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ABSTRACT Morphometrics of the molar crown is
based traditionally on diameter measurements but is
nowadays more often based on 2D image analysis of crown
outlines. An alternative approach involves measurements
at the level of the cervical line. We compare the informa-
tion content of the two options in a three-dimensional (3D)
digital sample of lower and upper first molars (M1 and
M1) of modern human and Neanderthal teeth. The cervi-
cal outline for each tooth was created by digitizing the cer-
vical line and then sectioning the tooth with a best fit
plane. The crown outline was projected onto this same
plane. The curves were analyzed by direct extraction of
diameters, diagonals, and area and also by principal com-
ponent analysis either of the residuals obtained by
regressing out these measurements from the radii (shape

information) or directly by the radii (size and shape infor-
mation). For M1, the crown and cervical outline radii allow
us to discriminate between Neanderthals and modern
humans with 90% and 95% accuracy, respectively. Fairly
good discrimination between the groups (80–82.5%) was
also obtained using cervical measurements. With respect
to M1, general overlap of the two groups was obtained by
both crown and cervical measurements; however, the two
taxa were differentiable by crown outline residuals (90–
97%). Accordingly, while crown diameters or crown radii
should be used for taxonomic analysis of unworn or
slightly worn M1s, the crown outline, after regressing out
size information, could be promising for taxonomic assign-
ment of lower M1s. Am J Phys Anthropol 144:342–354,
2011. VVC 2010 Wiley-Liss, Inc.

Traditional approaches for studying dental remains
are characterized by morphological descriptions and cali-
per measurements of tooth crowns. Recent contributions
in anthropology (e.g. Is�can and Kedici, 2003; Harris and
Lease, 2005; Matsumura and Hudson, 2005) and paleo-
anthropology (e.g., Coppa et al., 2005; Bailey and
Hublin, 2006; Kaifu et al., 2007) confirm that carefully
prescribed caliper measurements (e.g., the mesiodistal
diameter (MD) and the buccolingual diameter (BL))
remain useful tools for taxonomic studies.
Beginning in the 1960s, in keeping with the general

turn to medical image analysis in many branches of the
organismal biosciences, there were experiments with
extraction of similar information from image analysis of
occlusal surfaces (Hanihara, 1961; Erdbrink, 1965; Big-
gerstaff, 1970; Hanihara et al., 1970). These data include
simple measurements such as area (Le Blanc and Black,
1974; Williams, 1979), quantifications of crown outline
shape, configurations of landmarks from these images,
and cusp base areas (Wood and Abbott, 1983; Wood
et al., 1983; Morris, 1986; Sekikawa et al., 1988; Wood,
1991; Peretz et al., 1997, 1998a,b; Bailey, 2004; Bailey
and Lynch, 2005; Harris and Dinh, 2006; Kondo and
Townsend, 2006; Martinón-Torres et al., 2006; Peretz
et al., 2006; Gómez-Robles et al., 2007).
It is obvious that all measurements of such occlusal

surface images are affected by wear. This effect is not a
problem when wear per se is the biological process of in-
terest. However, in other study designs, wear is a con-

founding factor, altering not only crown height and cusp
morphology but also crown walls and hence crown diam-
eter data (Hillson et al., 2005). Accordingly, as Bailey
(2004) and Bailey et al. (2005) concede, measurements
taken at the cusp apices, such as cusp angles and occlu-
sal polygon area, should be taken only from unworn or
slightly worn teeth. Regarding the form of the outline in
occlusal view, one approach would be to ‘‘correct’’ the cor-
responding measurements of mesial and distal crown
margins by reference to the buccolingual extent of the
wear facet along with the curvature of the crown mar-
gins in occlusal view (Wood and Abbott, 1983; Bailey,
2004; Bailey and Lynch, 2005). Many researchers recom-
mend simply excluding heavily worn teeth from their
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image analysis studies (e.g., Wood and Abbott, 1983;
Kondo and Townsend, 2006; Martinón-Torres et al.,
2006; Pilbrow, 2006; Gómez-Robles et al., 2007). How-
ever, such a strategy is disadvantageous for studies of
paleoanthropological tooth assemblages, where sample
size is very low already and dental remains are often
significantly worn.
To incorporate worn teeth from archaeological or pale-

ontological sites, Hillson et al. (2005) sought measure-
ments less sensitive to enamel wear. They verified that
cervical diameters and diagonals were correlated with
the more usual crown measurements (Hillson et al.,
2005) and hence might be a useful supplement for dental
analysis in modern human samples. However, the reli-
ability of these measurements for taxonomic assignment
has not thus far been verified.
The present contribution evaluates the utility of infor-

mation from diameters, diagonals, and outlines of two
distinct closed curves (crown outline and cervical out-
line) for taxonomic assignment of Neanderthal and mod-
ern human isolated first molars.

MATERIALS

Our sample consists of 79 lower and upper M1s, 47
from modern humans (M1 5 22, M1 5 25) and 32 that
are casts of human fossil specimens (M1 5 17, M1 5 15)
(Table 1). The modern sample includes Northern Italian
medieval first molars and also specimens collected from
the Department of Anthropology, University of Vienna,
Austria and from the Department of Paleoanthropology
and Messel Research in the Senckenberg Research Insti-
tute, Frankfurt am Main, Germany. The fossil material
is represented mainly by Neanderthal specimens and
Upper Palaeolithic modern humans (UPMH). For statis-
tical analysis, the few UPMH specimens are combined
with the contemporary Homo sapiens, but they are plot-
ted with distinct labels. To avoid enamel reflection and

transparency, as well as to prevent damage to the fossil
originals, casts carefully reproduced by standard meth-
ods, as described elsewhere (Fiorenza et al., 2009), were
used for three-dimensional (3D) surface scanning. In
addition, some virtual tooth models were downloaded
from the NESPOS (Neanderthal Studies Professional
Online Service) digital internet archive (www.nespos.org)
(Table 1).
Following the work of Bailey (2004) and the sugges-

tions provided by Hillson et al. (2005) about measure-
ments in worn molars, only first molars characterized by
a slight or moderate degree of wear were considered
(wear stage lower than 5; Smith, 1984).
All molars are regarded as left molars—actual right

molars were mirror-imaged prior to any further compu-
tations.

METHODS

All the teeth from the Italian medieval sample and
some casts from the fossil specimens were scanned with
a Roland Picza PIX-30 piezoelectric digitizer provided
with a Roland Active Piezo Sensor (R.A.P.S.) probe with
a resolution of 0.1 mm (Table 1). The 3D model of each
tooth was generated with Pixform 2001 software. Micro-
computer tomography models (micro-CT) of molars from
the Vienna anthropological collection were acquired
using Viscom X8060. All micro-CT scans were recorded
in TIFF file format (pixel size 70 lm, slice thickness also
70 lm). The 3D digital models were built via the soft-
ware package Amira 5.2 (�C Mercury Computer Systems,
Chelmsford, MA). Models were created semi-automati-
cally by threshold-based segmentation, contour extrac-
tion, and surface reconstruction. Other casts were
scanned using a smartScan 3D system (Breuckmann
GmbH), with a resolution of about 60 lm (Breuckmann,
1993; Beraldin et al., 2000; Godin et al., 2002). The final

TABLE 1. List of fossil teetha and 3D scan system used

Group Lower M1 Scan systems Upper M1 Scan systems

H. Neandertalensis BDJ4C9 (l)b microCT (NESPOSc) Combe Grenal (r) Picza PIX-30
Devils Tower (r) Picza PIX-30 Krapina 100 (l) smartSCAN 3D
Krapina 80 (r) Picza PIX-30 Krapina 134 (r) Picza PIX-30
Krapina 81 (l) Picza PIX-30 Krapina 136 (l) Picza PIX-30
Krapina 84 (r) smartSCAN 3D Krapina 164 (l) Picza PIX-30
La Chaise 13 (l) microCT (NESPOS) Krapina 166 (r) Picza PIX-31
La Chaise 14 (r) microCT (NESPOS) Krapina 171 (r) Picza PIX-30
La Chaise S49 (r) microCT (NESPOS) Kulna 1 (r) smartSCAN 3D
La Quina 5 (r) smartSCAN 3D La Quina 18 (r) smartSCAN 3D
Okladnikov (l) smartSCAN 3D Pontnewydd 4 (r) smartSCAN 3D
Rochelet (l) microCT (NESPOS) Pontnewydd 12 (l) smartSCAN 3D

Regourdou 1 (r) smartSCAN 3D Spy 2 (l) Picza PIX-30
Petit Puy 3 (r) Picza PIX-30 Poggio Cave (l) Picza PIX-30
Vindija 226 (l) Picza PIX-30
Vindija 231 (l) smartSCAN 3D

UPMHd Les Rois R50-4 (r) Picza PIX-30 Fontéchevade 2 (l) Picza PIX-30
Sunghir 3 (r) smartSCAN 3D Sunghir 3 (l) smartSCAN 3D

Modern humans Medieval Italian (n 5 15)e Picza PIX-30 Medieval Italian (n 5 15)e Picza PIX-30
Southern Asia (n 5 4)f smartSCAN 3D Europe (n 5 4)g microCT
Australian (n 5 3)g microCT Australian (n 5 6)g microCT

a r, right; l, left.
b Name of the site: Abri Bourgeois-Delaunay ‘‘La Chaise-de-Vouthon.’’
c NESPOS Database/www.nespos.org.
d UPMH, upper Paleolithic modern human.
e Department of History and Methods for the Conservation of Cultural Heritage, University of Bologna (Ravenna, Italy).
f Department of Paleoanthropology and Messel Research, Senckenberg Research Institute (Frankfurt am Main, Germany).
g Department of Anthropology, University of Vienna (Vienna, Austria).
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alignment of the views was achieved using optoCAT soft-
ware 2007 (Breuckmann GmbH).
The 3D digital tooth models were preoriented in Rhino

4.0 Beta CAD environment (Robert McNeel & Associ-
ates, Seattle, WA), according to the description given by
Benazzi et al. (2009), to define buccal, lingual, mesial,
and distal views of the tooth. The models were posi-

tioned with the occlusal view parallel to the xy-plane of
the Cartesian coordinate system. On the buccal and lin-
gual side of the molars, two points were identified at
the intersection of the cervical line with the line joining
the most cervical point of the bifurcation of the root and
the most apical point of the groove dividing the two
main lobes of each surface. The tooth was rotated until

Fig. 1. Upper left first molar. (a) Triangle vertices were selected up to a maximum distance of 0.2 mm above and below the cer-
vical polyline. (b) Best-fit plane passing through the triangle vertices. (c) Bounding box of the cervical outline with displayed diame-
ters and diagonal measurements. (d) 16 equiangular radii out of the centroid of the area. The first radii is buccally directed and
parallel to the y-axis of the Cartesian coordinate system.
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the projection on the xy-plane of the segment joining the
two points was parallel to the y-axis of the Cartesian
coordinate system (Benazzi et al., 2009).
In the IMEdit module of PolyWorks1 10 (InnovMetric

Software), the cervical lines of the preoriented teeth
were manually outlined using the polyline tool and all
surface model triangle vertices were selected that lay
within 0.2 mm of the cervical polyline (Fig. 1a). This
method compensates for model and processor errors
(Kullmer et al., 2002; Ulhaas et al., 2004) such as those
that originate in cervix defects in the original crowns or
otherwise. It also corrects for the minor mistakes in
drawing the polyline where small portions of the cervical
line are not visible in the digital model. Next, we com-
puted the best-fit plane through the band of selected ver-
tex points (cervical plane: Fig. 1b). This plane sections
the tooth in a curve that we take as the cervical outline.
Maintaining the same preorientation, each tooth was
subsequently rotated until the cervical plane was paral-
lel to the xy-plane. The crown was projected onto this xy-
plane and its outline (horizon) taken, a planar represen-
tation of what is in reality a nonplanar curve. Both
crown outline and cervical outline were centered on the
centroid of their area. Bounding boxes were displayed
(Fig. 1c) tangential to the most extreme points of the
crown and cervical sides (MD and BL diameters). The
diagonals of the bounding boxes, mesiobuccal-distolin-
gual (MB-DL) and mesiolingual-distobuccal (ML-DB),
were taken as the diagonals of the teeth.
The diameters and diagonals measured on these out-

lines are not exactly the same as those conventionally
measured by calipers. As pointed out by Hillson et al.
(2005), small rotations of the crown between the caliper
jaws can lead to variations in the measured diameter of
1 mm or more, and personal judgment is often involved
in any attempt to keep the calipers in correct position
(Hillson et al., 2005). Moreover, there are several alter-
native criteria for crown diameter measurements (e.g.,
Moorrees and Reed, 1954; Goose, 1963; Kieser, 1990),
with different results depending on the method used.
Our objective and replicable approach (Fig. 1) avoids
these problems by representing the occlusal surface as a
curve. Where teeth showed interproximal wear, the
crown outline of the original mesial or distal borders
were corrected by reference to the buccolingual extent of
the wear facet, the outline curvature following the crown
margins in occlusal view (e.g., Wood and Engleman,
1988; Bailey, 2004).
All outlines were represented by 16 equiangularly

spaced radial vectors out of the centroid of area. The
first radius is buccally directed and parallel to the y-axis
(Fig. 1d). Outline size was computed as the root sum of
squared radii (thus a radial equivalent of ‘‘centroid
size’’). The radii measure shape and size of the outlines
and thus covary with diameters, diagonals, and area.
Therefore, we regressed the part of radial size explained
by diameters, diagonals, and area out of the actual
crown and cervical outline data, to evaluate the possible
usefulness of the residual shape variation for classifica-
tion of Neanderthal and modern human teeth. That is to
say, for both the crown outline and the cervical outline,
we carried out linear regressions of the 16 radii, one by
one, on both MD and BL, then on both MB-DL and ML-
DB, and finally on the area. The ‘‘residual shape’’ is just
the shape formed by the 16 residuals of these radii after
these regressions; evidently, it does not correspond to a
geometric figure (as about half of the radii will be nega-

tive case by case). As there were three families of regres-
sions, diameters, diagonals, and area, there were three
residual shapes for the crown outline and three for the
cervical outline. For each of the two outlines, principal
component analysis (PCA) was carried out both for the
original radii and for the three sets of regression resid-
uals: a total of eight PCAs for each tooth class.
Finally, the discriminant function analyses we use are

quadratic discriminant analyses (QDAs) rather than the
more commonly encountered linear discriminant analy-
ses (LDAs). This is because for some of our measure-
ments, particularly the outlines area in Table 4, the
within-group variances are different between our two
taxonomic groups. When the standard deviations are dif-
ferent and are acknowledged to be different, the corre-
sponding log likelihood ratio is actually a quadratic func-
tion (a function of x2 as well as x), hence we use a ‘‘quad-
ratic’’ discrimination. A QDA is not the same thing as a
LDA that uses x and x2 as the predictors—this approach
would not take into account the difference in standard
deviations between the groups, which is the point of
QDA. A QDA, for instance, can discriminate between
two groups that have the same average if their variances
are different enough—that is the situation in Tables 2
and 4—whereas a LDA cannot do so. The QDAs of the
dental dimensions (diameters, diagonals, and area) and
of a subset of principal components (PCs) were used to
classify the specimens. We restricted ourselves to five
principal components to accommodate a majority of the
shape variability (usually about 80%) while avoiding
overfitting. We use a cross-validation approach (a leave-
one-out method) to assign the specimen to the group
with the higher posterior probability. For data processing
and analyses, we used software routines written in R
software (R Development Core Team, 2008).

RESULTS

In general, the PC plots of the residuals from the
regression of the diameters, diagonals, and area for the
crown and cervical outline produce equivalent results
regardless of the particular regression. Therefore, for
each tooth class we display only four of the PCAs: two
computed from crown and cervical outline residuals (M1:
residuals obtained after regressing out the diameters;
M1: residuals obtained after regressing out the area),
and another two from the original radii. Here PC1 is
always highly correlated with radial size (r 5 0.99).

Lower M1

Figure 2 and Table 2 show that Neanderthals, UPMH
and modern humans overlap to a large extent regarding
diameters, diagonals, and areas measured either at the
crown outline or at the cervical outline. The group
averages of these measurements do not differ signi-
ficantly between Neanderthals and modern humans

TABLE 2. Lower M1 outline area (mm2): mean and standard
deviation (SD)

Groups N

Crown outline
area

Cervical
outline area

Mean SD Mean SD

Modern humansa 24 104.31 12.01 76.75 9.51
Neandertals 15 108.66 8.54 83.00 6.47

a UPMH is included.
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(P-value [ 0.05 by permutation test, 1,000 permuta-
tions). The cross-validation QDA of these dimensions
(diameters, diagonals, and areas) leads to a high misclas-
sification of Neanderthals and modern humans (Table 3).
The results of the PCAs of the crown and cervical out-

lines are summarized in Figures 3 and 4. Regarding the
crown residuals obtained after regressing out the crown
diameters from the crown radii (Fig. 3a), the first three
PCs account for 60.3% of the total variance. Neander-
thals and modern humans tend to separate along PC1,
while there is no such trend for PC2 or PC3. In the
direction of PC1, Neanderthals show a buccodistal out-
line expansion and a convex lingual outline shape (high
scores), while modern human and UPMH specimens are
associated with a buccodistal reduction of the outline
and a straighter lingual side (low scores). The results of
the cross-validation QDA show that 94.9% of the Nean-
derthals and modern humans are correctly classified
based on crown outline residuals (Table 3).
The PCA and cross-validation QDA of the crown radii

do not provide better results than the crown outline

residuals (Fig. 3b, Table 3). The first three PCs account
for about 93.7% of the total variance. Neanderthals and
modern humans overlap along PC1 and PC2, but they
tend to separate along PC3. PC3 reflects shape changes
related to buccodistal outline expansion and convex lin-
gual outline shape (low scores: Neanderthal shape), and
buccodistal reduction with straighter lingual side (high
scores: modern human shape). The UPMH specimens
plot with the modern humans (Fig. 3).
Regarding the cervical outline residuals (cervical

diameters regressed out from the cervical radii, Fig. 4a),
the separation between Neanderthals and modern
humans—including UPMH specimens—is less clear than
for the crown residuals. The two groups overlap along
each of the first three PCs. The results of the cross-vali-
dation QDA shows that about 75% of Neanderthals and
modern humans are correctly classified (Table 3). The
results do not improve using the cervical radii (Fig. 4b,
Table 3). While the first three PCs account for a large
amount of the total variance (92.5%), there remains a
large overlap in each direction. By cross-validation QDA,

Fig. 2. Scatterplot of M1 crown and cervical measurements. (a) BL and MD crown diameters. (b) MB-DL and ML-DB crown
diagonals. (c) BL and MD cervical diameters. (d) MB-DL and ML-DB cervical diagonals. Modern humans, black circles; Neander-
thals, triangles; UPMH, white circles.
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61.5% of Neanderthals and modern humans are correctly
classified (Table 3).

Upper M1

Unlike the case for M1, for M1, the diameters, diago-
nals and areas measured either at the crown outline or
the cervical outline overlap to a much lesser extent
between Neanderthals and modern humans (Fig. 5, Ta-
ble 4). The group means of these dimensions are signifi-
cantly different between Neanderthals and modern
humans except ML-DB at the cervical outline. For crown
and cervix, the few UPMH specimens plot between the
middle-upper modern human range. The results of the
cross-validation QDA show that the diameters, diagonals
and areas allow correct classification of between 80%

and 82.5% of the Neanderthals and modern humans
(Table 5).
Figures 6 and 7 summarize the results of the PCA of

the crown and cervical outlines. Figure 6a shows the
PCA of the residuals obtained after regressing out areas
from the crown radii. The first three PCs account for
76.6% of the total variance. The UPMH specimens plot
within the modern human sample. Neanderthals and
modern humans tend to separate on PC1 but not PC2 or
PC3. Along PC1, Neanderthal specimens (higher scores)
are associated with a wide distolingual outline as a
result of a large hypocone, a slight expansion of the
mesiobuccal side and a reduction of the distobuccal out-
line, while modern humans (lower scores) show a sub-
square shape, with a narrow distolingual outline and a
slight expansion of the distobuccal side. The cross-valida-

Fig. 3. M1 crown outline. (a) PCA of the residuals after regressing out crown diameters from the crown radii. (b) PCA of the
crown radii. At each extremity of the axes is drawn the deformed mean crown outline in the direction of the PC, extrapolated by a
factor of 3SD of PCs. Modern humans, black circles; Neanderthals, triangles; UPMH, white circles.
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tion QDA of the crown outline residuals leads to a cor-
rect classification of 85% of the specimens (Table 5). Fig-
ure 6b shows the PCA of the crown radii. The first three
PCs account for 94% of the total variance. Neanderthals
and modern humans are separated on PC1 which is, of
course, correlated with size. Neanderthals show a wide
distolingual outline (higher scores) and consequently an
almost rhomboidal shape, while modern humans (lower
scores) are characterized by a subcircular outline. To a
lesser extent, the two groups seem to have different
means on PC2, but not PC3 (Fig. 6b). Lower PC2 scores
are associated with distolingual outline expansion (Ne-
anderthal shape), while higher PC2 scores account for
subcircular shape due to distobuccal and mesiolingual
outline expansion and distolingual outline reduction
(modern human shape). The UPMH specimens plot

within the modern human sample. When the four PCs
obtained for the crown radii are submitted to cross-vali-
dation QDA, 95% of the specimens are correctly classi-
fied (Table 5).
With respect to the cervical residuals (the cervical

area regressed out from the cervical radii, Fig. 7a), the
first three PCs account for about 82% of the total var-
iance. Neanderthals and modern humans tend to have
different means on PC1 but not PC2 and PC3. As for the
crown, the cervical outline shows a distolingual expan-
sion in Neanderthals (higher PC1 scores), while modern
humans are characterized by mesiodistal outline com-
pression with concomitant subrectangular shape and dis-
tolingual outline reduction (lower PC1 scores). The
UPMH specimens provide variable results; Fonteche-
vade-2 fits in the modern human sample while Sunghir-

Fig. 4. M1 cervical outline. (a) PCA of the residuals after regressing out cervical diameters from the cervical radii. (b) PCA of
the cervical radii. At each extremity of the axes is drawn the deformed mean crown outline in the direction of the PC, extrapolated
by a factor of 3SD of PCs. Modern humans, black circles; Neanderthals, triangles; UPMH, white circles.
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3 plots with the Neanderthals. The results of the cross-
validation QDA show that 75% of the specimens are
correctly classified.
The results improve using the cervical radii (Fig. 7b,

Table 5). The first three PCs account for a large amount
of the total variance (93%). The two groups are well
separated in the direction of PC1. The shape change
associated with PC1 also includes the distolingual
expansion (higher scores) or reduction (lower scores) of
the outline. Shape information related to the same por-
tion of the outline is contained in PC2 but not in PC3.
Neanderthals are characterized by a rhomboidal cervi-
cal outline due to distolingual expansion (lower PC2
scores), while modern humans show subsquare outline
(higher PC2 scores). For PC1, the UPMH specimens plot
in between Neanderthal and modern human, but Fonte-
chevade-2 scores closer to modern humans with regard
to PC2, while Sunghir-3 scores closer to Neanderthals on
PC3 (Fig. 7b). When the first four PCs are submitted to
cross-validation QDA, 90% of the Neanderthals and mod-
ern humans are correctly classified (Table 5).

DISCUSSION AND CONCLUSIONS

It is important to know whether the more time-con-
suming measurements (such as outlines or areas) are
worth the trouble for these taxonomic purposes, particu-
larly in regard to circumventing the effects of wear. In
unworn teeth, 2D image analysis of cusp area or the oc-
clusal polygon might provide for adequate taxonomic
assignment of isolated first molars. The challenge is to
include worn teeth for which the cusp tips are obscured
and the occlusal grooves may no longer be visible. In
this condition, both the traditional approach based on
caliper measurements at the crown (e.g., Is�can and
Kedici, 2003; Coppa et al., 2005; Harris and Lease, 2005;
Matsumura and Hudson, 2005; Bailey and Hublin, 2006;
Kaifu et al., 2007) and the 2D image analysis of the oc-
clusal surface (Wood and Abbott, 1983; Wood et al.,
1983; Sekikawa et al., 1988; Wood, 1991; Peretz et al.,
1997, 1998a,b; Bailey, 2004; Bailey and Lynch, 2005;
Harris and Dinh, 2006; Kondo and Townsend, 2006; Per-
etz et al., 2006; Gómez-Robles et al., 2007) are limited by

reduced sample sizes and the need to reconstruct miss-
ing outlines (Wood and Abbott, 1983; Wood et al., 1983).
Moreover, since the maximum MD crown diameter of the
molars is generally one-third to one-half of the way from
the occlusal surface to the cervix, even modest interprox-
imal wear can affect MD diameters (Hillson et al., 2005);
but the maximum BL diameter, measured at one-third to
one-half from the cervix, is not affected even in Smith
wear stage 4 (Smith, 1984).
We find that, at least for the lower molar, a more thor-

ough metric examination could lead to better discrimina-
tion between Neanderthals and modern humans, and
that cervical measurements (diameters, diagonals, and
area) could provide classification accuracy similar to
those from crown measurements in upper M1s.
For M1, diameters, diagonals and areas either at the

crown or at the cervix are sufficient to classify our two
taxa at up to 82.5% accuracy (Fig. 5, Table 5). Even after
diameters, diagonals and areas are regressed out from
the crown and cervical radii (Figs. 6 and 7), morphologi-
cal peculiarities such as the well-known hypocone
enlargement seen in Neanderthal maxillary first molars
(e.g., Bailey, 2002, 2004; Gómez-Robles et al., 2007) are
still present. Despite that, the percentage of Neander-
thals and modern humans correctly classified does not
improve (Table 5). The original crown and cervical ra-
dius values, in which both size and shape information
are still present, leads to a better classification compared
with diameters, diagonals and area—up to 95% accuracy.
We suggest that crown diameters or crown radii should
be used for taxonomic analysis of unworn or slightly
worn M1, and that for worn, isolated M1, measurements

TABLE 3. Results of QDA for the lower M1a

Dental measurements

Misclassified

Total
misclassified

Correctly
classified (%)

Modern
humansb Neandertals

Crown
Diameters 4 13 17 56.4
Diagonals 5 14 19 51.3
Outline area 7 15 22 43.6
PCsc (diameter regressed) 1 1 2 94.9
PCs (diagonal regressed) 1 0 1 97.4
PCs (area regressed) 2 2 4 89.7
PCs (centered radii) 1 2 3 87.2

Cervical
Diameters 10 7 17 56.4
Diagonals 8 10 18 53.8
Outline area 10 7 17 56.4
PCs (diameter regressed) 5 5 10 74.5
PCs (diagonal regressed) 4 7 11 71.8
PCs (area regressed) 3 9 12 69.2
PCs (centered radii) 6 9 15 61.5

a Results after cross-validation.
b UPMH is included.
c PCs, principal component scores (the first five PCs were used for QDA).

TABLE 4. Upper M1 outline area (mm2): mean and standard
deviation (SD)

Groups N

Crown outline
area

Cervical
outline area

Mean SD Mean SD

Modern humansa 27 108.90 8.21 82.70 6.75
Neandertals 13 124.97 19.41 98.08 13.31

a UPMH is included.
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Fig. 5. Scatterplot of M1 crown and cervical measurements. (a) BL and MD crown diameters. (b) MB-DL and ML-DB crown
diagonals. (c) BL and MD cervical diameters. (d) MB-DL and ML-DB cervical diagonals. Modern humans, black circles; Neander-
thals, triangles; UPMH, white circles.

TABLE 5. Results of QDA for the upper M1a

Dental
measurements

Misclassified

Total
misclassified

Correctly
classified (%)

Modern
humansb Neandertals

Crown
Diameters 2 5 7 82.5
Diagonals 2 5 7 82.5
Outline area 1 7 8 80.0
PCsc (diameter regressed) 3 5 8 80.0
PCs (diagonal regressed) 3 5 8 80.0
PCs (area regressed) 0 5 5 87.5
PCs (centered radii) 0 2 2 95.0

Cervical
Diameters 4 3 7 82.5
Diagonals 3 5 8 80.0
Outline area 2 6 8 80.0
PCs (diameter regressed) 7 12 19 52.5
PCs (diagonal regressed) 4 6 10 75.0
PCs (area regressed) 4 6 10 75.0
PCs (centered radii) 2 2 4 90.0

a Results after cross-validation.
b UPMH is included.
c PCs, principal component scores (the first five PCs were used for QDA).



at the cervix (diameters, diagonals, and area but also
cervical outline radii) are a reliable alternative.
In contrast to the situation with M1, for M1 the crown

and cervical diameters, diagonals and areas barely dif-
ferentiate Neanderthals from modern humans at all
(Fig. 2, Table 3). Once crown measurements are
regressed out from the crown radii, the levels of classifi-
cations are considerably higher, ranging up to 97.4%
(Table 3). In other words, while the grosser crown meas-
urements are useless for distinguishing between Nean-
derthal and modern human M1s, some morphological
crown outline features account for interesting taxonomic

differences between the two taxa: a reduction of the buc-
codistal outline (related to the hypoconulid) and the
straighter lingual side in modern humans when com-
pared to Neanderthal M1s. Moreover, the classifications
based on crown residuals and crown radii are more accu-
rate than those based on cervical residuals and cervical
radii.
Yet the most heavily worn M1, those with only a few

millimeters of the crown height preserved, can be classi-
fied only with difficulty. This is a general consideration
that limits the results of any kind of surface analysis of
the M1 for the strictly taxonomic purpose exemplified

Fig. 6. M1 crown outline. (a) PCA of the residuals after regressing out crown area from the crown radii. (b) PCA of the crown
radii. At each extremity of the axes is drawn the deformed mean crown outline in the direction of the PC, extrapolated by a factor
of 3SD of PCs. Modern humans, black circles; Neanderthals, triangles; UPMH, white circles.
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here. In fact, if unworn or less worn M1s are considered,
nonmetric traits alone could underlie a reliable taxon-
omy (e.g., Bailey, 2002). Indeed, we have also shown that
the crown outline, after regressing out size information,
could be promising for taxonomic assignment of lower
M1. Nevertheless, when M1s are so heavily worn that
large dentine basins are exposed, less information is pre-
served and traditional measurements at the cervical line
fail to distinguish satisfactorily between Neanderthals
and modern humans. Perhaps the information contained
in the cervical residuals could supply a classification
with accuracy in the 70–75% range.

If the cervical outline approach is to be as useful as
we think it ought to be, we need a database of these
hitherto unusual measurements. Since a 3D model of the
tooth is required in order to mark the cervical line, the
method is obviously more time-consuming than caliper-
based methods. It should be used only where it promises
real advantages. Moreover, the approach used here for
orienting the teeth (based on the best-fit plane at the
cervical line and the BL axis, see above) may not be the
best solution for other tooth classes. Although the cervi-
cal line of the molars is almost flat, mesial and distal
cervical lines in canines and incisors differ markedly

Fig. 7. M1 cervical outline. (a) PCA of the residuals after regressing out cervical area from the cervical radii. (b) PCA of the cer-
vical radii. At each extremity of the axes is drawn the deformed mean crown outline in the direction of the PC, extrapolated by a
factor of 3SD of PCs. Modern humans, black circles; Neanderthals, triangles; UPMH, white circles.
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between buccal and lingual sides. A best-fit plane section
would provide an erroneous representation of the cervi-
cal line. Yet, an objective definition of the BL axis is
required for tooth orientation. As mentioned earlier, MD
and the BL diameters depend on the criteria for crown
diameter measurements used (e.g., Moorrees and Reed,
1954; Goose, 1963; Kieser, 1990): the latter is usually
measured perpendicular to the former and considered as
the BL axis of the tooth (e.g., Hillson et al., 2005). This
fact explains why we cannot rely on this subjectively
defined BL axis for orienting teeth. Nevertheless, we
also emphasize that the objective method shown here for
identifying the BL axis (see above) would not be suitable
in a maxillary molar with extremely reduced or not pres-
ent hypocone. This last case, which affects the expres-
sion of the groove between protocone and hypocone, is
not a serious problem when we only focus on M1, but
prevents an extension of the methodology to the second
or third molars. Methods should be developed for each
practical context.
Our results suggest that the association between

shape and size is different for the upper and lower M1s
and, importantly, in both teeth there is a species signa-
ture. Species information is carried by both size and
size-independent shape for M1, whereas species informa-
tion is only revealed by size-independent shape for M1.
Accordingly, in both cases the size-independent shape of
the crown outline holds important taxonomic informa-
tion. How does the shape of the upper and lower M1
covary with respect to the species signal? On the basis of
our sample, we could argue that the shape difference
between Neanderthals and modern humans we observed
at the distobuccal side of the lower M1, that is, the hypo-
conulid, is correlated to that which we observed at the
distolingual side of the upper M1, that is, the hypocone.
Nevertheless, to test this assumption, for instance via
partial least squares analysis, and to examine the associ-
ation between shape and size in both teeth, each paired
upper and lower M1 must belong to the same individual.
Such a study design is not possible using the Neander-
thal fossil specimens currently available. Finally, despite
our intention to create a representative fossil sample, we
are aware that our sample cannot account for the whole
variability of Neanderthal and UPMH upper and lower
M1. Therefore, we emphasize that the results mentioned
earlier are relevant for our fossil sample, but further
work on the subject with a larger sample size is desira-
ble.
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