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ABSTRACT Frequencies and morphological and chronological distribu- 
tions of enamel hypoplasias are presented by tooth type (permanent I1 to M2s), 
based on a sample of 30 prehistoric Amerindians with complete and unworn 
dentitions. There is nearly a tenfold variation in frequency of defects by tooth, 
ranging from 0.13 per mandibular second molar to 1.27 per maxillary central 
incisor. The six anterior teeth average between 0.70 and 1.27 defectsltooth, 
whereas the eight posterior teeth average between 0.43 and 0.13 defectskooth. 
Earlier developing teeth, such as incisors, have earlier peak frequencies of 
defects (2.0-2.5 years), while later developing teeth, such as second molars, 
have subsequent peak frequencies (5.0-6.0 years). These variations are rele- 
vant when comparing hypoplasia data based on different teeth. 

Differences in hypoplasia frequencies among teeth are not solely due to 
variation in time of crown development, as is usually reported. Rather, there 
is evidence for biological gradients in susceptibility to ameloblastic disruption. 
Anterior teeth are more hypoplastic than posterior teeth. More develop- 
mentally stable “polar” teeth are more hypoplastic than surrounding teeth. 
Polar teeth may be more susceptible to hypoplasias because their develop- 
mental timing is less easily disrupted. 

In all teeth, hypoplasias are most common in the middle and cervical thirds. 
Crown development and morphological factors, such as enamel prism length 
and direction, may influence the development and expression of enamel sur- 
face defects. 

Dental enamel hypoplasia is a deficiency 
in enamel thickness resulting from a disrup- 
tion in the secretorylmatrix formation phase 
of amelogensis (Guita, 1984; Shafer et al., 
1983; Yaeger, 1980). These enamel defects 
may be a result of local trauma, hereditary 
conditions, or systemic metabolic disruption 
(stress) (Pinborg, 1970, 1982; Via and 
Churchill, 1959). Hypoplasias which are 
caused by systemic disruptions may be dis- 
tinguished from those which are the result of 
other factors Wia and Churchill, 1959; Yae- 
ger, 1980). Hypoplasias due to trauma or 
other localized factors will result in a defect 
occurring on only one or adjacent teeth (Pind- 
borg, 1970) and hereditary defects will begin 
at  birth and affect the entire tooth crown 
(Winter and Brook, 1975). Systemic disrup- 

tions are likely to effect more than one tooth 
and the location of the defect on these teeth 
will reflect the relative completeness of crown 
development at the time of the stress (Sarnat 
and Schour, 1941; Pindborg, 1970,1982; Yae- 
ger, 1980). 

While the specific etiology of environmen- 
tally related (systemic, chronologic, linear) 
enamel hypoplasia is unknown, they are gen- 
erally accepted to be due to nonspecific phys- 
iological disruption (Jenkins, 1978; Pindborg, 
1970, 1982; Yaeger, 1980). Hypoplasias have 
been induced in rats with exposure to a vari- 
ety of insults, including fever (Kreshover and 
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Clough, 1953), infectious agents (Kreshover 
and Clough, 1953; Kreshover et al., 1953, 
1954), under- and overnutrition (Becks and 
Furata, 1941; Paynter and Grainger, 1956; 
Wolbach and Howe, 1933), and hormonal 
changes (Baume et al., 1954; Schour et al., 
1937; Schour and Van Dyke, 1932). Based on 
these early studies, Kreshover concluded that 
hypoplasias were due to nonspecific physio- 
logical disturbances: ‘‘ . . . ample clinical and 
experimental evidence exists to suggest that 
developmental tooth defects are generally 
nonspecific in nature and can be related to a 
wide variety of systemic disturbances, any of 
which, depending upon their severity and de- 
gree of tissue response, might result in defec- 
tive enamel , . .” (1960:166). This conclusion 
has been supported in a more recent review 
of the epidemiology of dental defects by Cu- 
tress and Suckling (1982). These authors re- 
port nearly 100 factors associated with 
enamel defects (Cutress and Suckling, 1982). 

Enamel hypoplasias are increasingly used 
in paleopathological studies. The strong ex- 
perimental and clinical basis for their inter- 
pretation as  general stress indicators, their 
relative permanence, and the ability to deter- 
mine the time of their development have un- 
doubtedly contributed to the popularity of 
this indicator (Buikstra and Cook, 1980; 
Goodman et al., 1984a; Huss-Ashmore et al., 
1982; Rose et al., 1985). In a recent edited 
monograph (Cohen and Armelagos, 1984), 19 
regional paleopathological studies were pre- 
sented. Fifteen of these studies (78.9%) con- 
tained data on enamel hypoplasias and a 16th 
reports on the collection of enamel hypopla- 
sia data. Given the popularity of hypoplasia 
studies in paleopathology, it seems war- 
ranted to consider factors, other than envi- 
ronmental stress variations, which might 
influence their frequency and chronological 
distribution. 

A few researchers have noted that the fre- 
quency of defects may vary by tooth type. El- 
Najjar and co-workers (1978) noted a seven- 
fold variation in the frequency of individuals 
with one or more enamel hypoplasias by per- 
manent tooth type in a sample from the 
Hammon-Todd osteological collection, a se- 
ries of cadavers collected from the greater 
Cleveland area during the first third of this 
century. The frequency of defects is greatest 
in the anterior dentition, is intermediate in 
premolars, and lowest in molars (Table 1). 
Black (1979) found a similar pattern in a 
study of the teeth from a prehistoric ceme- 

TABLE I .  Frequency of hypoplasias by tooth type for 
skeletons from the Hammon-Todd Osteological 

Collection’ 

I1 I2 C Pml Pm2 M1 M2 M3 

Males 71.0 65.2 77.8 56.4 47.3 37.9 26.2 20.0 
Females 60.8 57.8 59.4 36.1 20.1 15.7 17.8 12.3 

Males 69.4 69.9 79.3 50.3 38.8 28.1 34.3 18.2 
Females 72.5 73.4 70.8 29.7 20.1 19.0 15.9 9.6 

Maxilla 

Mandible 

‘Modified from El-Najiar et al. (1978:190). 

tery from Southeastern Missouri. Ninety-four 
percent of canines have at  least one hypopla- 
sia, whereas less than 50% of first and second 
molars and premolars have one or more hy- 
poplasias. Finally, Cutress and Suckling 
(1982) present results from five recent epide- 
miological studies of enamel defects. Varia- 
tions within studies in the frequency of 
individuals with one or more enamel defects 
by tooth type range from six- to 16-fold (Table 
2). On average, maxillary central incisors are 
most hypoplastic and canines, lower lateral 
incisors, and second molars are least often 
hypoplastic (Table 2). 

Based on these studies, it is evident that 
variations in frequencies of defects by tooth 
type are common and substantial. However, 
the cause, meaning, and implications of this 
variability have neither been explained nor 
adequately considered. Within the dental lit- 
erature one hypothesis is repeatedly given to 
explain variations in frequencies of defects 
by tooth type. According to this “time of de- 
velopment” hypothesis, the frequency of de- 
fects is dependent on which tooth crowns are 
developing at the time that insults are most 
active. Earlier-occurring insults will affect 
only the earlier-developing tooth crowns, 
whereas later-occurring insults will affect 
subsequently developing tooth crowns. 

The biological process which is assumed to 
underlie this hypothesis is one of consistent 
magnitude and response to physiological dis- 
ruption. According to this process developing 
tooth crowns will be equally exposed and re- 
sponsive to stress; therefore the quality of 
enamel should be similar for all of these 
teeth. Cameron and Sims lucidly express this 
process: “Since the disturbance is of a gen- 
eral systemic nature, all of the teeth forming 
at  the time of the disturbance will have an 
equally marked incremental line formed in 
the hard tissue undergoing mineralization” 
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TABLE 2. Frequency of hypoplasias by tooth from previously 
published reports’ 

Maxilla 
Murray and Shaw (1979) 
Suckling et al. (1976) 
Richards et al. (1967) 
Young (1973) 
Smith (1979) 
Mean (unweighted) 

Murray and Shaw (1979) 
Sucking e t  al. (1976) 
Richards et al. (1967) 
Young (1973) 
Smith (1979) 

Man d i b 1 e 

I1 ___ 

30 
16 

9 
19 
27 
20.2 

5 
10 
2 
7 

16 

I2 C Pml Pm2 M1 M2 

20 8 12 15 27 15 
1 0 7  6 6 9 0 
7 5 2 1 2 1  
9 3 5 4 8 3  
6 6  8 1 0 1 3  6 

10.4 5.8 6.6 7.2 11.2 5.0 

4 5 10 7 23 16 
7 6  7 6 1 0  0 
1 1 1 1 2 2  
6 3 5 4 8 3  
6 7 10 10 11 2 

Mean (unweighted) 8.0 4.8 4.4 6.6 5.6 10.8 4.6 
‘Modified from Cutress and Sucking (1982:119). 

(1974:29). Therefore, variation in frequency 
of defects in this view is attributable to vari- 
ations in time of development. This hypothe- 
sis clearly predicts that teeth developing at  
the same time will have a similar frequency 
of enamel hypoplasias. 

This hypothesis is repeatedly characterized 
as true in recent texts in forensic dentistry 
(Cameron and Sims, 1974; Furuhata and Ya- 
momoto, 1967), preventive dentistry (Nizel, 
19811, pedodontics (McDonald and Avery, 
1983; Stewart, 19821, oral embroyology and 
histology (Yaeger, 1980), and oral diagnosis 
and pathology (Guita, 1984; Kerr et al., 1983; 
Pinborg, 1970; Shafer et al., 1983; Spouge, 
1973). Furthermore, the assumption of uni- 
formity of response of teeth to stress can be 
considered to underlie all research in the use 
of enamel hypoplasias as stress indicators. 
Indeed, in our original research we assumed 
that all teeth developing at the same time 
would be equally hypoplastic (Goodman et 
al., 1980). 

Despite the general acceptance of the hy- 
pothesis, only Condon (1981) and Goodman 
and Armelagos (1985) have provided a test of 
this hypothesis. Both papers compare the oc- 
currence of enamel hypoplasias on matched 
pairs of teeth. Condon (1981), in comparing 
30 matched mandibular canines and first 
premolars, found that defects were found on 
the canine which were not found on the pre- 
molar, although it is developing at  the same 
time. Similarly, Goodman and Armelagos 
(1985) have studied 42 pairs of maxillary cen- 
tral incisors and mandibular canines. Com- 
paring the enamel developing between 0.5 

and 4.5 years, a period which is common to 
both these teeth, they found the incisor to be 
1.36 times as susceptible to hypoplasias (54 
hypoplasiashncisor; 40 hypoplasiaslcanine). 

The purpose of this paper, therefore, is to 
give further consideration to whether the fre- 
quency of hypoplasias by tooth type is en- 
tirely or partly determined by time of crown 
development. In order to test this hypothesis 
we first present data on the frequency of 
enamel hypoplasias for 14 permanent teeth 
(maxillary and mandibulars I1 to M2) from 
30 skeletons with complete and unworn den- 
tition. From these data we are able to deter- 
mine if the frequency of hypoplasias signif- 
icantly varies by tooth type, a prediction 
which is consistent with but does not confirm 
the “uniform susceptibility hypothesis.” Sec- 
ondly, comparisons of chronological distribu- 
tions of hypoplasias are presented for the 
first time for these 14 teeth. From these data 
we are able to directly test the uniform sus- 
ceptibility hypothesis by determining if sig- 
nificant variations exist in the frequency of 
hypoplasias on enamel units on different 
teeth which are developing at the same time. 
Finally, we present data on the distribution 
of hypoplasias by morphological tooth thirds 
(occlusalhncisal, middle, and cervical) in or- 
der to further consider factors, other than 
time of crown development, which may gov- 
ern the occurrence of enamel development 
defect. 

MATERIALS AND METHODOLOGY 

The sample is derived from the Dickson 
Mounds, a multicomponent habitation and 
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burial site located near Lewiston, Illinois 
(circa A.D. 950-1300) (Harn, 1980). A previous 
study by Goodman and co-workers reports on 
variations in the frequency (1980) and chro- 
nology of defects (198413) in 111 individuals 
with permanent dentitions. Goodman and co- 
workers (1980) noted that maxillary central 
incisors and mandibular canines were most 
frequently hypoplastic. This led Goodman 
and Armelagos (1985) to analyse differences 
in hypoplasia patterns between these two 
teeth. The present study extends this analy- 
sis by including data for all permanent tooth 
types except the maxillary third molar. Spe- 
cifically, we examine the frequency and 
chronological distribution of hypoplasias 
found on 14 tooth types, maxillary and man- 
dibular first incisors to second molars, for 30 
individuals with at least one of each tooth 
type present and without attrition. 

Hypoplasias were operationally defined as 
circumferential lines, bands, or pittings of 
decreased enamel thickness (Goodman et al., 
1980,1984b). Observation of hypoplasias was 
aided by use of a dental probe. The presence 
of a defect was confirmed by use of a binocu- 
lar microscope. However, defects were in- 
cluded only if they were distinguished 
without the use of a microscope. 

In order to approximate the developmental 
age of individuals at the time of line forma- 
tion, the location of lines from the cemento- 
enamel junction was measured with a thin- 
tipped caliper to 0.1 mm. The location mea- 
surement was then converted to a time at  
development based on the chronology of den- 
tal calcification of Massler and co-workers 
(1941). This method divides the maxillary 
central incisor, for example, into nine zones 
of equal width corresponding to nine half- 
year developmental periods (birth to 0.5 years 
to 4.0 to 4.5 years) during which the tooth 
crown is developing. Other tooth crowns are 
similarily divided into half-year develop- 
mental periods of equal width, corresponding 
to their time of crown development (see Table 
3). 

If both antimeric teeth were present and 
unworn we selected one for inclusion in this 
study. Therefore, our data are based on 30 
matched sets of 14 teeth. From these data we 
compare the frequency and chronological dis- 
tribution of hypoplasias. 

RESULTS 
Frequency differences 

There is extensive variation in the fre- 
quency of enamel hypoplasias by tooth type 

(Table 3, Fig 1). The highest frequency of 
defects is found on the maxillary central in- 
cisors (38; 1.27/tooth), followed by the canines 
(mandibular = 33, 1.lOitooth; maxillary = 
27, O.SO/tooth) and the other incisors (21-23; 
0.701tooth to 0.77ltooth). Among the poste- 
rior teeth, the highest frequency of hypopla- 
sias is found on first premolars (maxillary = 
12, 0.401tooth; mandibular = 13, 0.43itooth) 
and first molars (maxillary = 10,0.33/tooth, 
mandibular = 9, 0.301tooth). The lowest fre- 
quency of defects is found on second premo- 
lars (maxillary = 6 ,  O.BO/tooth; mandibular 
= 7,0.231tooth) and second molars (maxillary 
= 5,O.l7/tooth; mandibular = 4,0.131tooth. 

From the frequency of hypoplasias per 
tooth type, we can compute relative risks of 
hypoplasia. Relative risks of being hypoplas- 
tic may be determined by dividing the prev- 
alence of hypoplasia for one tooth type by the 
prevalence of hypoplasia for another tooth 
type. The relative risk provides an easily in- 
terpreted measure of differences in frequency 
of hypoplasias between tooth types, as the 
relative risk is equal to the difference be- 
tween compared groups in the probability of 
being hypoplastic. 

Less difference in relative risk occurs 
within a class of teeth (incisors, canines, pre- 
molars, molars) than among tooth classes. 
Maximum differences in risk of hypoplasias 
within classes range from 1.22 for canines 
and 1.81 for incisors to 2.17 for premolars 
and 2.5 for molars. Between-class differences 
are somewhat larger. Canines average 1.0 
defectsitooth, as compared to molars, which 
average 0.23 defectsltooth. Canines, there- 
fore, have a 4.35 relative risk of hypoplasias, 
as compared to molars. Anterior teeth (can- 
ines and incisors) average 0.91 defectsltooth, 
as compared to posterior teeth (molars and 
premolars), which average 0.27 defectsltooth. 
Anterior teeth, therefore, have a 3.37-fold 
relative risk of hypoplasias, as compared to 
posterior teeth. Finally, the greatest relative 
risk of hypoplasias is found in comparing the 
maxillary central incisors (1.27 defect/tooth) 
and mandibular second molars (0.13 defect/ 
tooth). The maxillary central incisor has a 
9.77 times relative risk of hypoplasia, as 
compared to the mandibular second molar. 

The number of teeth with none, one, two, 
or three hypoplasias by tooth type is pre- 
sented in Table 4. For the maxillary central 
incisor, for example, only four of 30 teeth 
(13.3%) were hypoplasia-free. Of the twenty- 
six maxillary central incisors with hypopla- 
sias, 17 had one hypoplasia and nine had two 
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TABLE 3. Comparison of hypoplasia pattern by tooth type 

LEH No. of Crown LEW Crownheight LEW MM/ ~ 

LEH' development' year (mm13 mm year mdyea r  

Maxilla 
I1 38 Birth-4.5 8.44 10.2 3.72 2.27 16.74 
I2 21 1.0-4.5 6.00 8.9 2.36 2.54 8.27 
C 21 Birth-6.0 4.50 9.9 2.72 1.65 16.36 
Pml  12 2.0-6.0 3.00 8.1 1.48 2.02 5.94 
Pm2 6 2.5-6.0 1.71 
M1 10 Birth-3.5 2.80 
M2 5 3.0-7.5 1.11 

. .. 

7.6 0.79 2.17 2.76 
7.8 1.28 2.23 4.48 
7.2 0.69 1.60 3.12 

Mandible 
I1 22 Birth-4.0 5.50 8.8 2.50 2.20 10.00 
I2 23 Birth-4.0 5.75 9.6 2.40 2.40 9.58 
C 33 0.5-6.5 5.50 10.5 3.14 1.75 18.85 
Pml  13 1.0-6.0 2.60 7.9 1.65 1.58 8.23 
Pm2 7 2.0-7.0 1.40 7.8 0.90 1.56 4.49 
M1 9 Birth-3.5 2.57 1.8 1.14 2.26 3.98 
M2 4 3.0-7.0 1.00 7.0 0.57 1.75 2.29 

'LEH, linear enamel hypoplasia. 
'Crown development in years from Massier et al. (1941). 
3Crown height mean from sample (n = 30, each tooth). 

40 
v) m 
v) m 
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Mandibular Teeth 

C Pml Pm2 M1 M2 

Fig. 1. Comparison of the frequency of enamel hypoplasias by tooth type. 

or more defects. Conversely, of the 30 man- 
dibular second molars, 26 (86.7%) were hy- 
poplasias-free and the remaining four teeth 
had one defect each. 

In order to test the null hypothesis of no 
significant differences in frequency of hypo- 
plasias by tooth type we compared the fre- 
quency of teeth with one or more hypoplasias 
by tooth types in a series of matched pairs. 
For the maxillary central incisor compari- 
sons in frequency of defects can be made to 

the remaining 13 teeth via the matched pairs 
binomial tests (Siegel, 1956). Since none of 
the other teeth have defects when one is not 
found on the matched central incisor, five 
more defects on the central incisor, as com- 
pared to the matched tooth, will yield a prob- 
ability of less than .05 (exact P = 1/32 = 
.031; Siegel, 1956:250). Since there are five 
more individuals with hypoplasias on maxil- 
lary central incisors as compared to all 13 
other teeth except for the mandibular canine, 
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TABLE 4. Number of teeth with none, one, two, or three hypoplasias by tooth 
tvDe 

None One Two Three 
N (%I N (%) N (%I N (%I 

Maxilla 
I1 
I2 
C 
Pml  
Pm2 
M1 
M2 

Mandible 
I1 
I2 
C 
Pml  
Pm2 
M1 
M2 

~~ 

4 (13.3) 
15 (50.0) 
12 (40.0) 
20 (66.7) 
24 (80.0) 
21 (70.0) 
25 (83.3) 

14 (46.7) 
13 (43.3) 
8 (26.7) 

17 (56.6) 
10 (33.3) 
10 (33.3) 
8 (26.7) 
6 (20.0) 
8 (26.7) 
5 (16.7) 

11 (33.3) 
12 (40.0) 
14 (46.7) 
11 (33.3) 
8 (26.7) 
9 (30.0) 
4 (13.3) 

6 (20.0) 
4 (13.3) 
7 (23.3) 
2 (6.7) 
0 (0.0) 
l(3.3) 
0 (0.0) 

4 (13.3) 
4 (13.3) 
5 (16.7) 
l(3.3) 
0 (0.0) 
0 (0.0) 
0 (0.0) 

3 (10.0) 
l(3.3) 
l(3.3) 
0 (0.0) 
0 (0.0) 
0 (0.0) 
0 (0.0) 

l(3.3) 
l(3.3) 
3 (10.0) 
0 (0.0) 
0 (0.0) 
0 (0.0) 
0 (0.0) 

TABLE 5. Number of hypoplasias by tooth and half-year developmental periods (n = 30, each tooth) 

Birth- 0.5- 1.0- 1.5- 2.0- 2.5- 3.0- 3.5- 4.0- 4.5- 5.0- 5.5- 6.0- 6.5- 7.0- 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 

Maxilla 
I1 0 3 5 6 8 5 6 4 1  
I2 0 1 6 5 4 4 1  
C 0 0 2 3 3 3 5 5 3 2 1 0  
Pml  1 1 2 2 3 2 1 0  
Pm2 0 0 0 1 2 2 1  
M1 0 0 0 1 3 4 2  
M2 0 0 0 0 2 2 1 0 0  

Mandibles 
I1 0 2 4 5 6 3 2 0  
I2 0 1 2 5 6 5 3 1  
C 0 0 2 3 4 5 7 5 4 2 1 0  
Pml  0 1 1 1 2 3 2 2 1 0  
Pm2 0 0 0 0 1 2 1 1 1 1 1  
M1 0 0 0 1 3 3 2  
M2 0 0 0 0 1 2 1 0  

we may reject the null hypothesis in 12 out 
of 13 tests. The number of individuals with 
hypoplasias on the maxillary central incisor 
is significantly greater than the number of 
individuals with defects on all other teeth 
except for the mandibular canine at  the 5% 
probability level. 

By similar methods, we compared the fre- 
quency of hypoplasias on the mandibular 
canines with the frequency of hypoplasias on 
all other tooth types. The frequency of defects 
on the canine is significantly greater than 
the frequency found on all other teeth save 
the previously mentioned central incisor and 
the maxillay canine (5% probability level). 

In total, it is possible to make 91 indepen- 
dent bivariate comparisons. Of these, 60 

(65.9%) are significant at the 5% probability 
level. We therefore reject the null hypothesis 
of no significant differences in frequency of 
defects by tooth type. More specifically, and 
based on what follows, we suggest that the 
frequency of defects found on mandibular 
canines and maxillary central incisors is ele- 
vated as compared to all other incisors, pre- 
molars, and molars. 

Differences in chronological distribution 
The above data, while not inconsistent with 

the uniform susceptibility hypothesis, nei- 
ther directly confirm or refute it. In order to 
directly test this hypothesis we compare 
chronological distributions of hypoplasias by 
half-year developmental intervals for all 14 
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teeth (Table 5, Figs. 2,3). All incisors (Fig. 2) 
have similar unimodal distributions of hypo- 
plasias. Among incisors, the most notable dif- 
ference is the increased rate of hypoplasias 
for the maxillary central incisor at most time 
periods. While the rise to highest (peak) fre- 
quency of defects is sharper in the later-de- 
veloping lateral incisors, peak frequency of 
defects for all incisors is found at the 2.0-2.5- 
year interval. A majority of the incisor de- 
fects occur between 1 and 4 years (Fig. 2, 
Table 5), a period in which all incisor crowns 
are developing. There are 34 upper central 
incisor hypoplasias between 1 and 4 years, 
as compared to 22 on the lower lateral incisor 
and 20 on the other incisor teeth. 

The canine hypoplasia chronologies (Fig. 2) 
also present a unimodal distribution. There 
is some evidence for a slightly earlier distri- 
bution of defects on the earlier developing 
maxillary canine, as compared to the mandi- 
bular canine. The peak frequency of hypopla- 

sias is found between 3.0 and 4.0 years for 
the maxillary canine and 3.5-4.0 years for 
the mandibular canine. 

The posterior teeth also show evidence for 
a unimodal distribution of hypoplasias, al- 
though greater irregularity is found (Fig. 3). 
All teeth have a distinguishable peak fre- 
quency of hypoplasias. These occur at 2.0- 
3.0 years for first molars, 3.5-4.5 years for 
first premolars, 4.5-5.5 years for second pre- 
molars, and 5.0-6.0 years for second molars 
(Fig. 3, Table 5). The irregularity is likely to 
be a function of the lower number of defects 
on these teeth. 

From data presented in Table 5 we can 
directly evaluate the uniformity-of-response 
hypothesis. Among teeth developing during 
the same half-year periods great differences 
are observed in the frequency of defects. For 
example, between 2.0 and 2.5 years, eight 
defects are found on the maxillary central 
incisor. This frequency is not significantly 

Upper Central Incisor 

w Lower Central Incisor n 
I I  n 

6 -  
P -  

2 -  

v) .z 8 - In 0 Upper Lateral Incisor 

Lower Lateral Incisor a 6 -  
x 4 -  - 
z 2 -  
t I n  

l3 

0 a 
I 

Upper canine 
Lower Canine 

L n O r n O r n O r n  

Developmental Age (Years) 

Fig. 2. Comparison of the distribution of enamel hypoplasias by half-year developmental 
periods for the anterior dentition. 
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Fig. 3. Comparison of the distribution of enamel hypoplasias by half-year developmental 
periods for the posterior dentition. 

greater at P = .05) than the six hypoplasias 
found on the other incisors, but is signifi- 
cantly greater than the three hypoplasias 
found on the canines and maxillary first mo- 
lars (P = .031), the single hypoplasia found 
on the first premolars and the mandibular 
first molar (P  = .008), and the no hypoplasias 
found on the mandibular second premolar ( P  
= .004). 

Whenever we find a half-year period with 
a high frequency of defects, we invariably 
find low frequencies on other teeth. This pat- 
tern suggests that factors other than time of 
development govern the occurrence of enam- 
el surface defects. 

DISCUSSION 

The distribution of hypoplasias among 
teeth suggests that time of crown develop- 
ment is a critical factor governing the fre- 
quency and chronology of hypoplasias. 
Earlier-developing tooth crowns obviously 
have an earlier distribution of hypoplasias. 
Furthermore, earlier-developing tooth 
crowns tend to have more hypoplasias than 

later-developing tooth crowns. However, 
among tooth crowns which develop at  the 
same time, large and significant differences 
remain in frequencies of defects. 

At early time periods the maxillary central 
incisor appears to be the most susceptible to 
hypoplasias. No hypoplasias aged between 
birth and 0.5 years were found on any per- 
manent tooth crowns (Table 51, although 
Blakey and Armelagos (1985) report defects 
occurring during this time period in the de- 
ciduous dentition of individuals drawn from 
the same population (Dickson Mounds). 
Among incisors, the maxillary central inci- 
sor is approximately 1.7 times as susceptible 
to hypoplasias between 1.0 and 4.0 years. 
Both maxillary central incisor and first mo- 
lar crowns are developing between birth and 
3.5 years. However, the incisor has 33 defects 
between these periods, while the molars have 
nine (mandibular) and ten (maxillary) hypo- 
plasias (Table 5). 

At later periods the canines, and particu- 
larily the mandibular canine, appear to be 
most susceptible to defects. For examples, 
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between 3.0 and 4.0 years all tooth crowns 
except first molars are developing. At this 
time the mandibular canines has 12 hypopla- 
sias, followed by the maxillary canine and 
first incisor (ten each). First premolars have 
an  intermediate frequency of defects, each 
having five hypoplasias. However, second 
molar and premolars do not have any hypo- 
plasias (Table 5). At this time period, canines 
appear to be highly susceptible to hypopla- 
sia, while second molar and premolars are 
highly resistant. 

Analysis of tooth crowns by developmental 
periods clearly shows that time of develop- 
ment is not the sole determinant of hypopla- 
sias. That is, enamel units developing at the 
same time do not record hypoplasias to an 
equal degree. The distribution of hypoplasias 
suggests that variation in susceptibility to 
hypoplasias exists both among and within 
tooth crowns. While time of development pro- 
vides an explanation for part of the differ- 
ences in frequency of hypolasias, it clearly 
does not explain all of the differences. There- 
fore, we consider factors other than time of 
development which might govern suscepti- 
bility to hypoplasias. 

Within tooth control of hypoplasia 
susceptibility 

The chronological distribution of hypopla- 
sias within all teeth approximates a unimo- 

I 1  I 2  C Pmi 
I -  I I I  

dal curve (Figs. 2, 3). As these data are 
derived from the location of hypoplasias on 
tooth crowns, it is apparent that hypoplasias 
are not randomly distributed within tooth 
crowns. Furthermore, the distributions are 
similar for all tooth crowns, regardless of 
time of development. We have calculated the 
percentage of each tooth’s hypoplasias which 
occur by occlusal/incisal, middle, and cervi- 
cal thirds (Fig. 4). Among the anterior teeth, 
between 50 and 65% of hypoplasias occur in 
the middle third. More of the remaining hy- 
poplasias are found on cervical (18-33%) than 
incisal(12-22%) thirds. 

Similarly, on the premolars, a t  least 50% 
of hypoplasias are found in the middle third. 
The premolars differ slightly from incisors in 
that there is a higher percentage of defects 
on cervical thirds (25-50%) and a lower per- 
cent of hypoplasias on occlusal thirds (0- 
25%). Neither second mandibular or maxil- 
lary premolars have any hypoplasias on their 
occlusal third, despite the fact that these 
thirds are developing from approximately 
2.0-3.5 years, a period in which hypoplasias 
are frequent on other tooth crowns. 

Among molars, between 40 and 80% of hy- 
poplasias are found on middle thirds, main- 
taining a consistent pattern with the other 
teeth. Twenty to 60% of hypoplasias were 
found on the cervical thirds of molars, while 
hypoplasias were never found on any of the 

Pm2 M l  M2 

I1 I 2  C Pmi Pmn Ml M2 

Fig. 4. The frequency of enamel hypoplasias by incisaUocclusa1, mesial, and cervical crown 
thirds by tooth. 
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occlusal thirds. Overall, there is a consistent 
pattern of increased frequency of defects in 
the middle thirds of tooth crowns. While the 
cervical third is more hypoplastic than the 
incisal third in all tooth classes, there is some 
evidence that this difference increases as one 
moves toward the posterior teeth. 

These data suggest that there are develop- 
mental and/or morphological factors which 
influence the expression of hypoplasias 
within teeth. These factors seem to be oper- 
ating in a similar manner in all teeth, as  
evidenced in similar morphological distribu- 
tions. Therefore, we propose that considera- 
tion of factors which might influence 
hypoplasia expression within tooth crowns 
should focus on developmental and morpho- 
logical factors which follow similar 
distributions. 

The process which controls within-tooth 
differential susceptibility to hypoplasias is 
yet to be considered. Based on a limited data 
base we tentatively suggest four factors for 
consideration. First, the number of secretory 
(matrix-forming) ameloblasts may decrease 
as one approaches the cervical half of the 
crown. With fewer active ameloblasts, a 
physiological perturbation might have a 
greater effect on enamel crown development. 
Second, there is some evidence that rate of 
crown development increases in the middle 
and cervical third of tooth crowns (Gleiser 
and Hunt, 1955; Moorrees et al., 1963a,b). In 
this situation ameloblasts are forming more 
enamel in a given unit of time and may, 
therefore, be rendered more vulnerable to 
disruption when their rate of development is 
rapid. Therefore, this “crown development 
velocity” explanation predicts that the a 
greater rate of hypoplasias will be found on 
mesial and cervical thirds of tooth crowns. A 
third explanation holds that the expression 
of a hypoplasia is a function of enamel prism 
direction. Enamel prisms are most nearly 
perpendicular to the surface at the zone just 
cervical to the midpoint. This orientation 
may increase the ease with which one can 
discern variation in prism lengths. Fourth, 
longer prisms might be more sensitive to dis- 
ruption. Marks and Rose (1985) have re- 
cently suggested that the severity of response 
is related to the distance from the dentinal- 
enamel junction. The latter two prism expla- 
nations differ from the other two in that the 
former imply that differences in hypoplasia 
frequencies are a reflection of differences in 
disruption of growth processes, while the lat- 

ter two may reflect differences in th, = macro- 
scopic detection of ameloblastic matrix 
disruption. 

The ameloblast number hypothesis is not 
completely consistent with both within- and 
among-tooth data. Teeth with higher num- 
bers of ameloblasts-molars, for example- 
have fewer hypoplasias. However, within 
teeth there is evidence for an increase in 
resistance to hypoplasias near the cemento- 
enamel junction. At this point, most amelo- 
blasts are no longer secreting matrix. To be 
totally consistent, the ameloblast number 
hypothesis would predict a high frequency of 
defects on the cervical borders of teeth. 

The hypothesis relative to the rate of crown 
development suffers from a number of prob- 
lems. First, this hypothesis predicts that 
those teeth which are forming the greatest 
amount of enamel per unit time would be 
most suceptible to disruption. We have cal- 
culated the rate of crown development for the 
14 teeth (Table 3). Indeed, there is some evi- 
dence that the faster-developing teeth, such 
as the incisors (2.2-2.54 mdyear), are more 
hypoplastic. However, the canines are among 
the slowest of developing teeth (1.65-1.75 
mdyear), and are also the most hypoplastic 
tooth class. Second, one may argue on logical 
ground that the rate of variation in tooth 
development velocity within tooth crowns 
(probably less than twofold) is not of s a i -  
cient magnitude to exert the magnitude of 
variations found among hypoplasia rates. 

The enamel-prism-direction hypothesis is 
supported by data on the intratooth associa- 
tion between hypoplasias and Wilson bands 
(pathological striae of Retzius; Rose, 1979). 
Condon (1984) reported that 89% of canine 
Wilson bands were associated with a canine 
enamel surface defect. However, all the Wil- 
son bands which did not have a matching 
surface defect were located in the incisal por- 
tion of the tooth. Therefore, the macroscopic 
penetrance of an enamel matrix disruption 
may be diminished in the incisal third. 

The work of Marks and Rose (1985) may be 
particularily relevant to the low expression 
of hypoplasias near the cervical borders of 
teeth. These authors have demonstrated that 
enamel microdefect severity increases as one 
follows a stria of Retrius from the dentinal- 
enamel junction to the enamel surface. The 
observation of microdefects but not surface 
defects cervically suggests that shorter 
prisms might be less expressive of surface 
defect (Condon, 1984; Marks and Rose, 1985). 
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The four explanations we have discussed 
are not mutually exclusive and are highly 
speculative. All of them, as well as other 
factors, may influence the within-tooth dis- 
tribution of enamel hypoplasias. At present, 
we suggest that the prism-length and -direc- 
tion explanations are most consistent with 
the available data. However, further work is 
required on basic ameloblast physiology be- 
fore we are able to provide more than a cor- 
relative explanation for within-tooth patterns 
of susceptibility to hypoplasias. 

Developmental stability and hypoplasia 
susceptibility 

Among-tooth variations in the expression 
of hypoplasias may be controlled by a variety 
of morphological, developmental, and genetic 
factors. First, earlier-developing teeth tend 
to be more hypoplastic than later-developing 
teeth. Thus, our data partly confirm the hy- 
pothesis that hypoplasia frequency differ- 
ences among teeth are due to differences in 
time of development. Teeth which are devel- 
oping during periods in which host resistance 
is low and environmental insults are great 
are more likely to be hypoplastic. 

On the other hand, not all differences in 
overall frequencies of hypoplasias by tooth 
type presented in this paper are well ex- 
plained by differences in time of develop- 
ment. The time-of-development hypothesis 
neither explains the increased frequency of 
defects found on the maxillary central inci- 
sor, when compared to the other incisors and 
first molars, nor the greater frequency of hy- 
poplasias found in canines between 3 and 5 
years, as compared to the many other teeth 
developing at  this time. 

The studies which have been summarized 
in Tables 1 and 2 did not control for sample 
differences due to tooth loss, attrition, or 
other factors. Nonetheless, it should be noted 
that the results of these studies confirm the 
general pattern reported in this paper. The 
Hammon-Todd incisors are two to four times 
as hypoplastic as first molars-a variation 
that is not readily explained by a slightly 
longer time of crown development (Table 1). 
The unweighted mean frequency of hypopla- 
sias based on the five studies presented in 
Table 2 is 20.2% for the upper central incisor 
and 4.8% for the mandibular lateral incisor. 
This greater-than-fourfold difference is in- 
consistent with the time-of-crown-develop- 
ment hypothesis. Furthermore, the 
consistency of the among-tooth frequency 

data presented in this study, as compared to 
previously published data, supports the gen- 
eralization of the patterns found in other hu- 
man populations. In summary, time of crown 
development does not explain all differences 
in the frequency and distribution of enamel 
hypoplasias. 

Temporal duration of crown development 
also does not provide an adequate explana- 
tion of variations in frequency of hypoplasias 
among tooth types. The time required for the 
completion of crown formation varies from 
3.5 years for first molars and maxillary sec- 
ond premolars to 6 years for canines (Table 
3). Standardizing for the duration of crown 
development by dividing the number of de- 
fects over the duration of time development 
does explain some of the variation in risk of 
hypoplasias among tooth crowns, but only a 
small portion of the total. The maxillary cen- 
tral incisor, for example, is from 1.4 to 8.4 
times as  hypoplastic as  the other teeth. 

Similarly, there is some evidence that taller 
crowns are more hypoplastic. When the fre- 
quency of hypoplasias is standardized for 
crown height by dividing hypoplasia fre- 
quencies by the average crown height the 
range of relative risks of hypoplasias by tooth 
type is decreased to 6.5 (maxillary central 
incisor versus mandibular second molar; Ta- 
ble 3). Yet, large variations remain among 
teeth. 

The best explanation for differences in fre- 
quency of hypoplasias by tooth could be based 
on a consideration of differences in genetic 
control over development. We suggest that 
the frequency of hypoplasias by tooth type is 
directly related to developmental stability. 
Teeth which are most developmentally stable 
will be more susceptible to ameloblastic dis- 
ruption, whereas teeth which are less devel- 
opmentally stable will be more resistant to 
ameloblastic disruption. 

Patterns of stability within the human per- 
manent dentition, as indicated by variations 
in size, shape, fluctuating asymmetry, and 
developmental timing are well accepted. For 
example, Alvesalo and Tigerstedt (1974) note 
that, with the exception of lower incisors, the 
more distal teeth within all tooth groups (up- 
per incisors, upper and lower molars and pre- 
molars) are more variable in size. From these 
data the highest heritability scores are given 
to upper central incisors, lower lateral inci- 
sors, and all first molars and premolars (Al- 
vesalo and Tigerstedt, 1974). Dahlberg (1945, 
1963a,b) notes a similar pattern of variabil- 
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ity in tooth size and shape. Garn and co- 
workers (1966) report that first incisors, pre- 
molars, and molar demonstrate less fluctuat- 
ing asymmetry than second incisors, 
premolars, and molars (also see Townsend, 
1983; Townsend and Brown, 1980). Further- 
more, Nass finds a similar pattern of asym- 
metry in Mucuca fuscata (19821, thus 
providing some evidence that patterns of de- 
velopmental stability may be shared with 
other primate species. Finally, Garn and co- 
workers (1959) note that the time of crown 
and root calcification is least variable in first 
molars and premolars, followed by the sec- 
ond molar and premolar, and most variable 
for the third molar. 

The consistency of the within-dentition 
pattern of variability fits well into the “field 
theory,” as developed by Butler (1939) and 
modified for the human dentition by Dahl- 
berg (1945, 1963a,b; also see Bailit, 1975; 
Greene, 1967). The field theory provides an 
explanation for the pattern of variability 
found in the human dentition. Key or “po- 
lar” teeth in fields are hypothesized to be 
under greatest control by genes governing 
development within dental fields and, there- 
fore, are less variable (Greene, 1967). Polar 
teeth in dental fields are upper first incisors, 
lower lateral incisors, canines, first premo- 
lars, and first molars (Dahlberg, 1945). 

The pattern of hypoplasias fits the field 
theory. Upper central incisors are more hy- 
poplastic than upper lateral incisors, but 
lower lateral incisors are more hypoplastic 
than lower central incisors. Both upper and 
lower first premolars and molars are more 
hypoplastic than second premolars and mo- 
lars. In six out of six cases the more polar 
teeth are most hypoplastic. 

The association between susceptibility to 
hypoplasia and developmental stability may 
reflect different methods of responding to en- 
vironmental perturbations. Teeth which are 
under greater genetic control, are, in a sense, 
more strongly canalized (Waddington, 1957) 
and may, therefore, be less able to alter their 
size and developmental timing. For the more 
developmentally stable teeth, enamel hypo- 
plasias may be the only means of response to 
environmental perturbation. 

Conversely, teeth which are under weaker 
genetic control are not as highly canalized, 
and may therefore be able to respond to en- 
vironmental purturbations in a greater num- 
ber of ways, including slowing development 
and decreasing size. Such an effect has been 
found in the size response to nutritional 

stress of rat molar teeth (Holloway et al., 
1961). In rats exposed to undernutrition, third 
molars decrease in size at a greater rate than 
first molars. Second molars are intermediate 
in response (Holloway et al., 1961). 

CONCLUSIONS 

Frequencies and chronological distribu- 
tions of enamel hypoplasias has been pre- 
sented by 14 permanent tooth types for 30 
individuals. The pattern of hypoplasias sug- 
gests great variation insusceptibility toenam- 
el hypoplasias within and among tooth types. 
Among teeth, the greatest frequency of hy- 
poplasias is found on anterior teeth, and par- 
ticularily maxillary central incisors and 
mandibular canines. The peak frequency of 
defects by tooth varies from 2.0 to 2.5 years 
for incisors to 5.0 to 6.0 years for second 
molars. Regardless of time of development, 
however, the greatest frequency of hypopla- 
sias within teeth is found on mesial thirds. 

While time of development of tooth crowns 
may affect the frequency of hypoplasias found 
among teeth, it does not explain the full mag- 
nitude of differences found. The hypothesis 
that teeth do not differ in susceptibility to 
growth disruption, which is often assumed to 
be true, should be reconsidered. 

Variations in the frequency and chronology 
of hypoplasias have implications for epide- 
miological studies with both living and skel- 
etal populations. Comparisons based on teeth 
with different patterns of susceptibility to 
hypoplasias may introduce substantial error. 
The effect may be in either the direction of 
the false acceptance or the rejection of a null 
hypothesis. As an example, Schulz and 
McHenry (1975) present a chronological dis- 
tribution of hypoplasias based on mandibu- 
lar canines from a prehistoric California 
series. These canines have a peak frequency 
of defects between 4 and 5 years. This peak 
occurs a t  a much latter time than the peak 
frequencies of 2.5-3.0 and 3.0-3.5 years re- 
ported by Goodman and co-workers (1984) for 
two prehistoric Illinois populations, based on 
a procedure which matches hypoplasias 
found on different teeth. However, from an 
examination of the canine data presented in 
this paper (Fig. 2; also see Goodman and 
Armelagos, 1985) it is apparent that much of 
the difference in chronology found between 
the California and Illinois samples may be 
due to the dissimilarities in teeth studied. 

The magnitude of among-tooth differences 
in enamel hypoplasia patterns does not di- 
minish their potential use in epidemiological 
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studies. Rather, better understanding of the 
pattern of susceptibility may provide some 
important guides to epidemiological studies. 
We suggest that researchers concentrate on 
a few easily accessible and frequently hypo- 
plastic teeth, such as  maxillary central inci- 
sors and mandibular canines. While 
researchers should continue efforts to match 
defects occurring on different teeth, data 
should be reported by tooth in order to insure 
comparability. Finally, the gradient of sus- 
ceptibility may provide a method of estimat- 
ing severity of physiological stress. The 
appearance of hypoplasias on less susceptible 
teeth may be indicative of a more severe 
physiological disruption (Goodman et al., 
1984a; Rose et al., 1985). 

Regardless of time of development, hypo- 
plasias follow a similar morphological distri- 
bution within teeth. Few defects are found 
on incisaUocclusa1 thirds, most defects are 
found on middle thirds, and a moderate rate 
of hypoplasias is found on cervical thirds. We 
have suggested that this pattern may be 
partly the result of variation in expression of 
enamel growth arresting. The association of 
peak hypoplasia frequencies with crown 
areas in which enamel prisms are long and 
most perpendicular to the crown’s surface 
suggests that these disruptions are most eas- 
ily expressed when prisms fit these criteria. 
Further research is required in order to as- 
sess the validity of this explanation. Among 
those data which may help to establish 
within-tooth hypoplasia patterns are compar- 
isons of hypoplasia patterns with histological 
data and results from controlled studies of 
hypoplasia formation, in which time of crown 
development is varied. 

Teeth which are most developmentally sta- 
ble, polar teeth in dental fields, are more 
susceptible to hypoplasias than nonpolar 
teeth. We suggest that hypoplasia suscepti- 
bility is directly associated with develop- 
mental stability because of the increased 
ability of nonpolar teeth to respond to envi- 
ronmental purturbations by decreasing size 
or altering developmental timing. 

We suggest that great variation in suscep- 
tibility to growth disruption exists both 
within and between teeth. Further under- 
standing of the pattern of susceptibility of 
enamel to matrix disruption and of the occw- 
rence of enamel hypoplasias has implications 
for both epidemiological and evolutionary 
studies. Controlling for variation in suscep- 
tibility of enamel to hypoplastic disruption 
may aid epidemiological studies by eliminat- 

ing a potential source of error. Among-tooth 
variation in hypoplasia susceptibility may 
have affected results from the majority of 
studies of dental defects. For evolutionary 
studies, the relationship between hypopla- 
sias and other aspects of development may 
aid in understanding patterns of dental evo- 
lution and development. If hypoplasia sus- 
ceptibility is related to canalization, then 
studies of hypoplasias among different taxa 
may aid in understanding evolutionary pat- 
terns. A possible implication of these studies 
is that hypoplasia patterns in fossil mate- 
rials may be compared to patterns in extant 
species as a marker of phylogenetic relation- 
ships. With further understanding of their 
cause and meaning, enamel hypoplasias may 
provide a model for study of both health and 
evolutionary process. 
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