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Much of a molar’s morphological complexity occurs 
on its occlusal surface, yet conventional measurements 
are made on the later-forming collum of the tooth.  Max-
imum mesiodistal and buccolingual tooth crown diame-
ters and similar dimensions (e.g., Goose, 1963) primarily 
have been chosen based on their ease of measurement 
and their repeatability—not on any true biological crite-
rion.  Researchers have investigated other sorts of tooth 
crown variables, notably Biggerstaff (1969a,b) who de-
vised an array of distances, angles, and areas that can 
be measured on the occlusal table of teeth in the buc-
cal segments.  As with some previous researchers (e.g., 
Biggerstaff, 1975; Corruccini, 1979; Townsend, 1985; 
Townsend et al., 2003; Bailey, 2004), we were motivated 
to explore the patterns of variation of the occlusal tables 
of maxillary molars, largely to investigate whether ad-
ditional information can be gained compared to the 
conventional lengths and widths of crowns.

Maxillary molars were chosen because their occlusal 
morphology is a bit simpler than in the mandible and 
because there is considerable research by embryolo-
gists on how the number and arrangement of enamel 
knots determines a tooth’s occlusal morphology.  Con-
siderable importance now is attributed to primary and 
secondary enamel knots that direct the folding of the 
inner enamel epithelium (IEE) that determines a tooth’s 
crown morphology (Jernvall et al., 1994; Thesleff et al., 
2001).  Enamel knots are transitory condensations of 
the IEE that cause growth of that site to cease (thereby 
creating a presumptive cusp tip) while at the same time 
promoting cell proliferation of adjacent regions that 
causes the IEE to fold (Jernvall et al., 1994, 1998, 2000; 
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ABSTRACT    The focus of this descriptive study was to 
explore the patterns of variation of base crown areas for 
the four major cusps on the maxillary first and second 
permanent molars in a cohort of contemporary North 
American whites of western European descent.  A 
computer-assisted photogrammetric method was used 
to measure two-dimensional areas of the cusps.  Ranking 
of mean cusp size was the same for M1 and M2, namely 
protocone > paracone > metacone > hypocone.  In concert 
with field theory, size decreased while variability (CV) 
increased across this same sequence.  Overall area of M1 
(97 mm2) is 13% larger than M2 (86 mm2) in this sample.  

Most cusps exhibited significant sexual dimorphism, 
with greater differences for the distal cusps within a 
tooth and from M1 to M2.  Intercorrelations of cusp areas 
were notably low (r2 < 15%) both within and between 
M1 and M2, suggesting considerable independence in 
formative rates of each cusp and low morphological 
integration of these constituents of the occlusal table.  
Limited comparative material in the literature suggests 
that cusp areas may valuably extend the quantitative 
comparisons for genetic and biological studies beyond 
conventional tooth crown width and length. Dental 
Anthropology 2005;18:22-29.

Luuko et al., 2003).  Regional differences in proliferative 
rates account for the angularity of cusps, at least at the 
enamal-dentin interface.

Purpose of the present study, which is predomi-
nantly descriptive and exploratory, was to characterize 
the basal cusp areas of the main cusps on the maxillary 
first and second molars in a sample of North American 
whites.  Basal cusp area is a term coined by Biggerstaff 
(1969b) to refer to the two-dimensional area defined by 
a cusp in occlusal view, demarcated by the major devel-
opmental grooves (e.g., Zeisz and Nuckolls, 1949) and 
ranging to the periphery of the occlusal table.  In fact, 
Biggerstaff actually used polygons defined by several 
anatomic landmarks as proxies for the anatomic config-
uration of a cusp area because of the technical difficul-
ties involved in computing the area of a free-form object.  
Wood and colleagues (Wood and Abbott, 1983; Wood et 
al., 1983) used a planimeter to measure basal cusp areas.  
More recently, Macho and Moggi-Cecchi (1992), Bailey 
(2004) and others used computer systems that obviate 
the tedium of semi-mechanical approaches.

MATERIALS AND METHODS

Data were collected from full-mouth dental casts of 
adult North American whites.  Individuals were pheno-
typically normal.  There were 112 females and 88 males 

*Correspondence to:  Edward F. Harris, Department of 
Orthodontics, College of Dentistry, The Health Science 
Center, University of Tennessee, Memphis, TN  38163.
E-mail:  eharris@utmem.edu



22 23

in the sample (200 individuals total).
Cusp base areas were measured on the maxillary 

first and second permanent molars.  There were very 
few third molars in this sample because of the com-
mon clinical practice of extracting them prophylacti-
cally.  Not every tooth was usable because of dental 
restorations that obscured key morphological features.  
Restorations were, by far, the predominant reason for 
excluding teeth, and the comparatively high frequency 
of restorations on the first molars accounts for the larger 
usable samples for variables on M2.

A high-resolution digital photograph was taken of 
each molar individually (described in Harris and Dinh, 
n.d.).  These images were stored on a computer, and 
data were collected using ProScan 5.0 (SAS Institute, 
NC).  Cusp outlines were traced using the computer’s 
mouse in a fashion analogous to using a planimeter 
(Wood and Abbott, 1983; Wood et al., 1983).  The four 
main cusps were measured individually (Fig. 1).  The 
fifth cusp (the metaconule1; Harris and Bailit, 1980) was 
also measured, though it occurred too infrequent to per-
mit statistical analysis.  When the hypocone was absent, 
it was scored as “missing,” not zero.  The base area of 
Carabelli’s trait (e.g., Kraus, 1959; Turner and Hawkey, 
1998) was included as part of the area of the protocone 
because we found it difficult to distinguish the occlusal 
component of Carabelli’s trait from that of the proto-
cone except when this cingular feature exhibited a large 
separate cusp.  Inclusion of Carabelli’s trait accounts for 
the protocone’s large coefficient of variation, especially 
on M2 where the trait (and trait size) is more variable.

RESULTS

Descriptive statistics (Table 1) show that the modal 
cusp base areas is the same as the phylogenetic acquisi-
tion of the cusps, namely that the protocone is the largest 
and the sequence of reduction is protocone > paracone 
> metacone > hypocone, which is the same ranking of 
sizes described in texts on contemporary anatomy (e.g., 
Zeisz and Nuckolls, 1949; Ash, 1993).

Two rankings are of note on the first molar:  (1) size 
of the cusp base area diminishes sequentially from the 
protocone through the hypocone and (2) size variability 
(CV) increase in this same sequence.  The same patterns 
of variability hold for the second molar (recalling that 
we included Carabelli’s trait as part of the protocone 
base area).  In addition, as predicted from dental field 
theory (Dahlberg, 1951), cusp areas on M2 (the later 
forming tooth) are more variable than homologous fea-
tures on M1.

Tests for sexual dimorphism (Table 1) show that 
males characteristically have larger cusp base areas, 
though not invariably so.  The protocone on M1 is not 
dimorphic (P = 0.71) nor is the base area for the meta-
cone (P = 0.20).  The other two cusps on M1 and all 
four cusps on M2 exhibit statistically significant sexual 
dimorphism.  On a percentage basis, the overall crown 
area of M1 is about 5% larger in males (P < 0.01) and this 
difference increases to about 10% for the later-forming 
M2 (P < 0.01).

Correlations were computed between the cusp areas 
(Table 2).  This was done pairwise so the absence of the 
hypocone on about half of the second molars did not 
affect the other sample sizes.  The weakness of the cor-
relations seems striking; the strongest correlations are 
only on the order of 0.3 to 0.4 and most are appreciably 
lower.  These low correlations are indicative of “loose” 
morphological integration of the cusps that compose the 
occlusal tables (Olson and Miller, 1958).  Correlations 
between cusps on M1, the pole tooth, achieve statisti-
cal significance because of the fairly large sample sizes, 
but they explain little of the variation between areas (all 
with r2 < 15%).  There is no discernible patterning of the 
correlations within M1 or within M2.  Correlations are 
even smaller for the M2 comparisons than on M1.

Comparing between M1 and M2, the correlations are 
no stronger between the homologous cusps than for the 
other pairings, and, again, the explained variation (r2) 
between cusp areas on the two molars is invariably less 
than 15%.

Fig. 1. Terminology used for the maxillary molars. 
This cusp numbering system was introduced by 
Gregory (1916); numbering is only used as a shorthand 
device since this numbering sequence is not the 
mineralization sequence noted by embryologists (e.g., 
Kraus and Jordan, 1965).

1Mizoguchi (1988:45) correctly notes that this cusp 
actually is the “tuberculum accessorium posterius ex-
ternum” described by Selenka (1898, cited in Korenhof, 
1960) that Mizoguchi himself terms the “distobuccal 
accessory marginal tubercle.”  The true metaconule is a 
different feature.
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The occlusal table of M2 is about 13% smaller than 
that of the first molar (Table 3), but this summary statis-
tic hides some interesting variations.  The mesial pair of 
cusps (the protocone and paracone) actually is signifi-
cantly larger on M2 than M1.  In contrast, the decreases 
in average cusp sizes are dramatic for the metacone and 
hypocone; both basal areas are about one-third smaller 
on M2.  These distal cusps are, however, smaller abso-
lutely than their mesial counterparts, so, the M1-to-M2 
difference for the whole occlusal table is a decrease of 
about 13%.  We also included a molar-by-sex interac-
tion term in the ANOVA tests in Table 3, but it was not 
significant for any variable, which confirms that the size 
gradients between M1 and M2 are equivalent (propor-
tionate) in males and females.

DISCUSSION

There are several contributors to a cusp’s basal area, 
though little is known about their specific control mech-
anisms.  The number and presumptive spatial relation-
ships of cusps are defined by primary and secondary 
enamel knots (Thesleff and Jernvall, 1997; Jernvall and 
Thesleff, 2000; Sharpe, 2001; Thesleff et al., 2001).  The 

histological occurrence of enamel knots has been known 
for over a century (reviewed in Butler, 1956), but their 
function was recognized only recently. Enamel knots 
are sites in the stellate reticulum adjacent to the inner 
enamel epithelium.  They are sites without mitotic activ-
ity that initiate cusp tip formation at the enamel–dentin 
interface.

While enamel knots define the number and fun-
damental arrangement of cusps, there is considerable 
growth of the tooth from the cap stage (when knots de-
velop) into the bell stage when amelogenesis progresses 
down the slopes of the cusps and, eventually, the in-
tercuspal regions mineralize, thereby “freezing” the 
distances between cusps, at least at the enamel-dentin 
junction.  Information on the growth of the teeth (pri-
marily intercuspal distances between the early-forming 
stable cusps) shows that there are considerable increases 
in dimensions of the occlusal table during these phases 
and that the rates of growth differ among cusps, among 
teeth, and with time (e.g., Butler, 1967a,b, 1968).  Butler’s 
data (1967b) for UM1 show that the paracone-metacone 
distance increases from about 1 mm when the cusps are 
first discernible to about 4 mm when they have both min-
eralized.  Butler comments that the intercuspal distances 

TABLE 1. Descriptive statistics and tests for sexual dimorphism1

  Total   Male   Female 
 Variable n x  sd CV n x  sd n x  sd %SD F Ratio Prob > F

Maxillary First Molar

Protocone 160 32.23 4.78 14.83 68 32.40 5.34 92 32.11 4.34 0.9 0.14 0.7109

Paracone 160 24.06 3.41 14.18 68 25.36 3.46 92 23.09 3.05 9.8 19.25 < 0.0001

Metacone 160 21.46 3.09 14.41 68 21.83 3.14 92 21.19 3.05 3.0 1.65 0.2005

Hypocone 160 19.35 3.83 19.80 68 20.26 4.28 92 18.68 3.33 8.5 6.90 0.0094

Metaconule 1 4.59 -- -- 0 -- -- 1 4.59 -- -- -- --

Crown Area 160 96.94 10.45 10.78 68 99.85 11.30 92 94.78 9.25 5.3 9.70 0.0024

Maxillary Second Molar

Protocone 183 36.97 7.48 20.22 78 38.50 7.98 105 35.83 6.90 7.5 5.88 0.0163

Paracone 183 25.47 3.65 14.32 78 26.21 3.49 105 24.92 3.68 5.2 5.78 0.0172

Metacone 183 16.07 3.15 19.58 78 16.90 3.56 105 15.46 2.66 9.3 9.81 0.0020

Hypocone 102 14.58 5.29 36.28 43 16.06 5.86 59 13.50 4.59 18.9 6.09 0.0153

Metaconule 2 20.51 11.43 -- 2 20.51 11.43 0 -- -- -- -- --

Crown Area 183 85.67 11.90 13.90 78 90.37 14.28 105 82.18 8.26 10.0 23.85 < 0.0001

1Descriptive statistics are:  sample size (n), arithmetic mean ( x ), standard deviation (sd) and coefficient of 

variation (CV).  ”%SD” is percent sexual dimorphism calculated as 
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have the highest growth rates.  “The cusp tips separate 
more rapidly than can be accounted for by enlargement 
of the bases on which the cusps stand” (1967b:990).  In 
other words, the cusps migrate toward the sides of the 
tooth (buccally and lingually) with growth because 
of faster mitotic rates in the central basin.  Additional 
increases in intercuspal distance and basal cusp area 
occur after bridging of the cusps because amelogenesis 
is eccentric, meaning that enamel deposition proceeds 
“in such a manner that the completed enamel apices 
are dispersed linguobuccally more than mesiodistally 
relative to their dentine analogs” (Kraus, 1952).  It also 
is well documented that enamel deposition (amelogen-
esis) initiates on different cusps at different times and 
bridging between cusps occurs at different times (Kraus 

and Jordan, 1965), so the definitive size of cusps at the 
enamel-dentin junction reflects a collage of events rang-
ing a span of time—where it is likely that this “span” 
varies among tooth types and among individuals and 
among populations (Bailey, 2004).  Indeed, data col-
lected by Kraus and Jordan (1965) and by Moss and 
Applebaum (1962) clearly shows these allometric pat-
terns of growth.  Similarly, Rosenzweig’s (1970) study 
of crown index (BL/MD times 100) confirms intergroup 
differences in completed tooth crown shape, along with 
the trend for males to have larger indices (i.e., greater BL 
width in comparison to MD length) than females within 
a group.

Viewed occlusally, cusp area includes the sloping 
margins of the crowns, down to what, clinically are 

TABLE 2. Pairwise correlations between cusp areas within and between the two maxillary molars1

 Variable Variable n r2 r P Value tau P Value

Within First Molar
M1 Protocone M1 Paracone 160 0.042 0.205 0.0095 0.158 0.0031
M1 Protocone M1 Metacone 160 0.078 0.278 0.0004 0.166 0.0019
M1 Protocone M1 Hypocone 160 0.059 0.243 0.0020 0.203 0.0001
M1 Paracone M1 Metacone 160 0.090 0.301 0.0001 0.177 0.0009
M1 Paracone M1 Hypocone 160 0.110 0.332 < 0.0001 0.223 < 0.0001
M1 Metacone M1 Hypocone 160 0.132 0.364 < 0.0001 0.241 < 0.0001

Within Second Molar
M2 Protocone M2 Paracone 183 0.080 0.283 0.0001 0.176 0.0004
M2 Protocone M2 Metacone 183 0.001 0.029 0.6974 0.025 0.6198
M2 Protocone M2 Hypocone 102 0.032 0.179 0.0719 0.056 0.4050
M2 Paracone M2 Metacone 183 0.077 0.278 0.0001 0.182 0.0003
M2 Paracone M2 Hypocone 102 0.005 0.073 0.4669 0.080 0.2313
M2 Metacone M2 Hypocone 102 0.029 0.171 0.0856 0.120 0.0749

Between Molars
M1 Protocone M2 Protocone 141 0.050 0.224 0.0076 0.163 0.0041
M1 Protocone M2 Paracone 141 0.091 0.302 0.0003 0.215 0.0002
M1 Protocone M2 Metacone 141 0.035 0.187 0.0264 0.139 0.0148
M1 Protocone M2 Hypocone 76 0.060 0.246 0.0325 0.190 0.0151
M1 Paracone M2 Paracone 141 0.107 0.327 0.0001 0.219 0.0001
M1 Paracone M2 Protocone 141 0.004 0.064 0.4498 0.030 0.5953
M1 Paracone M2 Metacone 141 0.065 0.255 0.0023 0.170 0.0028
M1 Paracone M2 Hypocone 76 0.043 0.208 0.0714 0.087 0.2679
M1 Metacone M2 Protocone 141 0.022 0.147 0.0821 0.092 0.1063
M1 Metacone M2 Paracone 141 0.121 0.348 < 0.0001 0.241 < 0.0001
M1 Metacone M2 Metacone 141 0.155 0.394 < 0.0001 0.318 < 0.0001
M1 Metacone M2 Hypocone 76 0.123 0.351 0.0019 0.205 0.0089
M1 Hypocone M2 Protocone 141 0.002 0.045 0.5943 0.011 0.8459
M1 Hypocone M2 Paracone 141 0.050 0.224 0.0076 0.180 0.0016
M1 Hypocone M2 Metacone 141 0.108 0.329 0.0001 0.238 < 0.0001
M1 Hypocone M2 Hypocone 76 0.149 0.386 0.0006 0.311 < 0.0001

1The Pearson product-moment correlation coefficients (r) and coefficients of determination (r2) are listed, along with 
Kendall’s tau, a nonparametric measure of association.  Sample sizes are number of pairs of observations.
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termed the heights of contour (Zeisz and Nuckolls, 
1949; Ash, 1993).  These heights correspond to the bulg-
es (convexities) on the crowns that operationally define 
the maximum mesiodistal and buccolingual tooth 
crown dimensions that have been used so extensively 
in the anthropological study of teeth (Wolpoff, 1971; 
Swindler, 1976, 2002; Kieser, 1990).  These maxima oc-
cur at various heights of the crowns depending on tooth 
type.  On human molars, maximum mesiodistal height 
occurs near the midsection of the crown’s height, while 
buccolingual width occurs close to the gingival margin.  
Some portions of these crown heights are included in 
an occlusal projection of a cusp’s area even though the 
collum of the crown mineralizes at some time apprecia-
bly later than the occlusal table (Moorrees, Fanning and 
Hunt, 1963).  Macho and Spears (1999) note that there is 
a mesiodistal gradient among the molars such that first 
molars have considerably thinner enamel than second 
and third molars and that the first molar tends to have 
more sloping (less upright) sides of the crown, buccally 
and lingually, than the distal molars.  One would sup-
pose that these buccal and lingual slopes on M1 would 
reposition the maximum heights of contour apically and 
have the effect of increasing occlusal areas when view-
ing the crown occlusally.  Little is known about growth 
control mechanisms that regulate development of the 
cervical loop—that region of the crown apical to the oc-
clusal table that progressively undergoes dentinogene-
sis—and, subsequently, amelogenesis until the crown is 
complete at the cementoenamel junction (Keene, 1982).

In the present study, we were struck by the low 
levels of correlation among the basal cusp areas (Table 
2).  While all of the correlations were positive and many 
achieved statistical significance because of the large 
sample sizes, they do not account for much of the ob-

served variation (all r2 < 15%).  The typical interpreta-
tion of low biological correlations is that the variables 
have separate developmental causes (separate etiolo-
gies) and that seems to be the case here.  The conven-
tional measurement of crown size (e.g., Goose, 1963) has 
traditionally been viewed as a composite measure of the 
constituent basal cusp area.  The occlusal morphology 
of a tooth, especially that of a molar, is so distinctive 
that there rarely is any question as to its arcade, side, or 
placement in the tooth row.  It seems to us that these fea-
tures have bolstered the supposition that the constituent 
cusp areas are strongly tied to overall tooth size (also 
see Garn, 1977).  The present study suggests a different 
scenario:  Growth of the basal cusp areas is only weakly 
coordinated.  Low correlations imply weak morpho-
logical integration among the main cusps (Olson and 
Miller, 1958), seemingly because each cusp’s growth de-
pends on (largely) independent regulatory mechanisms 
(Salazar-Ciudad and Jernvall, 2002).

Low correlations among the cusps—weak “morpho-
logical integration” of the regions of the occlusal table—
are in fact the rule rather than the exception.  Biggerstaff 
commented on these weak associations in his landmark 
work in this area (1975), and subsequent researchers 
(Garn, 1977; Corruccini and Potter, 1981; Townsend, 
1985; Townsend et al., 2003) have each remarked on 
it.  The consensus is that the constituent regions of the 
occlusal table show weaker levels of intercorrelation, 
greater coefficients of variation, greater left-right asym-
metry, and lower genetic control (greater environmental 
variation) than overall crown size.  Townsend et al. 
(2003:350) studied intercuspal distances instead of ar-
eas, but they concluded equivalently that, “Our finding 
of high phenotypic variation in intercuspal distances 
with only moderate genetic contribution is consistent 

TABLE 3. Results of mixed-model ANOVA testing for sexual dimorphism and size difference between cusps on M1 
and M21

  Sex Difference   M1-M2 Difference 
        Percent
Variable df F-Ratio Prob > F df F-Ratio Prob > F Difference

Protocone 1, 139 2.37 0.1258 1, 139 51.43 < 0.0001 +12.8

Paracone 1, 139 22.50 < 0.0001 1, 139 14.09 0.0003 +5.5

Metacone 1, 139 6.86 0.0098 1, 139 375.61 < 0.0001 -33.5

Hypocone 1, 74 8.83 0.0040 1, 74 126.34 < 0.0001 -32.7

Crown Area 1, 139 21.27 < 0.0001 1, 139 298.91 < 0.0001 -13.2

1Sex was included in the model to account for the observed sexual dimorphism in cusp areas.  Sex is a fixed effect 
while the cusp areas on M1 and M2 are a repeated-measure in the ANOVA tests.
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with substantial epigenetic influence on the progressive 
folding of the internal enamel epithelium, following for-
mation of the primary and secondary enamel knots.”

Most of the basal cusp areas on both M1 and on 
M2 are sexually dimorphic in the present sample of 
American whites.  In fact, percentage dimorphism 
(Table 1) tends to be greater for these areas than for cor-
responding sex differences in overall mesiodistal and 
buccolingual tooth dimensions measured on the same 
teeth, namely 2.8% and 1.8% for M1 and M2 dimensions 
mesiodistally and 5.0% and 2.9% for M1 and M2 bucco-
lingually (Harris and Burris, 2003).  Again, we attribute 
the high variability and absence of sexual dimorphism 
of the protocone on M1 to including the variable size 
of Carabelli’s trait with this cusp.  It is of note that the 
degrees of sexual dimorphism are larger for the second 
molar whose occlusal table mineralizes around four and 
a half years of age (Harris and Buck, 2002) than on M1 
where mineralization occurs by one-half year.  For both 
molars, the morphologically variable hypocone shows 
a high degree of sexual dimorphism.  This difference in 
area of the hypocone is part of the morphogenetic field 
effect, where there is a steeper decline in average size 
(and occurrence) in females than males (e.g., Moorrees, 
1957; Jacobson, 1982).

These findings (Table 1) are at odds with Bigger-
staff’s finding (1975) that there were “suggestions” of 
sexual dimorphism in cusp areas but that they seldom 
attained statistical significance.  Biggerstaff did not pro-
vide statistics in this regard, but his graphs suggest that, 
indeed, most means for males and females were within 
one standard deviation of each other.  Subsequent stud-
ies of intercuspal distances (Garn, 1977; Townsend, 1985; 
Townsend et al., 2003) also comment on the low level of 
sexual dimorphism in these constituent components of 
crown size.

Biggerstaff’s results were hampered by partitioning 

his sample into small groups based on molar cusp con-
figurations, and he did not actually measure cusp area.  
Instead, he calculated the areas of polygons defined by 
several landmarks, none of which was truly peripheral 
on the occlusal table, so his values variably underesti-
mate “basal cusp area” as viewed occlusally.

The computer-assisted method used in the present 
study is comparable to that used by Macho and Moggi-
Cecchi (1992) to measure cusp areas of maxillary molars 
of South African blacks (Fig. 2).  Analogous to studies 
of conventional crown diameters (e.g., Richardson and 
Malhotra, 1975; Jacobson, 1982), the cusp areas of these 
Sub-Saharan blacks are obviously larger than the pres-
ent sample of North American whites of western Euro-
pean descent, but not uniformly so.  For several cusp 
areas there is greater sexual dimorphism in the blacks.  
Protocone size is the same in the two groups for M1 and 
larger in whites on M2.  Paracone areas appear to be 
equivalent in the two groups, while the metacone and 
hypocone are appreciably larger in the blacks.  Since 
there is not just a difference in scale between these two 
groups, additional studies may provide informative 
patterns of size variation well beyond the simple blacks 
> whites suggested by overall crown sizes (e.g., Harris 
and Rathbun, 1991).

Prior studies (e.g., Macho and Moggi-Cecchi, 1992) 
have asked the somewhat rhetorical question of wheth-
er there is uniform (isometric) scaling of cuspal features 
from M1 to M2 to M3.  Obviously, the decisive answer 
is “no.”  There are obvious allometric differences.  In 
the present study that compares just M1 and M2 (Table 
3), there are highly significant changes for all four-cusp 
areas.  An isometric reduction from M1 to M2 would 
mean that M2 is merely a “scaled-down” version of M1, 
the pole tooth.  Instead, the protocone and paracone 
have significantly larger basal areas on M2, while the 
metacone and hypocone are clearly smaller on M2.  The 

Fig. 2. Average basal cusp areas for the present sample of American whites compared to data published by 
Macho and Moggi-Cecchi (1992) for South African blacks.  Error bars are +1 standard deviation.  Overall crown area 
was about 3% larger in blacks than whites for M1 and 11% larger for M2.
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metacone and hypocone (Table 3) differ in their degrees 
of size reduction, perhaps because the metacone is part 
of the molar’s comparatively stable trigon, while the hy-
pocone is the sole cusp of the talon in humans (Osborn, 
1907; Gregory, 1922).  The metacone’s variability seems 
to be expressed wholly as size variation; there was no in-
stance on M1 or M2 where this cusp was absent.  In con-
trast, the hypocone was always present on M1 in some 
form, but was absent in about half (47%; 66/140) of the 
M2 sample.  Consequently, the size variation calculated 
here is just for the half of the M2 where the hypocone 
is present.  Other studies that have quantified occlusal 
areas also have commented on the especial variability of 
the hypocone (e.g., Biggerstaff, 1975; Peretz et al., 1998; 
Yamada and Brown, 1998). To note just that M2 has a 
smaller occlusal table than M1 (a 13% reduction on 
average) hides the considerable variability within the 
constituent cusps.

We have explored here some of the biological fea-
tures of cusp areas on maxillary molars.  Our moti-
vation was to extend the battery of biologically (and 
anthropologically and genetically) useful features that 
can be studied beyond the hackneyed use of maximum 
MD and BL crown diameters.  Moreover, work by em-
bryologists (e.g., Jernvall and Thesleff, 2000; Salazar-
Ciudad and Jernvall, 2002) suggests that regulation 
of events that define morphology of the occlusal table 
probably are different than those acting later to form 
the collum of the crown where conventional diameters 
are measured, thus providing additional and different 
biological information.  In contrast to the enormously 
time- and effort-intensive computer methods initiated 
by Biggerstaff (e.g., 1969a,b), the computer hardware 
and software now available make the study of crown 
components comparatively quite feasible.
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