded from http://jdr.sagepub.com et Kings College London on April 27, 2010
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and the approximate conception-corrected combined-sex CV for wrist age
(Greulich and Pyle") during the first 8 years of life was 15. Tooth formation
(mean CV of 11) and deciduous tooth eruption (mean CV approximately 15)
both proved less variable than osseous development.
With beginning root formation, the mean conception-corrected combinedsex coefficient of variation was 9.2 (range 7.3 to 10.6) for 5 teeth, a value
obviously below that for skeletal age, but comparable to the combined-sex and
to the sex-specific CV of 12 as computed from Hurme's norms, again demonstrating that the variability of tooth formation is by no means greater than
that of other developmental "events." Moreover, it suggested that the teeth
are possibly less variable in all developmental stages through to eruption.
With apical closure, the mean conception-corrected combined-sex CV was
7.2. Here, however, sex-specific values were of more use, since the various
criteria selected for comparison (menarche, breast development, etc.) did not
allow meaningful combined-sex values. Taking a mean sex-specific coefficient
of variation of 7 for apical closure, comparative estimates of variability were
9.4 (pubic hair stage I girls; pubic hair stage II, boys), 8.5 (menarche), 7.4
(genitalia stage II, boys), and 9.9 (beginning breast formation, girls). Thus,
the variability of the final stage of tooth formation, namely, apical closure,
was of the same order of magnitude as the variability of other developmental
phenomena also occurring on the average between the tenth and the fourteenth
year.
In summary, tooth formation proved to be no more variable than other
developmental phenomena, and, in comparison to osseous maturation, it was
less. The rather close similarity between the variabilities for apical closure
P1—M2, and sexual maturation, may possibly be due to a communality of responses to the particular steroid hormones involved. Even more important,
they indicate that the present estimates of variability of tooth formation are
reasonable.
,

DISCUSSION

It is evident from the present data that tooth formation is a more variable
developmental phenomenon than has been realized to date. Using a sizeable
sample of clinically healthy white children, and up to 196 examples of a particular formation stage for a given tooth, the 5th to 95th percentile ranges for
the posterior mandibular teeth are, on the average, 3 times as great as the
"ranges" given in the literature. Expressing relative variability by the coefficient of variation (CV), the conception-corrected combined-sex CV averages 11 per cent for beginning calcification, 9 per cent for beginning root
formation, and 7 per cent for apical closure. In all probability the anterior
teeth and the maxillary dentition would similarly prove more variable than
the customary tables have led us to assume.
Notwithstanding the greater variability exhibited in the present data,
tooth formation is not more variable, and often less variable than other developmental measures. As compared to an average conception-corrected coefficient of variation of 11 for beginning calcification of P i---M„ the mean CV
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for "skeletal age" 27 is 19, that for the time of appearance of 61 individual ossification centers 26 is 20. Similarly, while the mean conception-corrected CV for
apical closure of P 1—M2 is 7, the comparable mean CV for 4 measures of sexual
maturation 28, 29 is 8.3. On a uniform basis, using only maturational data derived
from the present population sample, tooth formation would appear to be approximately half as variable as other developmental phenomena. In consequence, tooth formation may be valuable in providing age-estimates for skeletalized material and unknown cadavers ranging from infancy to adolescence.
Although, it is commonly assumed that such phenomena as tooth eruption
stages are symmetrical and normal in distribution, this assumption does not hold
for many of the stages. While it is possible that some of the skewness in the
present data is due to sampling error and to the class-intervals necessarily
used, the fact remains that the standard deviation (a) would seriously overestimate the lower percentile values for beginning formation of P 2. For the
present, therefore, it is prudent to give percentiles rather than means and
standard deviations for tooth formation.
Inevitably, there is reason to wonder why the present ranges so greatly
exceed those published and widely reprinted by Kronfeld 14 and Logan and
Kronfeld." It is true, of course, that "normative" values are _frequently
amended as more data accumulates; norms for tooth eruption are a striking
case in point. Rarely, however, is it necessary to alter ranges by a factor of
two or three. After critical analysis of the original publications, several possible explanations suggest themselves and merit consideration here.
It is possible that data derived from histologic sections are not at all comparable to roentgenographic findings, unless silver staining is used." This
objection would be most applicable to beginning calcification, and least applicable to apical completion, Nevertheless, the discrepancies apply equally
to beginning calcification, beginning root formation, and to apical closure, the
last presumably derived from roentgenograms throughout. Moreover, it is
ranges, and not mean or median values, that are under comparison (vide supra).
Again, it is possible that the "ranges" are differently defined. Neither
Logan and Kronfeld," nor KronfelePI are explicit on this matter, merely suggesting (at one point) that their values are "relative." But if their ranges
truly cover the "extreme range," our 5th-95th percentile ranges should fall
far short of theirs. The converse is the ease, however, as seen in Fig. 5, and
especially in Figs. 2 to 4.
Third, it is possible that the unique sample investigated by Logan and
Kronfeld is responsible for the discrepancies. "In most of the cases studied,"
they write, "the child died of tuberculosis or associated disease. . . . Some died
of severe, intestinal disturbances. . . . Several of the young children . , apparently died of debility."" At least 20 per cent of the Logan and Kronfeld
sample were developmentally defective. Such a sample might be characterized
by reduced variability of tooth formation, although our own studies fail to
support this idea.
To our minds, the most plausible explanation may be found in the extremely small sample investigated by Logan and Kronfeld. Their original
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sample was 25, with only 9 infants over one year of age, and half less than 3
months old at the time of death. Comparing Table I in Logan and Kronfeld
with their ranges, many of the stages of tooth formation could not have been
based on more than 2 specimens! Now, it is a cardinal principle that the extreme range is a function of sample size, 31 Such samples as were originally
studied could hardly indicate the true extent of variability. Our samples are,
in all probability, from 10 to 100 times as large as those originally responsible
for the "ranges" for particular formation stages of individual teeth.
It is not our intention to slight the work of Logan and Kronfeld, which
has not been surpassed. The original Logan-Kronfeld data were supplied to
guide oral surgeons in the management of cleft-palate cases: these original investigators did not claim to provide "norms," in the usual sense. They stressed
the relative nature of the values given, and the possible effects of growth, nutrition, etc. (Ref. l3, p. 380). Later authors have seized on the Logan-Kronfeld
values rather uncritically, often without even adequate bibliographic mention,
and without observing that histologically-determined values might not be applicable in routine pediatric examinations. What was originally advanced,
quite tentatively, as new data properly contradicting the old tables of Pierce'
and Blacks became established by successive authors as authoritative normative values.
We would be open to similar criticism if we were to extol! our present
values as "norms." Although the population sampled is a healthy one, and
the sample size fair for some stages of some of the teeth, not all of the percentiles are based on 150 individuals or more. Our combined-sex values are,
in some cases, derived from but 32-87 cases, and sex-specific values are, in some
instances, necessarily based on as few as 14 examples. The sample, thus, falls
short of the minimum 100 cases for each sex for each stage of each tooth that,
ideally, would be needed. Nevertheless, the present sample is quite adequate
to support the generalizations given above,
SL? M M ARY

1. Variability in the age of occurrence of 3 stages of tooth formation was
investigated on serial oblique-jaw roentgenograms of 255 Ohio-born white
children.
2. For the mandibular molar and premolar teeth; variability of tooth formation was almost perfectly correlated with the median age-for-stage (r =
0,96). Although later-forming teeth were more variable than earlier-forming
teeth, relative or percentage variability was nearly constant throughout.
3. Boys and girls proved to be approximately equal in the variability of
the 3 formation stages of the 5 mandibular teeth considered,
4. Comparing the 5th-95th percentile ranges from the present study to
the "ranges" cited by most authorities, the ranges obtained here were 3 times
as great as those ordinarily quoted.
5. Differences between the present findings and the "ranges" commonly
given were attributed to the extremely small samples previously studied. In
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many cases published "ranges" had been based on no more than two specimens of unstated sex and of questionable developmental normality at the time
of death.
6. When the present data on tooth formation were compared with data
on other developmental measures, relative variability proved to be of the
same order of magnitude as tooth eruption, sexual maturation, etc., but somewhat less than that for osseous development.
7. These findings indicated the need for more adequate data on the variability of tooth formation, ideally based on samples of not less than 100 boys
and girls for each developmental stage of each tooth, respectively.
The authors are indebted to the following individuals for technical assistance in the
data collection and analysis: Eloise Barter, Ruth Bean, Lois Conklin, Joan Haskell, Line.
Landkof, and Christabel Rohmann. Data on gestation lengths were calculated by Julia II.
Cowan. Professor Joseph Homan provided the positive reprodueticrns used in Figs. 2 to 4.
Finally, we are indebted to our colleague, Kalevi Koski, for careful and assiduous
analysis of over 3,000 individual x-rays, and to Dr. C. C. Li for helpful advice.
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