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ABSTRACT This study presents data on the enamel
thickness of deciduous (dm2) and permanent (M1-MS3)
molars for a geographically diverse sample of modern
humans. Measurements were recorded from sections
through the mesial cusps of unworn teeth. Enamel is
significantly thinner on deciduous than on permanent mo-
lars, and there is a distinct trend for enamel to increase in
relative thickness from M1 to M3. The relatively thicker
enamel of M2s and especially M3s can be related to the
overall reduction in size of more distal molar crowns,
which has been attained through a differential loss of the
dentine component. Enamel tends to be thicker on the
protocone than on the paracone, and thicker on the proto-
conid than on the metaconid, but its distribution is not

Tooth enamel thickness has long been considered
to hold both functional and phylogenetic significance
for the interpretation of hominoid evolution (Jolly,
1970; Simons and Pilbeam, 1972; Molnar and Gantt,
1977; Kay, 1981; Martin, 1985; Gantt, 1986; Beynon
and Wood, 1986; Grine and Martin, 1988; Beynon et
al., 1991; Macho and Thackeray, 1992; Molnar et al.,
1993; Macho and Berner, 1994; Shellis et al., 1998;
Schwartz, 2000b). For example, it has featured
prominently in recent arguments over the relation-
ships of the earliest (i.e., Late Miocene—Early Plio-
cene) putative hominins from eastern Africa. Ardipi-
thecus ramidus is reported to possess thin molar
enamel (White et al., 1994; Haile-Selassie, 2001), in
common with extant African apes. On the other
hand, Orrorin tugenensis is said to have relatively
thick molar enamel (Senut et al., 2001), a feature
that it shares with later undisputed hominins, in-
cluding modern humans. Extremely thick molar
enamel has been hypothesized as a synapomorphy of
the three species of Paranthropus (Grine and Mar-
tin, 1988; Strait et al., 1997; Strait and Grine, 2001).

Until fairly recently, it was generally assumed
that all teeth, and especially all molars of a given
species, are endowed with similarly thick enamel
caps. Grine and Martin (1988) reported some sparse
data for living great apes and humans that indicated
a tendency for enamel thickness to increase from M1
to M3, and Aiello et al. (1991) reported values ob-
tained from very small samples (between 1-3 spec-
imens each) for extant apes that suggested a ten-
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wholly concordant with models that predict increased
thickness as a means by which to counter heavier attri-
tional loss on these “functional” cusps. Indeed, the thick-
ness of enamel tends to be more variable on cusp tips and
occlusal surfaces than over the lateral aspects of cusps.
The proportionately thicker enamel over the lateral as-
pects of the protocone and protoconid more likely serves as
a means to prolong functional crown life by preventing
cusp fracture, rather than being an adaptation to increase
the attritional longevity of wear facets. The present data
suggest that the human dentition is not predisposed to
develop a helicoidal wear plane through the disposition of
molar enamel thickness. Am J Phys Anthropol 126:14-31,
2005.  © 2004 Wiley-Liss, Inc.

dency for it to increase distally from d, to M;. These
indications were subsequently corroborated by Ma-
cho and Berner (1993) and Schwartz (2000a) for
human permanent molars, and by Gantt et al.
(2001) for human deciduous molars. To date, these
three studies represent the only direct (i.e., nonra-
diographic) analyses of variation in human molar
enamel thickness that employed statistically ade-
quate samples. Macho and Berner (1993) examined
maxillary molars (21 M!, 12 M2, and 11 M?) of an
Austrian population, and the data of Schwartz
(2000a) were for mandibular molars (9 M, 13 M,,
and 7 M) obtained from the Dental School at New-
castle, UK. Gantt et al. (2001) measured deciduous
molar crowns (15 dm*, 17 dm?, 17 dm,, and 24 dm,)
of European-American and African-American chil-
dren. As aptly noted by Schwartz (2000b, p. 228),
“these measurements of enamel thickness may not
be representative of the total range of variation
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HUMAN MOLAR ENAMEL THICKNESS

present in contemporary or prehistoric human pop-
ulations.”

The tendency for deciduous and permanent mo-
lars to display a distalward increase in enamel
thickness has been related to functional models of
masticatory biomechanics (Macho and Berner, 1993,
1994; Spears and Macho, 1995, 1998; Macho and
Spears, 1999; Schwartz, 2000a,b; Gantt et al., 2001).
According to these scenarios, the thicker enamel of
the more distal molars accords with the higher oc-
clusal forces that some biomechanical models pre-
dict them to encounter (Molnar and Ward, 1977,
Osborn and Baragar, 1985; Koolstra et al., 1988;
Janis and Fortelius, 1988; Osborn, 1996). Thus, Ma-
cho and Berner (1993) observed that although the
eruption pattern of human molars might imply that
M1s should have the thickest enamel because they
are in occlusion for the longest time, M2s and espe-
cially M3s have thicker enamel caps because they
are believed to experience higher bite forces.

By the same token, differences in enamel thick-
ness on the buccal and lingual cusps of human mo-
lars have been interpreted in a functional context by
a number of workers (Shillingburg and Grace, 1973;
Molnar and Gantt, 1977; Grine and Martin, 1988;
Macho and Berner, 1993, 1994; Spears and Macho,
1995; Schwartz, 2000a,b; Gantt et al., 2001). It has
been argued that enamel should be thicker over the
tips and occlusal surfaces of the so-called “func-
tional” cusps (Schwartz, 2000a) than the “guiding”
cusps (Spears and Macho, 1995). That is, enamel
should be thicker on cusps that are dominated by
phase II (crushing/grinding) facets than on those
dominated by phase I (shearing/guiding) facets, so
as to effectively withstand the heavier abrasion on
the former. Discrepancy in the thickness of enamel
covering the buccal and lingual cusps also has been
related to the development of a helicoidal occlusal
wear plane in humans (Macho and Berner, 1994;
Spears and Macho, 1995), although this has been
questioned by Schwartz (2000a).

The purpose of this paper is to characterize and
interpret variation in enamel thickness of the decid-
uous and permanent molars of a geographically di-
verse modern human sample. These data will add to
the existing database for recent Homo sapiens that
derives from physically sectioned crowns (Macho
and Berner, 1993; Schwartz, 2000a; Gantt et al.,
2001), and will be used to address hypotheses that
posit a functional basis to the distribution of enamel
along the molar row and across the different cusp
surfaces.

MATERIALS AND METHODS
Sample

The present sample comprises 80 unworn decidu-
ous and permanent modern human molars, with
each maxillary and mandibular class from dm2 to
M3 represented by 10 teeth (i.e., 10 dm?, 10 dm,, 10
M?!, 10 M,, etc.). Each tooth was extracted from a ¢
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cranium or mandible to ensure that its anatomical
position was known with certainty. Only a single
tooth from any one jaw was used, and each unworn
crown was fully developed. All specimens were de-
void of obvious pathology. Sex was known for only a
small number of specimens.

The sample comprises individuals of European
heritage (people from Western and Eastern Europe
as well as Americans of European ancestry), Native
North Americans, people from the Indian Subconti-
nent, and sub-Saharan Africans (San and South Af-
rican Bantu-speaking populations). The entire sam-
ple is divided roughly evenly among these four
geographic regions, although geographic represen-
tation is not equal for any given tooth.

On the basis of radiological analyses, Harris et al.
(1999, 2001) reported significant differences in the
thickness of deciduous molar enamel between indi-
viduals of African and European ancestry, but while
these differences were clearly evident for dm1, they
were “far more subtle” for dm2. However, because
flat-plane radiographs are unlikely to accurately re-
flect the true thickness values determined by phys-
ical sections (Grine et al., 2001), the results reported
by Harris et al. (1999, 2001) for dmls should be
viewed with circumspection.

Statistically significant levels of sexual dimor-
phism affect the overall crown dimensions of decid-
uous and permanent molars (e.g., Moorrees, 1957;
Jacobson, 1982; Grine, 1986), but it is not evident
that this is manifest in the thickness of the enamel
cap. Although Gantt et al. (2001) reported a provi-
sional test which suggested that females have
thicker deciduous molar enamel, their results are
questionable because several positively correlated
variables were combined for all four molars in order
to increase the effective sample size. Although data
derived from flat-plane x-rays should be viewed with
caution, it is perhaps noteworthy that several radio-
graphic studies failed to identify significant sexual
dimorphism in enamel thickness (Stroud et al.,
1994; Harris and Hicks, 1998; Harris et al., 1999,
2001). Furthermore, a significant sexual difference
in permanent molar enamel thickness was not evi-
dent in at least one study that employed physically
sectioned crowns (Macho and Berner, 1993).

In light of the absence of substantive data pertain-
ing to significant differences between the sexes or
among modern human populations in enamel thick-
ness, the molars examined here were treated as
comprising a single sample. This is reasonable, as
one reason for generating data on human tooth
enamel thickness is to provide for interspecific com-
parisons, including those with fossils of unknown
Sex.

Specimen preparation and examination

The most accurate method by which enamel thick-
ness can be measured is through the use of physical
sections of the crown. Because this method is inher-
ently destructive, noninvasive radiological methods,
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including the use of lateral flat-plane (bite wing)
radiographs and computed tomography (CT), have
been used extensively to document enamel thickness
in living and fossil samples. However, measure-
ments derived from flat-plane radiographs are un-

likely to accurately reflect the true values as defined
by physical sections (Grine et al., 2001). Grossly

inaccurate measurements result with the use of
standard CT methods (Grine, 1991), and accurate
linear values of thickly enameled teeth can be ob-
tained only by employing specific CT instrumenta-
tion and protocols (Spoor et al., 1993; Schwartz et
al., 1998).

A recently developed method by which the thick-
ness of the enamel cap can be analyzed in three
dimensions holds considerable potential for enhanc-
ing our understanding of the distribution of enamel
across the entire crown (Kono-Takeuchi et al., 1998;
Kono et al., 2002). This technique, however, results
in the complete destruction of the enamel cap, and
because it is so complicated and time-consuming, it
is impractical for the generation of statistically
meaningful samples. Because of the myriad prob-
lems associated with radiographic determinations,
and because of the practical limitations imposed by
laser scanning methodology, the crowns examined
here were physically sectioned through the mesial
cusps to measure enamel thickness.

The tips of the two mesial cusps (protocone and
paracone, or metaconid and protoconid) were exam-
ined under a binocular light microscope at up to 40X
magnification to ensure that they were unworn. The
cusp tips were then marked with a spot of perma-
nent ink, and the crown was embedded in epoxy
resin to prevent enamel from spalling during sec-
tioning. The crown was cut from the roots, and then
sectioned with a 0.15-mm diamond wafering blade
(Buehler Isomet). The edge of the blade was posi-
tioned immediately distal to the ink*'marks to ensure
that the mesial crown section included both dentine
horns. The resultant block face was ground with 400
grade paper and polished with a sequence of dia-
mond pastes to 0.25 pm (Buehler Microcloth) to
obtain a topography-free buccolingual (BL) section
that included the tips of both dentine horns. The
polished surface was lightly etched with 0.5% H;PO,
for 15 sec to remove any smeared enamel, ultrasoni-
cated in distilled H,O, mounted on a stub, and
coated with silver for examination by scanning elec-
tron microscopy (SEM; Amray 1810). Micrographs
were recorded at variable magnifications between
7.5X and 11.0X, depending on the size of the speci-
men. Working distance was held under 25 mm to
ensure accurate magnification. Micrographs were
recorded using Polaroid Type 55 P/N film; positive
enlargements were used for measurement.

Measurements

All measurements were recorded from photo-
graphic prints, using Bioquant System IV software
interfaced with a SummaSketch II tablet. All values

were recorded to the nearest 0.1 mm or 0.1 mm?
Three area and 10 linear measurements were taken
for each molar section (Fig. 1). Except where indi-
cated, their designations and definitions accord with
those of Martin (1983) so as to avoid confusion by the
introduction of additional notations:

a: Total area of the tooth crown section delineated
by the outer enamel perimeter and a straight line
between the buccal and lingual cervical margins.

b: Area of dentine (and pulp) enclosed by the den-
tine-enamel junction (DEJ) and a straight line be-
tween the buccal and lingual cervical margins.

¢: Area of the sectioned enamel cap.

d: Linear distance between the buccal and lingual
cervical margins (bicervical diameter)

e: Perimeter length of the DEJ between the buccal
and lingual cervical margins.

h: Maximum linear thickness of occlusal enamel
on the buccal cusp (i.e., paracone or protoconid),
measured perpendicular to the DEJ. This corre-
sponds to measurement “5” of Macho and Thackeray
(1992), “6” of Macho and Berner (1993), and “BOB”
of Schwartz (2000a,b). It also corresponds to mea-
surement “EA” of Gantt (1977; see also Molnar and
Gantt, 1977), and “OT” of Beynon and Wood (1986)
in that it was recorded at least 0.5 mm from the
dentine horn tip.

i: Maximum linear thickness of occlusal enamel on
the lingual cusp (i.e., protocone or metaconid), mea-
sured perpendicular to the DEJ. This corresponds to
measurement “EB” of Gantt (1977; see also Molnar
and Gantt, 1977), and “OT” of Beynon and Wood
(1986) in that it was recorded at least 0.5 mm from
the tip of the dentine horn. It also corresponds to
measurement “4” of Macho and Thackeray (1992;
see also Macho and Berner, 1993), and to “LLOB” of
Schwartz (2000a,b).

k: Linear enamel thickness on the buccal side of
the buccal cusp measured perpendicular to the DEJ.
This is recorded from the point where a line that is
parallel to one between the tips of the dentine horns,
and tangent to the lowest point on the DEJ between
the cusps, intersects the DEJ at the side of the
crown. It corresponds to measurement “JJ” of Gantt
(1977), “6” of Macho and Thackeray (1992), and “8”
of Macho and Berner (1993). Contrary to Schwartz
(2000Db), this measurement is not necessarily equiv-
alent to “LT” of Beynon and Wood (1986), as the
latter records maximum lateral enamel thickness at
a point ca. 1 mm from the tip of the dentine horn.

I: Linear enamel thickness on the lingual side of
the lingual cusp, measured perpendicular to the
DEJ. This is recorded from a point determined as for
measurement k. It corresponds to measurement
“KK” of Gantt (1977), “3” of Macho and Thackeray
(1992), and “1” of Macho and Berner (1993), but it is
not necessarily equivalent to measurement “L'T” of
Beynon and Wood (1986), which records maximum
lateral enamel thickness 1 mm from the tip of the
dentine horn.
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CTB: Linear enamel thickness on the apex of the
buccal cusp. As defined by Beynon and Wood (1986),
it is the distance between the tip of the dentine horn
and the tip of the cusp. Because they did not differ-
entiate buccal from lingual cusps, the designation
used here is that of Grine and Martin (1988). It
corresponds to measurement “A” of Gantt (1977; see
also Molnar and Gantt, 1977), “2” of Macho and
Thackeray (1992), “7” of Macho and Berner (1993),
and “BCT” of Schwartz (2000a,b).

CTL: Linear enamel thickness on the apex of the
lingual cusp. As defined by Beynon and Wood (1986),
it is the distance between the apex of the dentine
horn and the tip of the cusp. Because they did not
differentiate between the lingual and buccal cusps,
the designation used here follows that of Grine and
Martin (1988). It corresponds to measurement “B” of
Gantt (1977; see also Molnar and Gantt,1977), “1” of
Macho and Thackeray (1992), “3” of Macho and
Berner (1993), and “LCT” of Schwartz (2000a,b).

LTB: Maximum linear enamel thickness on the

lingual

lingual

17

buccal

. CTB

buccal

Schematic cross-sections of molar crown, indicating measurements recorded in this study.

buccal side of the buccal cusp, measured perpendic-
ular to the DEJ at a point approximately 1 mm
cervical to the dentine horn. This measurement fol-
lows the definition of Beynon and Wood (1986), but
because they did not differentiate the buccal from
the lingual cusp, the designation used here is that of
Grine and Martin (1988).

LTL: Maximum linear enamel thickness on the
lingual side of the lingual cusp, measured perpen-
dicular to the DEJ at a point approximately 1 mm
cervical to the dentine horn. This measurement fol-
lows the definition of Beynon and Wood (1986), but
because they did not differentiate between the lin-
gual and buccal cusps, the designation used here
follows that of Grine and Martin (1988).

Measurements k and 1 will likely differ from mea-
surements LTB and LTL, depending on the size of
the crown. In most cases, measurements k and 1 will
be closer to the cervical margin, while LTB and LTL
will be closer to the cusp tip. Therefore, measure-
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ments k and 1 are referred to here as recording
cervico-lateral enamel thickness; measurements
LTB and LTL pertain to apico-lateral (or cuspo-
lateral) enamel. Because measurements k and 1 are
recorded from morphologically homologous points,
they are potentially of greater use in comparisons
that involve crowns of different size than are mea-
surements (e.g., LTB and LTL) that are defined by a
given distance (1 mm) from the apex.

Statistical analyses

Standard descriptive statistics were calculated for
each variable by each molar type, and were com-
pared within each jaw using one-way ANOVAs.
Where these results were significant, the individual
means were compared by Tukey’s (HSD) Studen-
tized range test (Tukey, 1977), or by the more con-
servative test of Games and Howell (1976) when
sample variances were heterogeneous. Where ap-
propriate, coefficients of determination (r%) between
parameters were calculated to measure their asso-
ciation or covariation (Sokal and Rohlf, 1995). The r?
values are provided with bivariate scatter plots,
which also depict the least squares regression line
through the data. All statistical calculations were
performed with SPSS (version 10.0).

Scaling factors

Comparisons of morphological attributes among
individuals that differ in body/tooth size must in-
volve a factor by which to eliminate the effects of
such overall size differences. Simple ratios are
widely used to this end, but because they do not
always eliminate size correlations, their utility has
been questioned (Albrecht et al., 1993; but see
Smith, 1999). While some workers (e.g., Albrecht et
al., 1993) argued for the use of regression residuals
that “control for size,” residuals derived from regres-
sion analysis may result in erroneous' conclusions,
especially when the data under consideration are
related allometrically (Jungers et al., 1995). As aptly
noted by Schwartz (2000b), a surrogate that is de-
rived from regression analysis is of questionable
validity if it is not related isometrically to body size.

Various scaling measures have been used in the
study of primate enamel thickness. While some
workers used overall crown dimensions (e.g., crown
base or cusp area; Beynon and Wood, 1986; Macho,
1994), these incorporate a component of enamel
thickness, and are therefore not independent vari-
ables. Martin (1985), who examined BL sections
through the cusp tips of molar teeth, used the area of
the crown enclosed by the DEJ as the denominator.
He also incorporated the length of the DEJ in the
ratio (according to the formula [(c/e)/n/b]) to derive a
value for “relative average” enamel thickness. This
scaling factor was used by Grine and Martin (1988),
Dumont (1995), and Shellis et al. (1998).

The inclusion of DEJ length in the ratio, and the
use of the area under the enamel cap as the scaling

factor, have been questioned because the resultant
value may not be representative of the volume of the
enamel cap (Macho and Berner, 1993; Macho, 1994).
Moreover, it was opined that even when the result-
ant value is considered in relation to a particular
section rather than crown volume, it is probably
insensitive to within-species differences (Macho,
1994). As a result, Macho (1994; see also Macho and
Berner, 1993) chose to employ the linear bicervical
diameter as the scaling factor. Schwartz (2000b, p.
231) also argued for the use of this particular factor
when data are derived from CT scans, “where it is
difficult to provide accurate and reliable measures of
dentine area.”

Nevertheless, the study by Schwartz (2000a) of
physically sectioned crowns indicated that compara-
ble results are obtained whether linear measure-
ments of enamel thickness are scaled by the area of
the dentine core or the bicervical diameter. The
present sample of human molars reveals that the
these two variables have a strong linear relationship
and are significantly correlated, not only within in-
dividual molars classes (e.g., dm?, dm,, M*, and M,),
but also for the entire sample (Grine, 2002). In ad-
dition, there is no positive association between the
size of the dentine core and the size of the enamel
cap. These findings contradict arguments that the
linear bicervical diameter should be preferred over
the area under the enamel cap as a scaling factor.
Nevertheless, even though these two variables are
strongly correlated, they do not necessarily convey
the same information. This is because they respond
differently to variation in the extension of the cervi-
cal margin, and because human lower molars are, on
average, BL narrower than their maxillary counter-
parts (Grine, 2002).

Inasmuch as the area of the dentine core (mea-
surement b) and the linear bicervical diameter
(measurement d) have been employed in other stud-
ies, and because they do not always convey the same
information, both were employed as scaling factors
in the present study. In those instances in which the
ratios derived from these two variables convey the
same information, discussion will be limited to indi-
ces calculated from the dentine core area.

RESULTS

The three area measurements of the crown section
are recorded in Table 1. Total section area (measure-
ment a), which may be considered a surrogate for
overall crown size, differs significantly among both
maxillary and mandibular molars according to
ranked and unranked ANOVAs. Tukey’s (HSD) test
revealed that this is due to the fact that the decid-
uous molars are significantly smaller than the per-
manent molars in both jaws. The differences among
permanent molars are not statistically significant
for either jaw. The same results pertain to the area
of the enamel cap (measurement c¢) and the linear
bicervical diameter (measurement d), where the per-
manent molars in either jaw are indistinguishable
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TABLE 1. Area measurements and bicervical diameter recorded from BL sections through mesial cusps of human molars’
Maxillary Mandibular
X sd Range CV X sd Range (61%
Measurement a (total section area)
dm2 5201 6.7 43.9-64.1 12.8 41.0 4.9 35.6-48.5 11.9
M1 70.1 7.5 59.0-80.3 10.7 63.4 6.6 55.1-74.3 10.4
M2 68.4 8.7 59.2-82.3 12.7 58.3 10.7 31.9-69.6 18.4
M3 62.2 7.8 49.4-73.1 12.6 59.2 10.0 45.5-76.3 16.8
Measurement b (dentine area) -
dm2 36.1 4.0 32.2-43.0 110 28.5 3.9 24.4-35.2 13.6
M1 44.6 5.5 35.5-52.4 2.3 40.0 5.0 34.5-49.2 12.4
M2 40.5 7.9 24.1-51.5 19.6 34.8 6.6 18.0-42.9 19.1
M3 36.2 5.4 26.3—44.4 15.0 34.8 6.2 26.9-44.3 17.8
Measurement c¢ (enamel cap area)
dm2 16.1 3.0 10.8-21.1 18.9 12.5 1L 10.4-16.5 1353
M1 25.5 2.9 20.5-29.3 11.5 235 3.2 17.6-28.5 13.8
M2 25.9 3.6 22.6-33.2 13.8 23.5 4.6 13.9-28.6 19.7
M3 26.0 4.4 18.8-34.8 171 24.5 4.3 18.6-32.5 17.7
Measurement d (bicervical diameter)
dm2 8.9 0.5 8.3-9.9 5.3 6.7 0.7 5.4-7.5 10.4
M1 10.8 0.6 9.5-11.5 5.6 8.2 1.0 7.1-10.2 12.2
M2 11.0 0.8 9.6-11.9 7.3 8.8 0.7 7.3-9.6 8.0
M3 10.2 0.8 8.7-11.5 7.8 8.8 0.7 7.5-9.0 8.0

1n = 10 for all samples; CV = (sd/z) - 100.

TABLE 2. Indices of overall relative enamel thickness from BL sections*through mesial cusps of human molars®

Maxillary Mandibular Maxillary and Mandibular
X sd Range (6} X sd Range Cv X sd Range (6)%

Index c/a (X100)

dm2 30.7 2.9 245-335 9.4 305 2.6 27.3-36.2 87 306 2.7 245-36.2 8.8

M1 36.4 2.8 32.5-40.9 10 e 53 3.5 32.0-43.3 9.3 36.9 3.1 32.0-39.3 8.4

M2 37.8 19 84.7-41.2 b 0.5 2.9 358453 7.2 1°391 2.8 34.7-453 72

M3 41.8 4.7 34.0-47.6 T2 smet] 3 2.7 36.9-46.1 6.4 416 3.7 34.0-47.6 9.0
Index RAET [(c/e)/\/bl

dm2 0.14 0.02 0.10-0.16 147 014 002 0.11-0.17 131 0.14 0.02 0.10-0.17 14.3

M1 0.17 0.02 0.14-0.21 12.4 0.18 0.03 0.14-0.23 15.0 0.18 0.02 0.14-0.23 11.1

M2 020 0.02 0.18-0.24 94 022 003 0.18-0.27 126 021 0.03 0.18-0.27 14.3

M3 024 0.04 018029 166 022 003 019027 11.8 0.23 0.03 0.18029 13.0
Index Ve/d

dm2 045 0.04 0.36-0.50 89 053 005 047-0.63 9.7

M1 0.47 0.04 0.42-0.53 7.7 056 009 048-0.72 15.3

M2 046 0.03 0.42-0.50 6.1 055 006 044-064 106

M3 0.50 0.06 0.42-0.63 116 057 007 049-067 11.5

'n = 10 for separate maxillary and mandibular samples; n = 20 for combined maxillary and mandibular sample.

from one another, but significantly larger than the
deciduous molars. Maxillary deciduous and perma-
nent teeth do not differ significantly from one an-
other with regard to the area of the dentine core
(measurement b).

Relative size of the enamel cap

Because the shape of the enamel cap may vary at
broadly homologous points, the area of the sectioned
enamel cap is useful in the comparative assessment
of its overall thickness (Martin, 1985). Index c/a
reveals that a larger crown is not necessarily accom-
panied by a correspondingly thicker enamel cap, and
that the more distal molars (M2 and M3) tend to
possess relatively thicker enamel caps for their size
(Table 2). ANOVAs reveal significant differences
among both upper and lower molars. In both jaws,
the means of dm2s are significantly smaller than
those of the permanent molars, and M1 is signifi-
cantly smaller than M3. In the maxilla, M? is also

significantly smaller than M?3. As such, the enamel
cap contributes relatively less to deciduous than to
permanent molar crowns, and relatively more to the
crowns of the more distal permanent molars.

The index by Martin (1985) of relative average
enamel thickness (RAET) displays significant vari-
ance in both the maxilla (F = 25.7; P < 0.0001) and
mandible (F = 26.1; P < 0.0001). There is a clear
tendency for the enamel cap to become relatively
thicker as one moves distally along either molar row
(Fig. 2). In the maxilla, dm? and M do not differ
significantly from one another, but dm? is signifi-
cantly thinner than either M® or M? and M?® is
significantly thicker than either M! or M2. In the
mandible, dm, is significantly thinner than any of
the permanent molars, and M, is significantly thin-
ner than either M, or M,.

Maxillary and mandibular counterparts exhibit
virtually the same values with regard to both the c/a
and RAET indices (Table 2). In view of the negligible
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Fig. 2. Relative average enamel thickness of human maxil-
lary and mandibular molars as expressed by RAET index [(c/e)/

b X 100]. N = 10 for all samples. Solid circles, sample means;
vertical rectangles enclose mean + 1 sd.
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Fig. 3. Regression of relative enamel thickness (index c/b)
against area of dentine core (measurement b) for maxillary and
mandibular permanent molars. Note that M3s tend to combine
relatively thick enamel with small dentine cores. LS regression
coefficient = 0.423, and r = —0.527 (df = 59), resulting in RMA
slope of —0.803 (sd = 0.09). Pearson product moment correlation
is significant at P < 0.01. Third molars are represented by solid
triangles; all other permanent molars are indicated by open cir-
cles. RMA slope is shown.

-

differences between upper and lower molars, their
index values can be legitimately combined to sum-
marize a distinct trend for relative enamel thickness
to increase distally in modern humans (Fig. 2).
This trend, however, involves the deciduous and
permanent molars in different ways. Among the per-
manent molars, the dentine core tends to decrease in
size, whereas the enamel cap tends to increase in
relative thickness from M1 to M3. This trend is
statistically significant, as demonstrated by a least-
squares regression analysis of relative enamel thick-
ness against dentine core area (Fig. 3). In this in-
stance, an index (¢/b) is compared against the x axis
(measurement b) in lieu of a log, — log, slope. Al-
lometry is indicated if a significant correlation exists
between the index and variable x, because the index
(= slope) changes in concert with the x variable
(Mosimann and James, 1979). In this instance, the
least-squares (LS) regression coefficient (slope) =
0.423, and r = —0.527 (df = 59). These values result
in a reduced major axis (RMA) slope (—0.803, sd =
0.09) that is significantly below 1.0, indicating neg-
ative allometry in the traditional (i.e., log, — log,)
sense. Moreover, the Pearson product moment cor-
relation for these data (—0.527) is significant at P <
0.01, which indicates negative allometry in the
sense of Mosimann and James (1979). Thus, the
more distal permanent molars, and especially the
Ms3s, gain relatively thicker enamel through a re-
duction in size of the dentine component of the
crown. This negative allometric trend does not ex-
tend to the deciduous molars, as revealed by a least-
squares regression analysis of the same two vari-
ables (¢/b vs. b) for the total sample of deciduous and
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Fig. 4. Relationship between enamel area (measurement c)
and dentine area (measurement b) for a sample of 80 human
deciduous and permanent molars (F = 17.88; p < 0.05; r = 0.65;
slope = 0.387). Corresponding values are given for upper and
lower dm2s (F = 32.2; p < 0.0001; r = 0.80; slope = 0.443), M1s
(F = 5.63; p < 0.05; r = 0.49; slope = 0.276), M2s (F = 25.3,p <
0.0001; r = 0.76; slope = 0.417) and M3s (F = 7.39; p < 0.05; r =
0.54; slope = 0.410). Note that dm2s and almost all M1s lie below
the regression line, whereas M2s and M3s tend to lie above it.

permanent molars. In this instance, the regression
coefficient = 0.895 and r = 0.632 (df = 79); these
values result in an RMA slope (1.416, sd = 0.124)
that is positively allometric. Thus, in contrast to the
permanent molars, dm2s have a small dentine core
coupled with relatively thin enamel.

Regression lines that compare the raw areas of the
enamel cap and dentine core have a slope that is
significantly lower than 1.0 for all molar types to-
gether, and for individual molar groups (Fig. 4).
Moreover, these two variables are only weakly cor-
related. Thus, within any molar class, crowns that
have a large dentine core do not necessarily have a
large enamel cap. Finally, the dm2s and approxi-
mately half of the M1s fall below the regression line,
whereas nearly all of the M2s and M3s fall above it
(Fig. 4). This reveals that the more distal molars
tend to possess a larger enamel cap for the size of
their dentine core.

By contrast, the \/c/d index, which relates enamel
cap area to linear bicervical diameter, results in a
different pattern from that established by the RAET
index (Table 2). In the first instance, mandibular
molars do not differ significantly from one another,
and the difference among maxillary molars just bor-
ders on significance according to one-tailed ANOVAs
(F = 2.69; P = 0.06), where only dm? and M? differ
significantly for this index. In the second instance,
mandibular molar values are significantly larger
than the corresponding maxillary values for all
three molar classes (dm2: F = 17.0, P < 0.001; M1:
F=89,P<0.01; M2: F = 18.7, P < 0.001; M3: F =
5.89, P < 0.03). This rather dramatic departure from
the comparability of maxillary and mandibular val-
ues established by the RAET index is related to the
fact that lower molars are generally narrower BL

than their maxillary counterparts (Jacobson, 1982;
Grine, 1986; Kieser, 1990). For example, in the
present sample, upper molars exceed their mandib-
ular counterparts by an average of some 12% with
regard to the area of the dentine core, but by approx-
imately 20% in bicervical diameter (Table 1).

The CVs indicate that M? displays consistently,
albeit only slightly greater variation than the other
maxillary molars in relative thickness, and that in
no instance is M; the most variable mandibular
molar (Table 1). In view of the well-known overall
morphometric variability that characterizes third
molars (Nelson, 1938; Thomsen, 1955; Moorrees,
1957; Jacobson, 1982; Kieser, 1990), they might
have been expected to be the most variable in
enamel thickness. However, the variation that is
manifest in the morphology of the enamel cap does
not appear to affect its thickness to the same extent.

Linear enamel thickness

Absolute linear thickness values are recorded in
Table 3. The ratios derived from these values, scaled
against the dentine core area (\/b) and the linear
bicervical diameter (measurement d), are recorded
in Tables 4 and 5, respectively. Inasmuch as the two
index values correspond very closely in most in-
stances, discussion will be restricted to the former
(x/\/b), except where the data differ.

Intracuspal distribution of enamel

In almost all instances, enamel tends to be thicker
on the lateral side of the cusp than at the tip or over
the occlusal surface. This holds for the buccal as well
as the lingual cusps of the maxillary and mandibu-
lar dm2s, M1s, and M2s. Only in the third molars
does cusp tip (cuspal) and/or occlusal enamel exceed
lateral enamel in thickness, and even in these
crowns, cuspo-lateral enamel is thickest on the My
protoconid, and the lateral and cuspal values are but
exiguously different on the protocone of M® and the
metaconid of Ms. As expected, enamel tends to be
thicker cuspo-laterally than cervico-laterally on
both cusps of all molars.

Comparisons between cusps

There are significant differences between the buc-
cal and lingual cusps of all molars. In general,
enamel tends to be thicker on the protocone than on
the paracone, and thicker on the protoconid than on
the metaconid (Table 6; Fig. 5). Exceptions to this
relate to the occlusal basin of maxillary permanent
molars, where the paracone and protocone values
are nearly identical, and the tips of M; cusps, where
enamel is thicker on the metaconid than the proto-
conid. The buccal and lingual cusps differ signifi-
cantly from one another in all four maxillary molars
with regard to thickness over the cusp tip, and in all
three mandibular permanent molars with regard to
cervico-lateral thickness. In addition, cuspo-lateral
enamel is significantly thicker on the protocone than
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TABLE 3. Linear measurements of enamel thickness from BL sections through mesial cusps
of human molars. Measurements in mm?

Maxillary Mandibular
X sd Range CvV X sd Range CcvV
Occlusal enamel
Measurement h (buccal cusp)
dm2 0.86 0.19 0.6-1.2 22.0 0.84 0.16 0.7-1.3 19.5
M1 1.41 0.19 1.0-1.7 13.2 1.46 0.19 1.2-1.8 12.7
M2 1.56 0.18 1.4-1.9 11.6 1.69 0.28 1.3-2.1 16.3
M3 193 0.34 12-2.4 19.9 173 0.21 1.5-2.1 12.0
Measurement i (lingual cusp)
dm2 0.98 0.19 0.7-1.2 19.5 0.73 0.15 0.6-1.1 20.7
M1 1.33 0.11 1.1-1.5 8.5 141 0.26 1.2-2.0 18.6
M2 1.54 0.28 1.3-2.2 18.4 1.45 0.24 1.1-1.7 16.6
M3 1.62 0.26 1.3-2.0 16.2 1.51 0.25 1.2-2.0 16.5
Cuspal enamel
Measurement CTB (buccal cusp)
dm?2 0.61 0.27 0.3-1.2 44.7 0.71 0.15 0.5-1.0 20.6
M1 d5 0.35 0.6-1.8 30.6 1.04 0.28 0.5-1.4 26.5
M2 1.44 0.32 1.0-2.1 22.4 1.65 0.48 0.8-2.4 29.0
M3 1.75 0.20 14-2.1 11.5 1.73 0.23 14-2.1 13.5
Measurement CTL (lingual cusp)
dm2 1.02 0.39 0.5-1.5 37.6 0.70 0.16 0.4-1.0 22.8
M1 1.15 0.35 0.6-1.8 30.6 1.30 0.21 1.1-1.7 16.2
M2 1.91 0.37 1.4-2.7 19.2 1.46 0.29 1.0-2.0 20.1
M3 2.01 0.28 1.6-2.4 13.8 1.47 0.15 1.3-1.8 10.3
Cuspo-lateral enamel
Measurement LTB (buccal cusp)
dm2 1ol 0.16 0.8-1.3 14.8 1.13 0.08 1.0-1.3 6.6
M1 1.53 0.18 1.3-1.9 11.9 1.69 0.15 1.3-1.8 9.1
M2 1.63 0.14 15-2.0 8.7 1.88 0.19 1.6-2.2 10.0
M3 1.59 0.16 1.3-1.9 10.1 1.94 0.22 1.6-2.3 11.5
Measurement LTL (lingual cusp)
dm2 1.36 0.26 0.8-1.7 19.2 0.99 0.07 0.9-1.1 Thil
M1 1.76 0.24 1.0-2.2 13.4 1.54 0.16 1.3-1.7 10.4
M2 2.01 0.27 1.8-2.5 13.5 1.52 0.10 1.4-1.6 6.4
M3 2.00 0.23 1.7-2.6 11.5 1.48 0.17 1.2-1.8 11.6
Cervico-lateral enamel
Measurement k (buccal cusp)
dm2 0.93 0.16 0.7-1.1 17.6 0.98 0.15 0.8-1.2 15.8
M1 1.32 0.30 0.8-2.0 23.0 1.69 0.19 1.3-1.9 11.5
M2 1.52 0.23 1.1-1.9 15.0 1.69 0.29 1.0-2.0 16.9
M3 141 0.21 1.1-1.7 14.8 1.54 0.45 1.0-2.2 28.9
Measurement 1 (lingual cusp)
dm2 1.32 0.22 0.9-1.7 24.1 0.87 0.10 0.8-1.0 11.8
M1 1.60 * 0.36 1.0-2.2 2217 1.32 0.21 1.0-1.6 16.1
M2 1.39 0.33 0.9-1.8 24.0 1.19 0.18 1.0-1.5 152
M3 1.67 0.38 0.8-2.0 22.5 1.14 0.18 0.8-1.4 15.8

n = 10 for all samples.

on the paracone in M? and M3, and significantly
thicker on the protoconid than on the metaconid in
M, and M.

The discrepancy in enamel thickness between
cusps also may be considered in relation to gradients
along the molar row. With reference to cuspal thick-
ness, there is an arguable trend of decreasing dis-
crepancy between the buccal and lingual cusps from
dm? to M? (Fig. 5). The disparity between buccal and
lingual cusps in cuspo-lateral thickness increases
distally among the permanent molars in both jaws,
although the discrepancy in M2s and/or M3s is no
greater than in dm2s.

Comparisons between molars

There is a nearly universal increase in relative
linear enamel thickness among maxillary molars

from dm2 to M3 (Fig. 6). The only notable excep-
tion pertains to the cervico-lateral enamel of the
protocone, which tends to be thinnest in M2, The
trend for a distalward increase in relative enamel
thickness is less notable among mandibular mo-
lars, except that it is universally thicker on M;s
than on dm,s. Occlusal and cuspal enamel tends to
increase in thickness from M; to M3, but this trend
is less evident with regard to the lateral aspects
of the cusps. Specific intermolar comparisons
for each of the four cusps are described below
(Table 4).

With reference to the relative thickness of enamel
on the protocone, occlusal enamel is significantly
thinner on dm? than on M? or M3, and significantly
thinner on M* than on M?. Cuspal and cuspo-lateral
enamel is significantly thinner on dm? and M! than
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TABLE 4. Indices of relative linear enamel thickness from BL sections through mesial cusps of human molars,
with dentine area as scaling factor’

Maxillary Mandibular
X sd Range CV X sd Range CV
Occlusal enamel
Index h/V/b (buccal cusp)
dm2 0.15 0.03 0.11-0.21 21.6 0.16 0.03 0.14-0.24 19.3
M1 0.20 0.03 0.16-0.25 12.7 0.23 0.03 0.18-0.27 137
M2 0.24 0.03 0.20-0.28 12.0 0.29 0.04 0.23-0.35 13.4
M3 0.29 0.06 0.19-0.41 21.7 0.29 0.03 0.25-0.33 9.8
Index i/Vb (lingual cusp)
dm?2 0.16 0.03 0.11-0.21 19.5 0.14 0.03 0.11-0.21 19.9
M1 0.19 0.02 0.17-0.23 11:2 0.23 0.05 0.17-0.34 20.7
M2 0.24 0.03 0.19-0.30 13.9 0.25 0.04 0.19-0.30 17.1
M3 0.27 0.05 0.20-0.34 18.2 0.26 0.05 0.18-0.33 18.8
Cuspal enamel
Index CTB/Vb (buccal
cusp)
dm2 0.10 0.04 0.05-0.18 41.9 0.13 0.04 0.03-0.18 35.6
M1 0.17 0.04 0.10-0.23 26.1 0.17 0.04 0.08-0.21 25.6
M2 0.22 0.05 0.17-0.31 20.8 0.28 0.07 0.13-0.40 25.3
M3 0.29 0.04 0.25-0.34 12.9 0.30 0.05 0.25-0.37 15.2
Index CTL/VDb (lingual
cusp)
dm2 0.17 0.06 0.08-0.25 35.1 0.13 0.03 0.07-0.18 25.7
M1 0.21 0.04 0.15-0.26 10.3 0.21 0.03 0.16-0.25 15.2
M2 0.29 0.05 0.21-0.40 18.1 *# 0.25 0.04 0.17-0.33 16.9
M3 0.34 0.05 0.26-0.39 15.6 0.25 0.02 0.22-0.28 8.9
Cuspo-lateral enamel
Index LTB/Vb (buccal
cusp)
dm2 0.19 0.02 0.14-0. 10.5 0.21 0.02 0.19-0.25 9.5
M1 0.22 0.03 0.18-0. 13.6 0.27 0.03 0.22-0.30 11.1
M2 0.25 0.02 0.22-0. 8.0 0.33 0.05 0.27-0.44 15.2
M3 0.27 0.03 0.23-0. 11.1 0.33 0.03 0.30-0.40 9.0
Index LTL/Vb (lingual
cusp)
dm2 0.23 0.04 0.15-0.30 17.4 0.19 0.02 0.17-0.22 10.5
M1 0.26 0.05 0.20-0.36 19.2 0.25 0.03 0.20-0.30 12.0
M2 0.31 0.04 0.26-0.38 12,9 0.26 0.04 0.23-0.37 154
M3 0.33 0.04 0.28-0.42 121 0.25 0.02 0.23-0.29 8.0
Cervico-lateral enamel
Index k/VDb (buccal cusp)
dm2 0.16 0.02 0.12-0.20 15.3 0.19 0.03 0.14-0.23 17.3
M1 0.19 0.05 0.10-0.29 25.2 0.27 0.04 0.21-0.32 13.4
M2 0.23 0.03 0.17-0.27 14.1 0.29 0.03 0.24-0.32 8.9
M3 0.24 0.03 0.19-0.28 13.4 0.26 0.07 0.18-0.38 25.3
Index I/Vb (lingual cusp)
dm2 0.22 0.03 0.15-0.26 14.4 0.16 0.03 0.13-0.21 17.3
M1 0.23 0.06 0.12-0.32 25.0 0.21 0.04 0.15-0.26 18.0
M2 0.21 0.05 0.14-0.29 22.3 0.21 0.03 0.16-0.25 14.2
M3 0.28 0.06 0.14-0.35 19.8 0.19 0.03 0.14-0.24 14.5

1n = 10 for all samples.

on M2 or M3, and cervico-lateral enamel is signifi-
cantly thicker on M? than on dm? or M.

With reference to the paracone, occlusal enamel is
significantly thinner on dm? than on the three per-
manent molars, and significantly thicker on M® than
on M! or M2 Cuspal enamel differs significantly
among all four maxillary molars, and both cuspo-
and cervico-lateral enamel are signiﬁcantly thicker
on M? and M? than on either dm” or M".

With reference to the protoconid, occlusal enamel
is significantly thinner on dm, than on the perma-
nent molars, and significantly thinner on M; than on
either M, or M. Cuspal enamel is significantly thin-

ner on both dm, and M, than on M, or M;. Both
cuspo- and cervico-lateral enamel is significantly
thinner on dm, than on any of the permanent mo-
lars, and cuspo-lateral enamel is significantly thin-
ner on M; than on M, or M,.

With reference to the metaconid, occlusal enamel
is significantly thinner on dm, than in any of the
permanent molars, but the latter do not differ from
one another in this measurement. However, the cor-
responding index scaled against the linear bicervical
diameter (Table 5) results in values where dm, and
M; are equivalent to one another, and significantly
thinner than either M, or M. Cuspal enamel is
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TABLE 5. Indices of relative linear enamel thickness from BL sections through mesial cusps of human molars,
with linear bicervical diameter as scaling factor®

Maxillary Mandibular
X sd Range (6)% X sd Range (6A%
Occlusal enamel
Index h/d (buceal cusp)
dm2 0.10 0.02 0.07-0.14 22.7 0.13 0.02 0.11-0.17 15.9
M1 0.13 0.02 0.10-0.16 153 0.17 0.03 0.13-0.22 17.9
M2 0.14 0.02 0.12-0.16 11.3 0.19 0.03 0.15-0.24 13.1
M3 0.17 0.04 0.11-0.27 257 0.20 0.03 0.17-0.25 14.1
Index i/d (lingual cusp)
dm?2 0.11 0.02 0.07-0.15 20.0 0.11 0.02 0.09-0.15 17.3
M1 0.12 0.01 0.10-0.14 10.6 0.11 0.05 0.12-0.28 44.0
M2 0.14 0.02 0.11-0.19 16.6 0.17 0.03 0.13-0.22 18.2
M3 0.16 0.03 0.12-0.22 19.5 0.18 0.04 0.12-0.24 20.6
Cuspal enamel
Index CTB/d (buccal cusp)
dm2 0.07 0.03 0.03-0.12 43.5 0.11 0.03 0.07-0.14 24.8
M1 0.11 0.04 0.06-0.17 33.6 0.12 0.03 0.53-0.16 28.3
M2 0.13 0.02 0.10-0.18 18.6 0.18 0.05 0.10-0.23 25.0
M3 0.17 0.03 0.14-0.22 14.5 0.20 0.02 0.15-0.24 11.6
Index CTL/d (lingual cusp)
dm2 0.11 0.04 0.05-0.16 36.0 0.11 0.03 0.06-0.15 26.2
M1 0.14 0.03 0.09-0.19 25.2 0.15 0.03 0.11-0.20 18.8
M2 0.16 0.04 0.09-0.23 24.4 0.17 0.03 0.13-0.21 18.2
M3 0.20 0.04 0.16-0.26 17.7 0.17 0.02 0.15-0.21 10.7
Cuspo-lateral enamel
Index LTB/d (buccal cusp)
dm2 0.12 0.02 0.09-0.15 15.3 0.17 0.02 0.15-0.20 9.9
M1 0.14 0.02 0.11-0.18 14.7 0.20 0.03 0.15-0.24 16.4
M2 0.15 0.02 0.13-0.17 10.1 0.21 0.02 0.19-0.24 8.9
M3 0.16 0.02 0.13-0.19 12.2 0.22 0.30 0.19-0.28 13.5
Index LTL/d (lingual cusp)
dm?2 0.15 0.03 0.10-0.20 19.6 0.15 0.02 0.13-0.20 15.2
M1 0.17 0.03 0.12-0.23 18.2 0.18 0.04 0.14-0.26 21.2
M2 0.18 0.02 0.16-0.22 12.1 0.18 0.02 0.15-0.22 10.2
M3 0.20 0.02 0.17-0.24 11.2 0.17 0.23 0.14-0.21 13.5
Cervico-lateral enamel
Index k/d (buccal cusp)
dm2 0.10 0.02 0.07-0.14 19.2 0.15 0.03 0.11-0.21 22.1
M1 0.12 0.03 0.08-0.19 28.6 0.20 0.04 0.15-0.26 21.0
M2 0.14 0.02 0.10-0.16 13.8 0.19 0.03 0.12-0.24 {177
M3 0.14 0.02 0.11-0.19 16.6 0.18 0.06 0.11-0.27 31.6
Index 1/d (lingual cusp)
dm2 0.15 0.02 0.10-0.17 15.5 0.13 0.03 0.10-0.19 20.5
M1 0.15 0.04 0.10-0.22 24.8 0.15 0.04 0.11-0.22 24.8
M2 0.13 0.03 0.08-0.18 26.8 0.14 0.03 0.10-0.20 20.4
M3 0.17 0.04 0.08-0.23 24.8 0.13 0.02 0.09-0.17 18.5

n = 10 for all samples.

TABLE 6. Mean absolute percentage difference (MAPD) between
buccal and lingual cusp means in linear enamel thickness

Occlusal Cuspal Cuspo-lateral Cervico-lateral

Maxillary
dm2 11.7 40.3 20.4 29.9
M1 —-6.0 21.0 13.1 72
M2 =15 24.7 18.9 -8.3
M3 —6.4 13.1 20.4 15.5
Mandibular
dm2 —12.7 —-1.4 —16.6 -11.0
M1 — ) 19.7 -9.0 =219
M2 —14.0 =115 -19.3 —29.5
M3 -12.6 =150 —23.6 =263

MAPD = (lingual — buccal)/buccal X 100. Positive values, lin-
gual > buccal. Negative values, buccal > lingual.

significantly thinner on dm, than on any of the
permanent molars, and it is significantly thinner on
M, than on M, or M;. Here, too, the corresponding
index scaled against the linear bicervical diameter
(Table 5) results in equivalent means for dm, and
M,, and these are significantly smaller than those
for M, and M. Lateral enamel is significantly thin-
ner on dm, than in any of the permanent molars, but
the latter do not differ from one another in these
measurements.

Variability in enamel thickness

Among maxillary molars, dm® has the highest
CVs for 7 of 8 measurements, and the second highest
for the eighth (Table 4). In the mandibular arcade,
dm, has the highest CVs for 3 of 4 measurements
that relate to occlusal and apical thickness. The only
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Fig. 5. Mean absolute percentage difference (MAPD) between buccal and lingual cusp values for linear enamel thickness. MAPD
is calculated as: (lingual mean — buccal mean)/buccal mean X 100. Positive values (shaded boxes), lingual > buccal. Negative values
(open boxes), buccal > lingual. Solid circles denote instances in which there is a statistically significant difference between corre-

sponding index means. Values are recorded in Table 6.

instances in which the third molars exhibit the
greatest variability pertain to lateral thickness mea-
surements among the mandibular molars.

Enamel on the cusp tip tends to be more variable
in thickness than elsewhere. This is especially nota-
ble for both cusps of dm? and M*, and for the proto-
conids of dmy, M, and M. On the other hand, cuspo-
lateral enamel tends to be the least variable on
either cusp among the maxillary and mandibular
molars.

Variability tends to be greater on the paracone
than on the protocone with regard to occlusal and
cuspal enamel, but lateral enamel variation is
greater on the protocone, which may be related to

the variable presence and expression of the Cara-
belli trait. There is no clear pattern of distinction
between the buccal and lingual cusps of the mandib-
ular molars in terms of variability in linear enamel
thickness.

The trends in variability for the relative (scaled)
linear dimensions generally accord with those
noted above for the absolute measurements, al-
though there are a few notable differences (cf.
Tables 3 and 4). In particular, with regard to the
maxillary molars, the CVs recorded for dm? are
hi%hest in 4 of 8 measurements, while the CVs for
M" are the highest in the remaining 4. In keeping
with the pattern established by the absolute di-
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Fig. 6. Relative linear enamel thickness of human maxillary
and mandibular molars, determined using dentine core area (\/'b)
as scaling factor. Circles, sample means for buccal cusps; trian-
gles, sample means for lingual cusps. Note that protocone and
protoconid means tend to exceed paracone and metaconid means,
respectively, and that there is a general trend for relative thick-
ness to increase from dm2 to M3.

mensions, relative linear thickness tends to be
more variable both cuspally and occlusally on the
paracone than on the protocone, while cuspo-lat-
eral enamel tends to be more variable on the pro-
tocone. In contrast to the absolute values, the
protoconid tends to be less variable than the
metaconid with regard to all relative dimensions
except cuspal thickness.

DISCUSSION

The results reported here accord with those of
other studies that have documented significant dif-
ferences between deciduous and permanent teeth,
and a distalward gradient of increased relative

enamel thickness among permanent molars (Macho
and Berner, 1993; Schwartz, 2000a; Gantt et al.,
2001). These findings have implications for interspe-
cific comparisons of tooth enamel thickness. The
present results also bring into question the prevail-
ing adaptive scenarios that relate increased enamel
thickness to masticatory biomechanics and the in-
creased attritional longevity of specific wear sur-
faces.

Variability in enamel thickness and interspecific
comparisons

Macho and Berner (1993) recorded the greatest
difference from M® to M? to be in the thickness of
occlusal enamel, whereas Schwartz (2000a) ob-
served the greatest difference among mandibular
permanent molars to be at the cusp (protoconid) tip.
The present data accord with Schwartz (2000a), in
that the maximum discrepancy from dm2 to M3 is in
both the maxilla and mandible and at the cusp api-
ces.

Beynon and Wood (1986) noted the greatest dif-
ference in molar enamel thickness between Paran-
thropus boisei and early Homo to be at the tips of
cusps. If either (or both) of these taxonomic groups
evinced the intermolar disparity that is characteris-
tic of modern humans, the present data would sug-
gest that the observations by Beynon and Wood
(1986) may be related to the fact that their early
Homo sample comprised fewer third molars than
their P. boisei sample.

Calculation of CVs from the data of Macho and
Berner (1993, their Table 1) reveals cusp tip thick-
ness to be most variable for M!, and cervico-lateral
thickness to be most variable for M? and M. The
data recorded by Schwartz (2000a, his Table 1) show
the greatest variation in enamel thickness to be at
cusp apices in all three mandibular permanent mo-
lars. The results of the present study are concordant
with those of Macho and Berner (1993) and
Schwartz (2000a), in revealing that enamel on the
cusp tips of human deciduous and permanent mo-
lars is particularly variable in thickness. If this ob-
servation extends to other species, it could have
implications for the finding by Beynon and Wood
(1986) about the differences in cuspal enamel thick-
ness between P. boisei and early Homo. In light of
the potential variability of this measurement, the
distinction that they reported may be an artifact of
the small samples available to them.

The present study also accords with others (Ma-
cho and Berner, 1993; Schwartz, 2000a) that docu-
mented a distinct tendency for the relative thickness
of the enamel cap (overall and at specific locations)
to increase from M1 to M3 in both jaws, but partic-
ularly in the maxilla. That deciduous molars have
significantly thinner enamel than the permanent
molars accords with the findings of Gantt et al.
(2001).

The differences in relative enamel thickness from
dm2 to M3 documented here further strengthen the
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suggestion by Macho and Berner (1993) that inter-
specific comparisons should be tooth-specific, at
least where such comparisons involve Homo sapiens.

Molar enamel thickness, crown size reduction,
and masticatory biomechanics

The trend for enamel to increase in relative thick-
ness distally along the molar involves the perma-
nent and deciduous molars in different ways.
Whereas there is a positive allometric relationship
between the sizes of the dentine core and enamel cap
in the deciduous molars, these variables have a neg-
ative allometric relationship among permanent mo-
lars. These data support the conclusions of other
studies which found that enamel and dentine do not
necessarily covary in thickness (Stroud et al., 1994,
1998; Harris et al., 1999, 2001). Thus, deciduous
molars have a small dentine core combined with
relatively thin enamel, whereas in the permanent
molars, the dentine core tends to become smaller
while the enamel cap increases in relative thickness
from M1 to M3.

Insofar as a BL section through the mesial cusps
can be taken as a surrogate for the entire crown, the
results of the present study suggest that the rela-
tively thicker enamel caps of the more distal perma-
nent molars are attained through a preferential re-
duction in the sizes of their dentine cores. There is a
well-documented tendency for modern humans to
exhibit a reduction in M3 crown size, and in most
populations, M2 tends to be smaller than M1 (e.g.,
Nelson, 1938; Seipel, 1946; Thomsen, 1955; Moor-
rees, 1957; Jacobson, 1982; Kieser, 1990). The reduc-
tion in size of the more distal (especially M3) crowns
would seem to be attained primarily through a dif-
ferential loss of their dentine components. This con-
clusion appears to be in accord with the observed
reduction in root complexity and surface area from
M1 to M3 in humans (Nikolai, 1985), at least insofar
as the roots are composed largely of dentine.

Recent studies of molar crown formation times in
humans and chimpanzees indicate that this in-
creases distally from M1 to M3 in both species (Reid
et al., 1998a,b). It might be tempting to speculate
that crown formation time should correlate with
enamel thickness, but this is not a necessary rela-
tionship, because prolonged crown formation may be
coupled with a reduced secretory rate of amelo-
blasts. Indeed, Reid et al. (1998a,b) showed that the
thinly enameled M3s of chimpanzees take longer to
form (ca. 3.5—4.0 years) than thickly enameled mod-
ern human homologues (ca. 3.1-3.4 years). Thus,
amelogenesis and odontogenesis may be uncoupled
to the extent that in chimpanzees, prolonged M3
formation time is associated with a reduced rate of
ameloblast secretion, whereas in humans, prolonged
M3 formation time is associated with a reduced rate
of odontoblast secretion.

Macho and Berner (1993) observed that the
eruption pattern of human molars might imply
that M1s should have the thickest enamel because

they are in functional occlusion for a longer period
than the other molars. In order to explain this
apparent conundrum, it was argued that the M2s
and especially M3s are endowed with thicker
enamel because they are subjected to higher oc-
clusal forces than M1s (Macho and Berner, 1993,
1994; Spears and Macho, 1995, 1998; Macho and
Spears, 1999; Schwartz, 2000a,b). Gantt et al.
(2001) even extended this argument to explain the
differences in enamel thickness that they ob-
served between dmls and dm2s. These explana-
tions are based on predictions from models of mas-
ticatory biomechanics that hypothesize the
highest bite forces to be produced on the more
posterior teeth (Molnar and Ward, 1977; Ward
and Molnar, 1980; Osborn and Baragar, 1985;
Koolstra et al., 1988; Janis and Fortelius, 1988;
Osborn, 1996). This explanation is intuitively ap-
pealing. Unfortunately, it is likely to be wrong.

Notwithstanding the difficulties associated with
accurately, recording maximum bite force magni-
tudes (Weijs and van Spronsen, 1992), a number of
workers have documented occlusal strain magni-
tudes at different tooth positions, and electromyo-
graphic (EMG) activity from the temporalis and su-
perficial masseter muscles in humans biting at
different tooth positions (Mansour and Reynik,
1975; Pruim et al., 1980; van Eijden et al., 1988; van
Eijden, 1991; Spencer, 1995, 1998). These studies
(particularly those of Mansour and Reynik, 1975;
Pruim et al., 1980; Spencer, 1995, 1998) reveal that
bite forces are highest and masticatory muscle ac-
tivity is greatest during M1 biting, and that both
decrease from M1 to M3. There is a nearly 30%
reduction in EMG values along the molar row (Spen-
cer, 1995, 1998). This observation is in keeping with
the concomitant reduction in root surface area and
complexity from M1 to M3 (Nikolai, 1985).

The data pertaining to EMG activity, bite force
magnitude, and molar root configuration indicate a
central role for M1 as a point for the production of
high-magnitude bite forces in humans. This is in
contradiction to the predictions from basic biome-
chanical models that the highest bite forces will be
witnessed by the third molars.

The relatively thicker enamel of human distal
molars is explicable as a result of odontogenic
processes related to tooth size reduction, where
overall crown size reduction has resulted from the
preferential loss of the dentine component of the
crown. As such, it is not necessary to invoke func-
tional/adaptive scenarios derived from question-
able models of masticatory biomechanics to ex-
plain the relatively thicker enamel of human M2s
and M3s. In order to test this hypothesis, it will be
necessary to obtain data on enamel thickness at
different molar positions in primate taxa (e.g.,
Papio hamadryas) that do not exhibit distal molar
crown size reduction.
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Functional significance of enamel thickness
differences between cusps

The data recorded here corroborate earlier obser-
vations on human molars that enamel tends to be
thicker on the protocone than on the paracone, and
thicker on the protoconid than on the metaconid
(Molnar and Gantt, 1977; Grine and Martin, 1988;
Macho and Berner, 1993; Schwartz, 2000a; Gantt et
al., 2001). This same general discrepancy was also
documented for a small sample of sectioned Austra-
lopithecus and Paranthropus molars (Grine and
Martin, 1988), and by CT for a larger sample of
South African australopith upper molars (Macho
and Thackeray, 1992). By contrast, the CT study by
Conroy (1991) of South African australopith lower
molars recorded that enamel thickness on the pro-
toconid exceeded that on the metaconid in only 43%
(9 of 21) of specimens. Schwartz (2000b) observed a
discrepancy between buccal and lingual cusp thick-
ness in a sample of orangutan upper molars (n = 8),
but failed to find it in the chimpanzee (n = 6) and
gorilla (n = 9) upper molars he examined.

Differences in enamel thickness on the buccal and
lingual cusps of human molars have been inter-
preted in a functional context by a number of work-
ers (e.g., Shillingburg and Grace, 1973; Molnar and
Gantt, 1977; Grine and Martin, 1988; Macho and
Spears, 1999; Schwartz, 2000a,b; Gantt et al., 2001),
and have been related to the development of a heli-
coidal occlusal wear plane (Macho and Berner, 1994;
Spears and Macho, 1995). In particular, it was ar-
gued that enamel should be thicker over the tips and
occlusal surfaces of the so-called “functional”
(Schwartz, 2000a) or “supporting” (Macho and
Spears, 1999) cusps than over the “guiding” cusps
(Spears and Macho, 1995; Macho and Spears, 1999).
The tips and occlusal surfaces of the protocone and
protoconid comprise phase II (crushing/grinding)
surfaces, whereas the paracone and metaconid are
dominated by phase I (shearing) surfaces (Kay,
1977). It was posited that enamel should be expected
to be thicker in relation to phase II surfaces in order
to provide additional material by which to better
withstand the heavier loss through abrasion on
these facets (Macho and Berner, 1993, 1994; Spears
and Macho, 1995; Macho and Spears, 1999). Thus,
occlusal and apical enamel should be notably thicker
on the protocone than on the paracone, and thicker
on the protoconid than on the metaconid.

With regard to occlusal enamel, this expectation is
borne out by dm? and all mandibular molars, but the
difference between the buccal and lingual cusps is
statistically significant only for dm, and M, (Fig. 5).
Macho and Berner (1993) also documented occlusal
enamel to be thicker on the paracone than on the
protocone in the M?s and M?s comprising their sam-
ple, and while their data suggest that it is also
thicker on the protocone of M*, the discrepancy is
very slight.

With regard to enamel over the tip of the cusp, the
expectation is met by all four maxillary molars, but
is satisfied only by M, and M; among the mandibu-
lar molars. In this instance, the difference between
buccal and lingual cusps is statistically significant
for all upper molars, and for M; among mandibular
molars. The data of Schwartz (2000a) indicate apical
enamel to be thicker on the protoconid of M;, which
contradicts the present results. Because our M;
samples are the same size, this disparity in our data
is likely due to the variability in enamel thickness at
this location. Indeed, the comparatively high degree
of variability that characterizes enamel thickness at
the cusp tip would seem to be contrary to prevailing
functional design expectations for the apices of ei-
ther “functional” or “supporting” cusps. Moreover,
Kono et al. (2002) also recorded that enamel is “dis-
tinctly thin” at and near the tips of the paracone and
protoconid in all five maxillary and five mandibular
molars examined by them.

It is evident that models which predict an increase
in enamel thickness to counter heavier attritional
loss on phase II occlusal surfaces and on the tips of
the either “functional” cusps (i.e., protocone and pro-
toconid) are not uniformly supported by the data on
human molars. Thus, while cuspal enamel in max-
illary molars, and occlusal enamel in mandibular
molars is distributed in general accord with these
expectations, the distribution of occlusal enamel in
maxillary molars and cuspal enamel in mandibular
molars is certainly contradictory. The relative high
degree of variability displayed by the thickness of
cuspal enamel is also inconsistent with these pre-
vailing models.

On the other hand, the present data reveal that
even in those instances where expectations are met
by the distribution of occlusal enamel, the discrep-
ancies in its thickness are lower than those for ei-
ther cuspo- or cervico-lateral enamel (Figs. 5, 6).
Also, the expected discrepancies in cuspal thickness
exceed those in lateral enamel only with reference to
dm? M!, and M2 Indeed, it is only in its cuspo-
lateral distribution that the expectation for thicker
protocone and protoconid enamel is convincingly
met by all maxillary and mandibular molars. In
addition, in almost all teeth, enamel tends to be
relatively thicker over the lateral side of the cusp
than at its tip or over its occlusal aspect. This obser-
vation is in accordance with Kono et al. (2002), who
recorded that the buccal faces of the lower molars
and lingual faces of the upper molars have thicker
enamel than do other crown surfaces.

Theses observations are of interest, because the
cuspo-lateral aspects of the protocone and proto-
conid are related to phase I shearing/guiding activ-
ity during mastication. Even though these surfaces
are not directly involved in crushing and grinding,
they may be differentially thickened so as to effec-
tively withstand and/or dissipate the pressures gen-
erated at the tips and on the occlusal surfaces of
these cusps. In this regard, the proportionately
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thicker cuspo-lateral enamel of the protocone and
protoconid would be serve as a means to prolong
functional crown life by preventing cusp fracture,
rather than as a mechanism by which to increase
the attritional longevity of a wear facet.

The discrepancy in linear enamel thickness be-
tween buccal and lingual cusps was also argued to
predispose humans to develop a helicoidal occlusal
wear plane (Macho and Berner, 1993, 1994). In this
regard, it was posited that the changes from M to
M? serve to increase the symmetry of the more distal
molars, thereby resulting in a more equitable distri-
bution of occlusal forces (Macho and Berner, 1994;
Spears and Macho, 1995). The data by Schwartz
(2000a) on mandibular permanent molars, however,
led him to question the validity of this model.

The present data for maxillary molars correspond
with those recorded by Macho and Berner (1993)
with regard to cuspal enamel, in that there is a
trend for the discrepancy between the protocone and
paracone to decrease distally. However, the current
sample shows no difference in occlusal discrepancy
from M! to M3. The current data also correspond to
those reported by Schwartz (2000a), in that there is
a trend for the disparity in cuspal thickness between
the protoconid and metaconid to increase from M; to
M,. Finally, the discrepancy in thickness of the
cuspo-lateral between the buccal and lingual cusps
increases distally from M1 to M3 in both jaws, which
also runs counter to the model proposed by Macho
and Berner (1994). Thus, the results of the present
study accord with those of Schwartz (2000a) in sug-
gesting that the human dentition is not predisposed
to develop a helicoidal wear plane by the disposition
of molar enamel thickness.

CONCLUSIONS

The results of the present study have implications
for several hypotheses that have been proposed per-
taining to the functional significance of enamel
thickness as it varies along the molar row and across
the molar crown. These results also have implica-
tions for comparisons of enamel thickness between
humans and other primate species.

The data recorded here for a sexually and geo-
graphically mixed sample of recent Homo sapiens
accord with those presented by others who docu-
mented a distinct tendency for the relative thickness
of the enamel cap to increase overall, and at specific
locations from dm2 to M3 in both jaws, but particu-
larly in the maxilla (Macho and Berner, 1993;
Schwartz, 2000a; Gantt et al., 2001). In the first
instance, this has clear implications for interspecific
comparisons of enamel thickness, and further
strengthens the suggestion by Macho and Berner
(1993) that such comparisons should be tooth-spe-
cific, at least where they involve modern humans.

In terms of the distalward increase in relative
enamel thickness along the molar row, the present
data reveal that enamel thickness does not covary
with the size of the dentine/pulp core of the crown.

Deciduous molars (dm2s) have a small dentine core
combined with relatively thin enamel. In the perma-
nent molars, on the other hand, the dentine core
tends to become smaller, while the enamel cap in-
creases in relative thickness from M1 to M3. This
suggests that the more distal molars attain rela-
tively thicker enamel through a preferential reduc-
tion in the size of their dentine core. This has two
potential implications. In the first instance, modern
humans exhibit a well-documented, general ten-
dency for molar crown size to decrease from M1 to
M3. The implication from the present study is that
this reduction in crown size was attained primarily
through a differential loss of the dentine component
over the enamel component. This proposition would
appear to be in accord with the concomitant reduc-
tion in root complexity and surface area from M1 to
M3 (Nikolai, 1985), insofar as the roots are com-
posed largely of dentine. In the second instance,
because the relatively thicker enamel of human dis-
tal molars is explicable as a result of odontogenetic
processes related to tooth size reduction, it is not
necessary to invoke functional/adaptive scenarios
derived from questionable models of masticatory bi-
omechanics to explain the relatively thick enamel of
human M2s and M3s. In order to test this proposal,
it will be necessary to obtain data on enamel thick-
ness at different molar positions in primate taxa
that do not exhibit distalward molar crown size re-
duction.

With regard to the distribution of enamel across
the crown, the data recorded here corroborate ear-
lier observations that it tends to be thicker on the
protocone than on the paracone, and thicker on the
protoconid than on the metaconid (Macho and
Berner, 1993; Schwartz, 2000a; Gantt et al., 2001).
However, while there is a general correlation be-
tween enamel thickness and the cusp’s overall role
in a “functional” (Schwartz, 2000a) or “guiding” (Ma-
cho and Spears, 1999) capacity, enamel is not nec-
essarily thicker on those surfaces where it would be
required to better withstand heavier attritional loss
through wear. Thus, although enamel at the cusp tip
is significantly thicker on the protocone than on the
paracone for all upper molars, an equivalent dis-
crepancy is found only in the M3 among mandibular
molars. Indeed, the comparatively high degree of
variability that characterizes enamel thickness at
the cusp apex seems to be contrary to prevailing
functional design expectations. While occlusal
enamel is generally thicker on the protococnid than
on the metaconid in mandibular molars (and signif-
icantly so in dm, and M,), its distribution in the
maxillary permanent molars is contradictory to
functional design expectations related to enhanced
attritional life. Finally, in almost all teeth, enamel
tends to be thicker over the lateral side of the cusp
than over its tip or occlusal aspect, and it is only in
its cuspo-lateral placement that the expectation for
increased thickness on the protocone and protoconid
is met by all molars. The cuspo-lateral aspects of
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these cusps are related to phase I shearing/guiding
activity during mastication, but the differentially
thickened enamel here may serve to better with-
stand and/or dissipate the pressures generated at
the tips and opposing phase II occlusal surfaces of
these cusps. The proportionately thicker enamel on
the cuspo-lateral surfaces of the “functional” cusps
would serve as a means to prolong functional crown
life by preventing cusp fracture, rather than as a
mechanism by which to increase the attritional lon-
gevity of a wear facet. In this regard, it would be of
considerable interest to establish whether struc-
tural aspects of enamel that are of mechanical rele-
vance (e.g., prism decussation) display concomitant
variability in distribution across the molar crown.
The results of this study accord with the conclusion
reached by Kono et al. (2002), that the pattern of
enamel thickness across the molar crown is only
partly explained as an adaptation to the functional
demands of mastication.
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