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1. Introduction

« > ver the past century, the enamel thickness
has been extensively used for the taxo-
nomic, phylogenetic, and dietary assessment of
extant and fossil primates, and is considered an
effective dental feature to distinguish between the
thickly-enameled hominin taxa and the relatively
thin-enameled extant African apes (e.g., MOLNAR
& GANTT, 1977; SCHWARTZ, 2000; MARTIN et al.,
2003; GRINE et al., 2005; OLEJNICZAK et al., 2007;
VOGEL et al., 2008).

Even though a general overlap in enamel
thickness range of variation characterizes the
genus Homo (SMITH et al., 2012), it has been
observed that recent and fossil Homo sapiens
possess absolutely and relatively thicker enamel
than Homo neanderthalensis (OLEJNICZAK et al.,
2008; BENAZZI et al., 2011%; SMITH et al., 2012).
These findings mainly depend on differences in
both dental topography and tissue proportions,
since Neandertals have more complex enamel-
dentine junction (EDJ) surface and larger
dentine volume than Homo sapiens, resulting
in lower average and relative enamel thickness
(e.g., MACCHIARELLI et al., 2006; SMITH et al,,
2007; 2012; OLEJNICZAK et al., 2008; BAYLE et al.,
2009**, 2010; BENAZZ1 et al., 20117). Nonetheless,
some contributions reported a Neanderthal
enamel thickness in the range of Homo sapiens
(BENAZzZI et al., 2011°¢, 2013). This might be due
to methodological shortcomings of previous
techniques to compute the enamel thickness
(BENAZzI et al., 2014). In addition, the real
Neandertal range of variation is not yet clearly
understood.

With regard to the methodology, prelim-
inary studies on the enamel thickness
considered physical cross-sections of molar
teeth (e.g., MOLNAR & GANTT, 1977; MARTIN,
1985; ScHWARTZ, 2000; GRINE, 2004, 2005;
GRINE et al.,, 2005), but concerns have been
raised about its destructive nature, as well as

problems related to specimen orientation and
the reductive information carried by the two-
dimensional (2D) enamel cap morphology when
compared with the more complex three-dimen-
sional (3D) shape of the crown (OLEJNICZAK,
2006). Therefore, non-destructive techniques
based on micro-computed tomography (micro-
CT) were proposed to refine the 2D enamel
thickness analysis and, most importantly, to
study the thicknesses of dental enamel in its
full 3D form (OLEjNICZAK, 2006, followed by
OLEJNICZAK et al., 2008). However, it has been
recently emphasized that the suggested digital
approaches have some methodological flaws
and can only be applied to molar teeth, thus
explaining the reason for the low number of
studies on premolars and anterior teeth (FEENEY
etal., 2010; SmITH et al., 2012). In a recent contri-
bution Benazzi and colleagues (2014) addressed
this issue, providing rigorous guidelines for the
digital computation of 2D and 3D enamel thick-
ness in molars, premolars, canines and incisors.

The enamel thickness variation in Neandertal
teeth is difficult to assess. The 2D and mainly the
3D enamel thickness analyses require unworn
or slightly worn teeth, which are much less
frequent in the fossil record than worn teeth.
Teeth are often affected by a certain amount of
wear and there is no tool, physical or digital,
that can be used confidently to restore the
internal and external original shape of heavily
worn crowns. This is why unworn or slightly
worn teeth such as those from the Scladina
dental sample are of particular value for the
investigation of enamel thickness variability.

In this contribution we provide the compo-
nents of 2D and 3D enamel thickness of the
Scladina molars, premolars and canines using a
new approach recently standardized by Benazzi
and colleagues (2014). We aim to improve our
understanding of the Neandertal range of vari-
ation for the enamel thickness, and then to
promote the comparison of the results.
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2. Materials and methods

T hirteen Neandertal teeth from Scladina,
— Belgium, were considered to compute the
components of 2D and 3D enamel thickness. Most
of the teeth are unworn or slightly worn, except
for three first molars that show moderate dentine
exposure (wear stage 3, based on SmITH, 1984).
A list of the Scladina teeth included in the anal-
ysis, as well as their wear stage, is reported in
Tables 1 & 2.

The teeth were scanned with a Skyscan 1172
micro-CT (Max Planck Institute for Evolutionary
Anthropology, Leipzig, Germany) using the
following scan parameters: 100kV, 100pA, with an
aluminum/copper filter (0.5 mm/0.04 mm thick-
ness). Volume data were reconstructed using
isometric voxels of 13.74 pm. Each image stack
was segmented using a semiautomatic threshold-
based approach in Avizo 7 (Visualization Sciences
Group Inc.) to separate the enamel, the dentine
and the pulp chamber and to reconstruct 3D
digital models from the tooth volume data.

Following guidelines underlined by BENAzzI et
al. (2014), the digital models were then imported in
Rapidform XOR2 (INUS Technology Incorporated,
Seoul, Korea), and for each tooth class a specific
protocol was used to compute both the 2D and
3D enamel thickness. As already emphasized by
OrgjNiczak and colleagues (2008), discrepan-
cies are observed between 3D and 2D data due
to the dimensional loss in the latter. Since the
3D approach registers variation in enamel thick-
ness across the tooth crown, the 3D data are
more appropriate than 2D data. However, because
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the latter have been widely used to study homi-
noid teeth (e.g., SMITH et al., 2006; 2012), in this
contribution we also provide the values of the
components of 2D enamel thickness.

In molars and second premolars, the cervical
line was digitized using a spline curve and the
best-fit plane through the points of the curve was
computed (cervical plane) to separate the crown
(enamel cap and dentine core) from the root
(Figures 1 & 2).

For the 3D analysis of molars and second
premolars, the following measurements were
obtained from the crown: the volume of the
enamel cap (mm?®); the volume of the dentine core
(which includes the volume of the coronal pulp -
mm?®); the enamel-dentine junction (EDJ) surface
(the interface between the enamel cap and the
dentine core — mm?). These measurements were
used for the computation of both the 3D average
enamel thickness index (3D AET = volume of
enamel divided by the ED]J surface; index in milli-
metres) and the 3D relative enamel thickness
index (3D RET = 3D AET divided by the cubic root
of dentine volume; scale-free index).

For the 2D analysis of molars and second
premolars, a digital cross-section perpendic-
ular to the cervical plane and passing through
the two mesial (mesial section) dentine horn tips
(paracone and protocone in permanent maxillary
molars; protoconide and metaconide in perma-
nent mandibular molars/second premolars) was
created. Then, a line was digitized to join the most
buccal and lingual apical extension of enamel
(Figures 1 & 2). The following measurements were
recorded from the sections: the area of the enamel

ffigure 1: On the left, a
best-fit plane (cervical
plane) was computed on
the cervical line of Scla
4A-3 permanent maxillary
right second molar

(RM?). For 2D enamel
thickness, the mesial
section is perpendicular
to the cervical plane and
passes through the mesial
(paracone and protocone)
dentine horn tips. In the
3D enamel thickness, the
crown is separated from
the root based on the
cervical plane to identify
the enamel cap and the
dentine core of the crown.
B = buccal; D = distal;

L = lingual; M = mesial.
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Eigure 2: On the left, a best-fit plane (cervical plane) was computed on the cervical line of
Scla 4A-9/P, mandibular left second premolar to separate the crown from the root; the enamel cap, the
dentine core, and the interface between them (enamel-dentine junction (EDJ) surface) were used for the
computation of the 3D enamel thickness indices. For 2D enamel thickness, the mesial section is perpendicular
to the cervical plane and passes through the mesial (protoconide and metaconide) dentine horn tips.

cap (mm?®); the area of the coronal dentine (mm?®),
which includes the coronal pulp; the length of
the EDJ (the linear interface between the enamel
area and the dentine area — mm); the 2D average
enamel thickness index (2D AET = the area of the
enamel cap divided by the length of the ED]J; index
in millimetres); the 2D relative enamel thickness
index (2D RET = 2D AET divided by the square
root of the coronal dentine area; scale-free index).

In the 3D analysis of first premolars and
canines the coronal dentine was separated from
the root dentine based on the curve digitized on
the cervical line. The smooth surface interpolating
the curve was then used to seal the digital model
of the dentine core (Figures 3 & 4).

In the 2D analysis of first premolars, a virtual
section of the tooth perpendicular to the best-
fit plane of the cervical line (cervical plane) and
passing through the main dentine horn tips
(protoconide and metaconide in mandibular first
premolars; paracone and protocone in maxillary
first premolars) was created (Figure 3). Instead,
each canine was oriented in its anatomical posi-
tion to visualize the buccal and lingual sides. A
virtual section was created passing through two
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[figure 4: On the left, a spline curve (black) was
digitized on the cervical line of Scla 4A-12 permanent
mandibular right canine (RC,). For 3D enamel thickness,
the coronal dentine was separated from the root
dentine based on the cervical line, which was then
interpolated by a smooth surface to seal the bottom
of the dentine core. For 2D enamel thickness, the
cross-section passes through two points digitized
on the mid-labial and mid-lingual cervical enamel,
respectively, and one point digitized on the dentine
horn tip. B = buccal; D = distal; L = lingual; M = mesial.
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[figure 3: On the left, a spline curve (black) was digitized on the
cervical line of Scla 4A-6 mandibular right first premolar (RP,). For the
2D enamel thickness, the best-fit plane of the curve was computed
(cervical plane), and a mesial section perpendicular to this plane and
passing through the mesial (protoconide and metaconide) dentine
horn tips was created. For the 3D enamel thickness, the coronal
dentine was separated from the root dentine based on the cervical line,
which was then interpolated by a smooth surface to seal the bottom

of the dentine core. B = buccal; D = distal; L = lingual; M = mesial.

The Scladina I-4A Juvenile Neandertal
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points digitized on the mid-labial and mid-lingual
cervical enamel, respectively, and the dentine
horn tip (Figure 4). In both first premolars and
canines, a line was then digitized to join the most
buccal and lingual apical extension of enamel. The
computation of the AET and RET indices (both in
2D and 3D) follows indications mentioned above.

Comparative data for 2D and 3D enamel
thickness for Neandertals and Homo sapiens
were sourced from SMmITH et al. (2006; 2012) and

were computed to establish whether the values
obtained for the Scladina teeth were closest to
either the Neandertal or Homo sapiens group
mean. However, since the comparative data were
obtained using approaches that have been recently
refined by BENAZz1 et al. (2014), who recognized
shortcomings in the protocol of tooth orienta-
tion, we emphasize that the comparison should be
considered tentative at best.

3. Results

“T  he values of the components of 2D and
= 3D enamel thickness, as well as the AET
and RET indices for the 13 Scladina Neandertal
teeth are shown in Tables 1 & 2. Results obtained
for the first molars should be considered with
caution, because tooth wear (wear stage 3 based
on SMITH, 1984) affects much more the enamel

similar results, in other circumstances differences
between the two approaches are quite notice-
able (e.g., Scla 4A-1/P,, Scla 4A-2/P?, Scla 4A-9/P,,
Scla 4A-16 RCY). Interestingly, it seems that the
discrepancy between 2D and 3D data increases
in premolars and anterior teeth when compared
with molars, but this tendency might be biased by
the small sample size. In any case, as mentioned
above, 3D data (Table 2) are more suitable than 2D
data (Table 1).

Based on 3D data of the unworn/slightly
worn teeth (Table 2), premolars have gener-
ally larger RET index than molars (premolars =
20.89+2.45; molars = 18.61+0.69), but the condi-
tion is reversed for the AET index (premolars =
1.08+0.11; molars = 1.20£0.04). The canines show
the lowest values, both for AET (0.77+0.11) and
RET (13.44£1.03) indices, having absolutely and
relatively little enamel surrounding a large bulk
of dentine. Similar results are observed in the
2D data, at least for the AET indices (molars
= 1.16%0.08; premolars = 1.0+0.06; canines =
0.69+0.1) and the canine RET indices (canines
= 10.43£0.7) (Table 1). However, a reverse
condition, when compared with 3D data, char-
acterizes the mean 2D RET indices computed for
molars (19.44+1.74) and premolars (17.58+1.59).
Therefore, results obtained for canines and molars
are more consistent between 2D and 3D analysis
than results obtained for premolars.

When the Scladina molars are compared with
AET and RET mean values (both 2D and 3D)
computed for Neandertals and Homo sapiens,
results are ambiguous. When the three most worn
first molars are excluded (their low indices ally
them with Neandertal but might well be an artefact

Scladina specimens | Tooth class Enamelza fea Coronalz e A i3 Wear stage?
(mm?) area (mm°®) (mm) (mm) (scale-free)

17.75 31.09

[sdasa-im, &M, 15.58 37.16
[sdasasm, | RMm, 19.92 3678
[sdaaasms | R, 19.74 32.10
[sdasa2/® | Re 19.98 38.03
[Sclaaas T R 2214 38.11
[Scaaaa T v 1719 3941
[sdasae e 16.14 3381
[sdaano/p, e, 17.48 2858
[Sciaaatjm, T v, 15.08 3957
[Scaaasom; T v, 2281 35.12
[sdasa12 I RC 1253 3838
[Sdasate rC 16.83 47.95

17.51 1.01 18.18

18.01 0.86 14.19 3
18.78 1.06 17.49 1
17.10 1.15 20.38 unworn
19.16 1.04 16.91 unworn
19.33 1.15 18.56 unworn
19.00 0.90 14.41 3
17.59 0.92 15.78 unworn
16.81 1.04 19.45 1
18.16 0.83 13.20 3
18.03 1.26 21.34 unworn
20.35 0.62 9.94 1
2224 0.76 10.93 unworn

Eable 1: Values of the components of two-dimensional (2D) enamel thickness measurements in the Scladina teeth (*based
on SMITH (1984); EDJ = enamel dentine junction; AET = average enamel thickness; RET = relative enamel thickness).
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. . Tooth | Enamel volume Coronal dentine + EDJ surface AET RET Wear
Scladina specimens 5 5 >
class (mm?®) pulp volume (mm?) (mm?) (mm) (scale-free) | stage?
[SclaaA/p, 134.54 131.12 116.88 115 22.66
'scla4A-i/M, 19826 285.73 202,97 0.98 14.83 3
[sdasasm, R, 229.69 275.63 197.00 117 17.92
[sdasa-im; M, 209.91 230.14 17559 120 19.51 unworn
[sdasa2/® | Rp 142,53 149.72 12898 1.1 2081 unworn
[Scaaas™ T R 228.29 264.81 19467 117 18.26 unworn
[Sclazas T R 219.65 286.69 201.23 1.09 16.55 3
[sdasae  re 12058 144.40 13168 092 17.45 unworn
|sdasA-o/P, 132.99 127.69 116.65 1.14 2264 1
IscasAo/M, 194.59 300.40 209.21 093 13.89 3
[scasAo/mM, | 257.35 297.81 205.66 125 1874 unworn
Isda4A12 99.56 160.67 14411 0.69 12.71 1
‘ScladA-16 145.16 215.02 170.99 0.85 1417 unworn

Lable 2: Values of the components of three-dimensional (3D) enamel thickness
measurements in the Scladina teeth (*based on SMITH (1984); EDJ = enamel dentine
junction; AET = average enamel thickness; RET = relative enamel thickness).

ner
Tooth class
_ 3@ 1.05(013)  0.93-1.19 15.37(1.57) 138-16.93
e 4 128 1.08-1.58 182 15.7-209
[ e 37¢  122(0.12)  098-15 1875(208)  13.95-23.86
N=-1.15
- Scla4A-4 0.90 RHo—_2.67 14.41 N=-0.61 RHS=-2.09
[ N 5@ 121(008) 1.13-129 18.18(205)  15.65-20.85
B LR L 198
[ e 25 140(0.17)  113-176 2159(3.13)  16.49-28.03
N=-0.75
- Scla4A-3 115 RHo—_1 47 1856 N=0.19 RHS=-0.97
[ N 122 101(007) 093-1.18 1606 (1.64)  13.77-20.46
e 6° 1.19 0.96-1.47 180 15.2-233
e 55¢  1.07(0.13)  08-14 1699(229)  11.76-2262
Scla 4A-1/M 0.86 N=—2.14 14.19 N=-1.14 RHS=-1.22
' : RHS=-1.62 : = ARE
N=-2.57
- Scla 4A-9/M, 0.83 RHS—1 85 13.20 N=-1.74 RHS=-1.66
[ 62  1.02(008) 094-1.14 15.63 (0.87) 14.21-16.8
e e 128 1.17-1.41 183 163-20.2
[ e 45 1.19(0.14)  0.94-155 2051(293)  14.85-27.66
N=0.5
- Scla 4A-1/M, 1.06 RHS——0.93 17.49 N=2.14 RHS=-1.03
[ scasao/m, 1.26 N=3 RHS=0.5 21.34 N=6.56 RHS=0.28
[ N 8  099(006) 092-1.1 16.55 (1.28) 143-18.34
e 2 128 1.15-141 205 192-219
[ e 445 124(0.15)  098-167 2163(299)  17.22-31.84
N=2.67
- Scla 4A-1/M; 1.15 RHS=0.6 20.38 N=2.99 RHS=-0.42

Eable 3: Two-dimensional (2D) enamel thickness in the Scladina molar sample, compared with mean
value indices computed in Neandertal (N), fossil Homo sapiens (FHS) and recent Homo sapiens
(RHS); when possible, standard deviation (SD), minimum-maximum values and standardized Z-scores
are provided. Data from *OLEJNICZAK et al. (2008), "SMITH et al. (2012), “SMiTH et al. (2006).

of tooth wear), the Scladina teeth (particularly for
the RET index) generally fall on the higher end
or even outside the Neandertal range of variation,
often in between the currently known Neandertal
and Homo sapiens mean values (Tables 3 & 4).

CHAPTER 14

The paucity of comparative data for premo-
lars and canines (SMITH et al., 2012), which are
only in 2D, and the incompleteness of statistic
information given (e.g., standard deviation and
range values are not provided), limit us in the

The Scladina I-4A Juvenile Neandertal
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[y I N wer
[sample | n | Mean(sD) | Min-Max [l Mean(sD) | Min-Max |

M N 1 107 1513

[ e 6 113 17.05

[ sclasna 1.09 1655

[ N 4 107(008) 0.97-1.14 1533 (1.83) 13.65-17.56
[ Res 146 2336

[ sclasas 117 18.26

M N 9 117(023) 0.97-1.63 16.77 (3.8) 13.03-24.02
[ e 1 1.05 15.87

I sdasaam, 0.98 14.83

[ scasnom, 0.93 13.89

M N 4 099(011) 0.89-1.13 13.63 (0.47) 13.13-14.18
[ e 9 146 23.44

0 sdasaam, 117 17.92

[ scasaom, 125 1874

M N 6 1.06(020) 0.82-13 1543 (2.82) 12.74-19.67
[ e 9 145 2379

I sdasa/m, 1.20 19.51

ﬁable 4: Three-dimensional (3D) enamel thickness in the Scladina molar sample, compared with mean
value indices computed in Neandertal (N) and recent Homo sapiens (RHS); when possible, standard
deviation (SD) and minimum-maximum values are provided (data from OLEJNICZAK et al., 2008).

RE s 2

0.87 1271

RHS 2 0.91 1443
[ sdasaie 0.76 10.93
[RETTI FHs 4 0.77 10.65

[ res 20 0.81 1291
[ sdasa2 0.62 9.94
[REI FHs 1 126 1874
[ ees 19 1.1 17.69
[ sdaaaap® 1.04 16.91
[RESI FHs 3 1.04 1581
[ s 17 101 17.78
[ sdasne 0.92 15.78
(L2 FHs 2 1.08 1617
[ Res 17 120 21.19
[ sdasnae, 1.01 18.18

[ sdasnorr, 1.04 19.45

Eable 5: Two-dimensional (2D) enamel thickness
in the Scladina canine and premolar sample,
compared with mean value indices computed

in fossil Homo sapiens (FHS) and recent Homo
sapiens (RHS); data from SMITH et al. (2012).

discussion of the results obtained for the Scladina
enamel thickness. However, we can summarize
our findings as follows: the low AET values of the
Scladina premolars and canines find more corre-
spondence with Neandertal than Homo sapiens
mean values (Table 5). Similarly, the low RET
index of the canines is in agreement with values
observed in Neandertal, while results computed
for the premolars are more ambiguous, but this is
certainly due to the extremely small Neandertal
comparative sample size.

ERAUL 134

4. Discussion and conclusions

A s absence of wear is an essential precon-
dition to compute the values for 2D and
3D enamel thickness, the unworn/slightly worn
Scladina teeth represent a valuable sample for the
advancement of our knowledge on Neandertal’s
enamel thickness variability.

It is generally accepted that Neandertals had
a lower average and relative enamel thicknesses
than Homo sapiens, (e.g. MACCHIARELLI et al.,
2006; SMITH et al., 2007, 2012; OLEJNICZAK et al.,
2008; BAYLE et al., 2009*°, 2010), but shortcom-
ings observed in previous methods might have
contributed to the confusing result and misrepre-
sent the real range of enamel thickness variation.
Results obtained for the Scladina teeth point out
that indeed Neandertals have lower AET and RET
indices than Homo sapiens, but they also suggest
that the discrepancy observed in previous studies
between the two groups (e.g. SMITH et al., 2006,
2012; OLEJNICZAK et al., 2008) has been overem-
phasized, as recently observed by Benazzi and
colleagues (2011¢, 2013%). This does not mean that
Neandertals and Homo sapiens overlap in AET and
RET indices, but it suggests that the Neandertal
range of variation is still unknown. This issue
could be solved using rigorous and consistent
methodological protocols in large Homo sapiens
(recent and fossil) and Neandertal dental samples.

This contribution is one of the few providing
2D enamel thickness for premolars and canines
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(see also FEENEY et al., 2010; SMITH et al., 2012),
and the first providing 3D enamel thickness for
these dental classes. With regard to the 3D data,
our results suggest that molars, premolars and
canines (and presumably incisors) have a different
and peculiar trend, with premolars having a gener-
ally larger RET index than molars, and canines
showing the lowest values. Moreover, our results
confirm that Neandertal canines have lower AET
and RET indices than Homo sapiens canines, as
previously suggested by 2D data (SmiTH et al,
2012).

We are confident that the values of the
components of 2D and 3D enamel thickness
measurements reported in this paragraph for the
Scladina teeth (Tables 1 & 2), coupled with a thor-
ough explanation of the method, will be useful
to favor future comparative studies between
Neandertal and Homo sapiens, making scholars
aware of the importance to increase the sample
size to evaluate the enamel thickness range of
variation of these two human groups.
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