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Abstract: In computer-aided dental anthropology it is sometimes a regular process to separate
the crown from the roots. In order to assess the methodological impact of sectioning crown and
roots for the computation of enamel thickness, we compared two digital approaches(separating
the crown from the root using the cervical line or a basal plane) for the 3D analysis of enamel
thickness on a total number of 82 hominin lower postcanine teeth, including South African fossil
hominins(n=26), Neanderthals(n=22), and modern humans(n=34). According to paired ¢-test,
no significant difference is observed in the enamel thickness values between two methods, but
subsequent inter-taxa comparisons reveal different results in average enamel thickness(AET) in
premolars. Separation based on a basal plane is more operator-dependent, not practical to sinuous
cervical margin and might mask between-group distinctions. Besides providing a set of raw data
for further investigation, this study reports thinner premolar RET in Neanderthals compared
with modern H. sapiens and therefore support the notion that Neanderthal has generally thinner
relative enamel. Our results show that, for studies aimed at discriminating among different
species, using the cervical margin to isolate the crown from the root is a practical option as
it considers the anatomical nature of tooth, especially for those specimens(such as anterior

dentition, or molars of Pan and Gorilla) with steep cervical line.
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1. Introduction

Enamel thickness has provided information when assessing hominid taxonomy, functional

morphology and dietary ecology' . It has been measured from physical sections", naturally
[6,11-14]

fractured teeth ' | flat-plane radiograph!” and medical/micro CT imaging
In order to measure the enamel thickness(and many other parameters) using virtual models,
3D digital models must be first oriented according to a reference plane section(for 2D analysis)

5] oriented

or to separate the crown from the root(s)(for 3D analysis). For 2D analysis, Tafforeau
the 3D model based on a reference plane" that approximates the cervical line, and sections
can be made perpendicular to this plane or to the best-fit plane(created using a system of
animation) containing the major dentine horn tips. Olejniczak''’ simplified Tafforeau’s second
method, defining a section perpendicular to the plane intersecting the three main dentine horn

tips. Another method, proposed by Feeney et al'”! 108

and later refined by Benazzi et al" ™, creates
a section passing through two points digitized on the widest labiolingual bi-cervical diameter
and the dentine horn tip(or central mamelon in incisors). For 3D measurements, some scholars
separated the crown from the root(s) using the best-fit plane of the cervical line, this method was
a standardization and automation of Tafforeau’s(2004) method of fitting a plane into the cervical
line, and was previously used with success in digital analyses of teeth!”*"); a more complicated
method was proposed by Olejniczak''“(referred as 3D-c by Benazzi et al*)): the most apical
plane of section through the cervix that shows a continuous ring of enamel was first located(plane
A), next, plane A was gradually moved toward the roots until the most apical plane of section
still containing enamel was located(plane B). The plane exactly halfway between plane A and B
was taken as the section plane, above which coronal measurements were recorded(Fig.1). This

[

method was also very commonly applied in recent years”>*’), but shortcomings are this method

includes operator-dependent error. Benazzi et al''

suggested separating the crown from the roots
based on the cervical line, which was then interpolated by a smooth surface to seal the bottom of
the coronal dentine(see Fig.1, referred as 3D-b by Benazzi et al'"), it has been suggested that this
method also suits the morphology of the anterior teeth and premolars, and is anatomically sound.
In a previous study led by Benazzi et al'', the authors cautioned that Olejniczak’s basal(aver-
age) plane might return an incongruent representation of the tooth crown if the cervical margin is
rather sinuous and therefore suggested 3D-a or 3D-b for isolating molar crowns, but a small sample
size(13 teeth) did not allow statistical comparisons, what is not yet clear is the impact of meth-

odological differences on the resulting data, for example, does the enamel thickness data yielded

1) This reference plane defined by Tafforeau(2004) was also named “best-fit plane” by later scholars, although it is not actually created
through fitting calculation. Tafforeau(2004) plotted four straight lines(average lines of the cervix) along the cervical margin of four
aspects of the molar, as the approximation of the cervical line. The angle between each average line and a horizontal line(with reference
to the occlusal surface) was calculated. The average of these angles was used to correct the position of the volume model, so that the
cervical margins were made to be as close to the horizontal plane as possible. Sections were made perpendicular to the horizontal plane.
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Method 3D-c

Method 3D-b
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the cervical line
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Fig.1 A sketch of two protocols(modified from Benazzi et al"'*)
| BFNE A RERE (B2 E Benazzi % ")

A. Method 3D-b digitally isolates the crown using the cervical line(orange), the bottom of the crown was sealed by a smooth surface
interpolating the cervical line. B. Method 3D-c sections the teeth using a basal plane(red), which is halfway between Plane A and Plane
B(orange). See Introduction for the explanation of Planes A and B // A. 3D-b 7 = R HF & (H€) 2B Hd, HMERYE IR
BWHEHHREZEERR— B S EEEE TR, THEE LM GRR. ERAER%E. B.3D-c F BT —NMN5FE AR

FHB (BE) BEEMENTFE (L€) , WelEAERTFEV 2R FHAFBWEIEL" 315"

using 3D-c differ significantly from 3D-a and/or -b, could such differences bias an interspecific
comparison? Based on a larger sample size, this paper uses lower postcanine dentition from a vari-
ety of hominin taxa, provides an example of testing the performance of digital protocols to handle
3D models, compares the enamel thickness data yielded following 3D-b and 3D-c methods. Due to

practical constraints, this paper only offers a preliminary comparison between 3D methods.

2. Materials and methods

2.1 Study Sample

The composition of sample used in this study is presented in Tab.1. We investigated a
total number of 73 lower postcanine teeth derived from 5 taxa: Paranthropus robustus(19),
Australopithecus africanus(3), South African early Homo(4), Modern H. sapiens(34), and
Neanderthals(22). The South African fossil hominins derived from Sterkfontein, Kromdraai B
and Swartkrans have an age range from 2.8 Ma to 1.36 Ma"**" the Neanderthals come from
Montmaurin, Krapina and La Chaise, with an age range from OIS 11 to OIS 5e "***], the modern
H. sapiens are European and East Asian populations. It is important to note that part of the enamel
thickness data has been published, along with detailed descriptions of those samples in question >,

Only specimens showing occlusal wear stages 0-2 according to Molnar™” were selected.

2.2 Methods

East Asian specimens used in this study were scanned using a 225 kV-pXCT scanner housed
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at the Institute of Vertebrate Paleontology and Paleoanthropology(IVPP, Chinese Academy of
Sciences) and were segmented using Avizo 8.1(Visualization Sciences Group, www.vsg3d.com).
Isometric voxel size ranged from 10 to 70 pum.

A variety of protocols have been proposed to measure enamel thickness in its full three-
dimensional form, as mentioned in Introduction, they differ mainly in the way to identifying
sections between crown and roots. For comparative reasons, we employed two protocols, referred
as 3D-b and 3D-c by Benazzi et al"*(Fig.1). The 3D-b method separates the crown from the
root(s) based on the cervical line, and the coronal dentine tissue was sealed by a smooth surface
following the curve of the cervical line(we used “Surface Editor-Fill hole” option on Avizo 8.1
to interpolate the bottom of the crown). The 3D-c method uses the section plane defined by

1! and Olejniczak"® to separate the crown from the roots.

Olejniczak et a

Three variables were measured for each specimen using “surface area volume” option
in Avizo 8.1: the volume of the enamel cap(Ve, mm’), the volume of the coronal dentine that
includes the volume of the coronal pulp(Vedp, mm®), and the surface area of the enamel dentine
junction(SEDJ, mm®). We then calculated two indices of enamel thickness: 3D AET(Ve/SEDJ),
the 3D average enamel thickness(mm), and 3D RET(100x3D AET/[Vcdp'’]), the scale-free 3D

relative enamel thickness ",

Tab.1 Composition of the study sample
& 1 ASERR T R

Taxa Py(n) P,n) M(n) M,(n) Ms(n) Provenance Enamel thickness data

P. robustus 2 2 2 6 7  Swartkrans Members 1, 2; Kromdraai B Pan et al™

Au. africanus 1 1 1 Sterkfontein Member 4 Pan et al™

Early Homo 1 1 1 1 Swartkrans Members 1, 2 Pan et al™”

Neanderthals 5 4 5 3 5 Montmaurin; La Chaise Abri Suard; Krapina Level 8 Pan et al®; original data
Modern humans 7 7 9 6 5 Central Europe; East Asia Pan et al®; original data

Tab.2 Average and range of enamel thickness values using 3D-b and 3D-c methods

& 2 ARSI SHREER T EMXE

AET-b(mm) AET-¢(mm) RET-b RET-c
Mean Range Mean Range Mean Range Mean Range
Au. africanus Premolars 1.35 - 1.53 - 22.38 - 24.67 -
Molars 1.82 1.81-1.83 1.94  1.88-1.99 26.91 25.74-28.08 29.50  28.00-31.00
P, robustus Premolars 1.83 1.70-2.06 195  1.83-2.17 29.87 23.38-35.46 32.84  27.09-41.17
Molars 2.06 1.66-2.70 2.18  1.64-2.78 24.83 19.32-38.00 27.51 19.44-48.56

Early Homo Premolars 1.64 1.48-1.79 1.65 1.46-1.85 31.00 29.03-32.97 3246  28.45-36.48

Molars 1.57 1.38-1.77 1.58  1.37-1.79 23.78 20.05-27.52 26.31 20.23-32.39
Neanderthals Premolars 0.73 0.59-1.10 0.80  0.60-1.11 12.80 9.96-19.03 13.92 10.27-19.07
Molars 1.31 1.10-1.54 1.30  1.04-1.61 19.08 16.05-23.73 18.84 15.06-24.77
H. sapiens Premolars 1.13 0.81-1.61 1.14  0.85-1.65 25.31 18.19-31.72 24.73 19.84-32.75

Molars 1.36 1.06-1.69 1.37 1.12-1.60 22.53 17.56-28.39 23.06 19.04-27.26
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We used paired #-test to check if there is any differences in the results of enamel thickness
in 3D-b and 3D-c methods done on the sample. The results of ¢-test are presented in Tab.2.
Interspecies comparisons were done using the rank-based Kruskal-Wallis test with post hoc
comparisons(Tab.3). Summary and boxplots of 3D AET and RET in each taxon are shown in
Tab.4 and Fig.2, results are reported with regard to dental classes.

Due to small sample size, our Early Pleistocene specimens do not permit paired z-tests and
interspecific comparisons(nonparametric tests) for each molar and premolar position, all the

statistical analyses were conducted with reference to dental classes(premolar/molar). As one
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Fig.2 Average and relative enamel thickness(AET and RET) values in each taxon, provided by 3D-b and
3D-c methods
2 537U 3D-b # 3D-c WIS & XM FHEE (mm) FAEXFLUEE

A, B. AET; C, D. RET. Standard box and whisker plot revealing the interquartile range(25"-75" percentiles: boxes), 1.5 interquartile
ranges(whiskers) and the median values(black line). Outliers more than 1.5 interquartile ranges from the box are signified with circles,
extremes more than 3 interquartile ranges from the box are signified with asterisks. AFR: Au. afiicanus; ROB: P. robustus; NEA:
Neanderthals; EH: Extant human/A, B. “F3¥# i 2 E; C,D. M B . MMEHLE TR T 50% ARSI BARRE N
FALHA B TR TR TER B TRGEIE (BonrdEds) , WIAHBEHEZRErR. 45 ROB:
MO A; AFR: B dRdENA; EH: ILRA; NEA: BRZERA
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Tab.3 Conover’s post hoc pairwise comparisons after the Kruskal-Wallis test are reported
p P p P
below(significant results only)

% 3 Kruskal-Wallis IF2 8RB FHI R LLRER, NERMREEFEBEEERNIEE

Tooth position Group 1 Group 2 AET-b AET-c RET-b RET-c
Premolars Neanderthals P. robustus < <
Neanderthals Early Homo <
Neanderthals H. sapiens < <
Neanderthals P. robustus < <
Neanderthals Au. africanus < <
Molars Au. africanus Neanderthals > >
P. robustus H. sapiens > >
P. robustus Neanderthals > > > >
Early Homo Neanderthals
H. sapiens Neanderthals > >

Note: a. Significant differences(group 1-group 2) are indicated by the directions, when p<0.05 / %41 1 521 2 ) L FH £ 7 (p<0.05)
Kz St J7 v W E AT 5 &R

Tab.4 Paired #test for differences in the enamel thickness values between 3D-b and 3D-c methods
®4 AMNES A/ EMREENRY KRR (Alpha=0.05)
Dental classes Premolar AET Premolar RET Molar AET Molar RET
Sig.(p) 0.06 0.27 0.15 0.1

might be interested in inter-taxa differences of enamel thickness between two methods at each

tooth position, such information is presented only as boxplots in Fig.2.

3. Results and discussion

The two methods provide very similar results, although small magnitude of differences
exist(Tab.2 & 3; Fig.2), paired #-test shows that switching one method to another, AET and RET
do not change importantly(Tab.4). Between two methods, the differences in the premolar mean
AET and RET are 2.8% and 4.2%, respectively; the differences in the molar mean AET and RET
are 1.7% and 3.6%. As for interspecific comparison, among five taxa, inconsistent results lie in the
comparison of premolar AET values: significantly thicker enamel in early Homo than Neanderthals
is observed in AET data provided by 3D-b method, but such significance is rejected using data
acquired by 3D-c. Both methods are consistent in showing significantly larger premolar AET for P
robustus than Neanderthals Both methods show thinner premolar RET for Neanderthals than extant
H. sapiens, P. robustus and early Homo. Significantly thicker molar AET is seen for P. robustus
than H. sapiens and Neanderthals, also Neanderthals have thinner molar RET than modern humans
and australopiths(Tab.3). Overall, between-taxa overlap in enamel thickness is abundant(Fig.2).

As previous studies identified thinner enamel for Neanderthal canines and molars when compared
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with modern humans, and related it to a larger volume of coronal dentine!""****** here we report
thinner premolar RET in Neanderthals and thus support the general findings that Neanderthals have
relatively thinner enamel than modern humans.

Several methods have been proposed for the digital computation of enamel thickness.
Apart from above-mentioned whole-crown enamel thickness measurements, scholars are also
determined to investigate occlusal, cuspal and lateral enamel thickness in hominids, and create

[5.31,34]

enamel thickness mapping to make developmental/functional inferences , including some

Chinese fossil specimens ***°,

Current study compares two methods of sectioning crown from the root(s), to assess the
impact of methodological differences on the enamel thickness measurements. It is reasonable to
assume, which has also been suggested in the technical note by Benazzi et al'® based on a small
sample size, that the results differ more in teeth with sinuous cervical margin(anterior teeth and
premolars) than in teeth with almost planar cervix. However, according to our paired #-tests, the
differences between enamel thickness value yielded by 3D-b and 3D-c fail to reach the significant
level, in either premolars or molars(Tab.4). Nonetheless, our interspecies comparisons output
different results with regard to premolar RET, when using enamel thickness values yielded by
different protocols.

Even though 3D-b and 3D-c reach very similar results, subsequent between-taxa comparisons
show different results in premolar AET. Therefore the author is inclined to suggest that systematic
error and subtle differences in sectioning virtual models might undermine analyses aimed at
interspecies comparisons. This study supports previous assertion that sectioning the crown using a
virtual plane(3D-c) may mask the potential differences existing between closely related species '™,
Biases can be introduced when dental sample have steep cervical margin.

In conclusion, we believe that section using the cervical line(3D-b) is preferred for the
measurements of enamel thickness for all dental classes with well-preserved cervical margin/basal
portion of the crown. We recommend this protocol because it suits the morphology of anterior teeth
and premolars, and is far less operator-dependent. As suggested by Benazzi et al''”: “Olejniczak’s
basal(average) plane(3D-c) might return an incongruent representation of the tooth crown if the
cervical margin is rather sinuous”. Although two methods output similar enamel thickness value,
we cautioned that inter-taxa discrimination, especially of the RET, might be underestimated when
using the method 3D-c compared with 3D-b. We hope the comparisons of methods conducted

above will bring valuable insights into the computation of 3D enamel thickness.
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