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Abstract

Objectives: In the last years different methodologies have been developed to reconstruct worn

teeth. In this article, we propose a new 2-D methodology to reconstruct the worn enamel of lower

molars. Our main goals are to reconstruct molars with a high level of accuracy when measuring rel-

evant histological variables and to validate the methodology calculating the errors associated with

the measurements.

Methods: This methodology is based on polynomial regression equations, and has been validated

using two different dental variables: cuspal enamel thickness and crown height of the protoconid.

In order to perform the validation process, simulated worn modern human molars were employed.

The associated errors of the measurements were also estimated applying methodologies previ-

ously proposed by other authors.

Results: The mean percentage error estimated in reconstructed molars for these two variables in

comparison with their own real values is 22.17% for the cuspal enamel thickness of the protoco-

nid and 23.18% for the crown height of the protoconid. This error significantly improves the

results of other methodologies, both in the interobserver error and in the accuracy of the

measurements.

Conclusions: The new methodology based on polynomial regressions can be confidently applied

to the reconstruction of cuspal enamel of lower molars, as it improves the accuracy of the meas-

urements and reduces the interobserver error. The present study shows that it is important to

validate all methodologies in order to know the associated errors. This new methodology can be

easily exportable to other modern human populations, the human fossil record and forensic

sciences.

K E YWORD S

molar reconstruction, polynomial regression, cuspal enamel thickness, crown height

1 | INTRODUCTION

Unworn teeth are important to assess crown formation times and

enamel extension rates with a high degree of accuracy. Especially, an

intact protoconid is of particular interest in developmental studies

because it is the first cusp to start forming and the cusp that normally

takes the longest time to finish its growth in molars (Mahoney, 2008).

Unfortunately, the presence of unworn teeth in the fossil record is rela-

tively scarce. The present study proposes a new methodology to

reconstruct the protoconid of slightly worn lower molars, in order to

increase of the number of samples where developmental variables

could be evaluated. We employed the computerized microtomography
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(microCT) technique, which has enabled the acquisition of many high-

resolution virtual sections of fossil teeth. Variables that were previously

inaccessible are now available, and the accuracy of the measurements

has been significantly improved (Grine, 2005; Kono, 2004; Kono &

Suwa, 2005; Macchiarelli et al., 2006; Martínez de Pinillos et al., 2014;

Olejniczak & Grine, 2006; Olejniczak et al., 2007, 2008a, Olejniczak,

Tafforeau, Feeney, & Martin, 2008b; Benazzi et al., 2014; Xing,

Martin�on-Torres, Berm�udez de Castro, Wu, & Liu, 2015).

Cuspal enamel thickness and crown height are two variables that

are particularly affected by wear, and they are commonly employed,

among others, to estimate enamel formation times. Thus, the obtention

of a statistically controlled methodology to reconstruct the enamel

would significantly help in estimating enamel formation times.

The enamel of teeth covers the crown from the cusp to the cervix,

and has previously been divided into two continuous regions depend-

ing on whether long-period incremental lines within the enamel reach

the surface (lateral enamel) or not (cuspal enamel) (FitzGerald & Rose,

2008; Hillson, 1996; Nanci, 2007). Crown formation time can therefore

be calculated by summing cuspal enamel formation time with lateral

enamel formation time. When this method of estimating total crown

formation is adopted, different methodologies are required to estimate

cuspal and lateral enamel formation times.

Cuspal enamel thickness is one useful measurement that has been

employed to estimate cuspal enamel formation times (Dean et al.,

2001; Mahoney, 2008). It has been defined as the linear distance

between the tip of the dentine horn and the outer enamel surface at

the point coincident with the first perikyma (Reid & Dean, 2006; Reid,

Guatelli-Steinberg, & Walton, 2008; Smith et al., 2010). Estimating the

time and rate of lateral enamel formation can be done using total

counts of perikymata on the tooth surface or of long period incremen-

tal markings within the enamel from histological sections of teeth. In

studies that compare teeth within and between individuals, it has

become customary to divide the crown height into equal proportions

or quantiles (usually deciles) to scale for differences in absolute crown

height. Crown height of the protoconid is defined as the linear distance

between the cusp tip of the enamel to the cemento-enamel junction

(Reid & Dean, 2006). The number of perikymata can be counted and

compared among deciles of crown height from cusp to cervix. The rela-

tive change in perikymata spacing, or packing pattern, among deciles

can provide some kind of estimate of enamel extension rates (the rate

at which ameloblasts differentiate along the enamel dentine junction

during tooth formation). When periodicity (the number of days of

enamel formation between perikymata) is known, the total number of

perikymata can be used to estimate lateral enamel formation times

(Guatelli-Steinberg & Reid, 2008).

In order to maximize available samples to make comparisons

between species and populations, different methods of reconstructing

worn molars have been described in the last few years. On the one

hand, a reconstruction of worn surfaces has been conducted by follow-

ing the contour of each side of the tooth cusp and projecting them

toward the cusp tip until both sides meet (Guatelli-Steinberg & Reid,

2008). Here we refer to this method as Method 1. On the other hand,

reconstructions of worn teeth have been based on the profiles of

unworn ones of the same type (Smith et al., 2012). We refer to this

method as Method 2. However, these methodologies have not been

thoroughly described, thus the exact protocols remain unknown. More-

over, neither of these methods has been tested and/or validated, and

so any errors in estimating cuspal formation times or enamel:dentine

ratios from utilizing these reconstructions protocols is unknown. Some

authors have criticized these studies that have not validated their

methods (Benazzi et al., 2014), and others have emphasised the impor-

tance of validating the methodologies (Saunders, Chan, Kahlon, Kluge,

& FitzGerald, 2007). The only author who developed and validated a

reconstruction methodology was Saunders et al. (2007).

The main goal of this study was to present a new methodology to

reconstruct slightly worn first and second lower permanent molars

cusp (protoconid) by means of microCT images. A validation of this

new methodology is also presented, as well as a comparative study

applying the previous techniques (Methods 1 and 2).

2 | MATERIALS AND METHODS

2.1 | Materials

A total of 26 lower molars (M1 5 10, M2 5 16) were included in this

study, belonging to different historic and archaeological modern human

populations from the Iberian Peninsula (Table 1 and Figure 1): 14 indi-

viduals from the medieval churchyard of San Pablo (Burgos), four from

the archaeological sites of Maltravieso Cave and one from Santa Ana

Cave (both in C�aceres), four individuals of Galls Carboners Cave (Tarra-

gona), two from Guineu Cave (Barcelona), and one from El Mirador

Cave (Burgos, Spain). None of these teeth displayed any evidence of

wear (category of wear stage 1, according to Molnar (1971)).

The comparative sample from San Pablo (Burgos) consists of a

medieval churchyard and archaeological collection (XII–XIV) from the

Dominican monastery of San Pablo housed in the Laboratory of

Human Evolution at the University of Burgos (Spain).

Maltravieso Cave is located in C�aceres (Extremadura, Spain), in the

southwestern part of the Iberian Peninsula. The cave was accidentally

discovered in 1951 in a limestone quarry. The affected area was called

Sala del Descubrimiento. In this room a thousand ceramic and human

remains that were part of a collective grave were uncovered (Callejo,

TABLE 1 Number of M1s and M2s used in this study, divided by
site and population

Site M1 M2 Total

San Pablo churchyard 8 6 14

Maltravieso Cave 1 3 4

Santa Ana Cave – 1 1

Galls Carboners Cave 1 3 4

Guineu Cave – 2 2

El Mirador cave – 1 1

Total 10 16 26
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1958). The few pottery fragments available indicate that the room was

used as a burial cave at least in the half of the second millennium BC

(Cerrillo & Gonz�alez, 2007). In 2002, various mechanical and manual

test pits were performed in the area originally occupied by the Sala del

Descubrimiento, uncovering new 172 remains belonging to Homo sapi-

ens and several new pottery fragments (Mu~noz & Canals, 2008). All of

this new remains were assigned to be part of the assemblage discov-

ered in the 1950s.

Santa Ana Cave presents several stratigraphical units that corre-

spond to the Pleistocene (Carbonell et al., 2005). All the remains from

the Pleistocene sediments were unconvered in a calcified breccia. How-

ever, sediments from historical ages have also been found, including

Ancient Rome evidences. Although the exact historical period of the

molar remains unknown, its attribution to H. sapiens is unquestioned.

Galls Carboners Cave is located in the Prades Mountains (Tarra-

gona, Spain). A collective burial was excavated in different periods, the

first in 1970s and then again in 2009 and 2010. Along with human

remains (an NMI of 16 individuals) some lithic tools were recovered, as

well as some ceramic fragments and faunal remains. The dating of a

human remain places this site in 3,310 6 30BP (Cal BP 3,620–3,460).

Guineu Cave is located in Font-Rubí (Barcelona, Spain). In this site,

a long sequence with occupations ranging from hunter-gatherer to

Bronze Age populations has been documented. In the 4th and 3rd milli-

neum BC the cave was used as a burial place (Morales, Cebri�a, Mestres,

Oms, & Allu�e, 2013). The teeth used in this paper belong to this period.

Some dated human remains shows an age about 2,871–3,353 Cal BC.

El Mirador Cave is located on the southern side of the Sierra de

Atapuerca (Burgos, Spain). The human assemblage where this tooth

belongs to is a collective burial found in an about 14 m2 natural cham-

ber located in the NE corner of the cave. Although there are some indi-

viduals in their original anatomical position, the superficial remains

were mixed and disturbed by the actions of the clandestine excavators

in the 1980s. Up to now, there are a minimum number of 22 individu-

als of different sexes and ages (G�omez-S�anchez et al., 2014). All of

these human remains belong to the Chalcolithic period and have been

dated to 4,760–4,200 years cal. BP.

For our study, one antimere per individual was selected. The inclu-

sion criteria were the presence of the complete crown, good preserva-

tion and the absence of fractures or dental pathologies. The teeth were

microCT using a Phoenix v/tome/x s of GE Measurement system,

housed at the National Human Evolution Research Centre (CENIEH,

Burgos, Spain) with the following scan settings: voltage 100 kV,

100 mA, 0.02 cooper filter and resultant isometric voxel size ranging

from 18 (isolated dental remains) to 75 (mandibles) microns. MicroCT

images were processed employing the software AMIRA 6.0.0 (Visage

Imaging, Inc.).

FIGURE 1 Map of the Iberian Peninsula with the location of the sites
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2.2 | Description of the new methodology

2.2.1 | Reference plane

The plane of reference used to reconstruct the lower molars has been

defined by Benazzi et al. (2014). Briefly summarized, the cervical plane

is obtained as the best-fit plane among 50 equidistant landmarks

located on the cemento-enamel junction. Then, the reference plane is

created perpendiculary to the cervical plane, crossing through the two

mesial dentine horns. The protoconid was situated to the right of the

reference plane in order to standardize all of them. An example of

the reference plane of one molar used in this study can be seen in

Figure 2a.

2.2.2 | Outline of enamel and relative coordinates

We used the open-source software Inkscape 0.91 to convert the plane

of reference into a vector graphic, using the raster-to-vector conver-

sion (supporting information Text S1). In this way, the outline of the

enamel was traced (Figure 2b).

We are interested in one particular area of the outline of the

enamel, which was used to reconstruct the protoconid and is named

here as POL-PR, which means POLynomial of the PRotoconid (Figure

2c). The outlines of the protoconids were used to generate a polyno-

mial regression equation based on the relative coordinates of their

points (from 0 to 100). The specific description of how to obtain these

points and their coordinates in each area is described below.

The Cartesian coordinate system is defined by three landmarks

(green dots in Figure 2c). The first landmark is the origin and is placed

at the top of the dentine horn tip of the protoconid. The relative coor-

dinates of the first landmark are (0,0). The second landmark is placed at

the point where a horizontal line from the origin crosses the buccal

aspect of the enamel of the protoconid. The coordinates of this second

landmark are (100,0) and the distance between both landmarks is

named Xprotoconid. The third landmark is located at the point where a

horizontal line drawn from the highest point of the enamel cusp tip

crosses the vertical line traced from the origin. The coordinates of this

third landmark are (0,100) and the distance with the origin is named

Yprotoconid. We placed 51 equidistant points over the outline of the

protoconid between the second and third landmark (supporting infor-

mation Text S2), and calculated their relative coordinates (supporting

information Text S3).

2.2.3 | Polynomial regression analysis

Polynomial regressions with 99% confidence intervals were fit through

these coordinates for the protoconid (POL-PR). These regressions and

their correlations were performed in R Commander, by running the

package ggplot2 and exporting the figures in a vector format (.pdf). The

final number of degrees of the polynomial regression was established

when four decimals of the adjusted R-squared start repeating when

the degrees of the polynomial regression are progressively increased.

2.3 | Validation of the new methodology

2.3.1 | Subsamples

The sample is composed of 26 lower molars. They were randomly

divided in two subsamples using the function sample available in R. The

validation subsample consisted of five molars (2 M1s and 3 M2s) as it

is recommended this subsample be comprised of 10% of the parent

sample (Alreck & Settle, 2003). The second subsample (n 5 21) was

used to generate the polynomial regression. POL-PR was therefore

analyzed using 1,071 points (21 molars 3 51 points/molars). We also

evaluated whether n 5 21 molars was sufficiently high to get a polyno-

mial regression that resists the addition/removal of molars without

modifying its curvature.

2.3.2 | Digital wear simulation and reconstruction

The validation subsample of five molars was digitally worn using the

open-source software GIMP 2.8. The simulated wear consisted of

removing all the enamel that was above the horizontal line that crosses

over the dentine horn of the protoconid.

Each molar was reconstructed using the polynomial regression

POL-PR. A detailed description of how to automatically place the

regression plot over the worn tooth can be read in SOM Text S4, but

see also SOM Video S1. Protoconid occlusal outlines were also recon-

structed following the instructions in Guatelli-Steinberg and Reid

(2008) and Smith, Martin, and Leakey (2003), and Smith et al. (2006a,

2009, 2012) (Methods 1 and 2, respectively). The former study follows

the contour of each side of the tooth cusp, projecting them proximally

until both sides met, while the latter studies reconstruct the molars

based on the profiles of unworn teeth. Concerning Method 2, as they

reconstruct worn teeth using an unworn tooth of the same tooth type,

we selected one random M1 and one random M2 from the subsample

FIGURE 2 Raster-to-vector conversion of the reference plane and division of the enamel contour in segments. (a) Microtomographic
reference plane of a M2. Mtd 5 Metaconid; Prd 5 Protoconid. (b) Vector graphic of the enamel contour using Inkscape 0.91. (c)
Xprotoconid and Yprotoconid define the region of the protoconid divided in 50 segments (51 points at equal distances). It is used to perform
the polynomial regression POL-PR
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of 21 molars to reconstruct either the M1s or the M2s that were digi-

tally worn.

2.3.3 | Variables and interobserver error

We measured the cuspal enamel thickness of the protoconid (CET) and

the crown height of the protoconid (CH) in the reconstructed teeth.

Then, we compared the real value of the original image of the teeth

with the values obtained after using the different reconstruction meth-

ods (POL-PR, Methods 1 and 2).

For CET, we estimated the location of the first perikyma in nine

molars of this study. The first perikyma was placed on average at 9.438

from the cusp tip of the protoconid distally (toward the cervix) (sup-

porting information Text S5 and Figure S1).

The validation process was carried out in each tooth by four coau-

thors of this study (CG, LMF, YQ, RG), who measured the two variables

(CET, CH) in the validation subsample of five molars using the three

methods of reconstruction (POL-PR, Method 1, Method 2) and they

also measured the original variables in the unworn microCT planes.

Interobserver error was also evaluated.

2.4 | Comparison of the polynomial regressions

of M11M2 vs. M1/M2

One important question is whether or not the polynomial regression of

both lower molars (M1 1 M2) is more accurate when estimating CET

and CH, instead of performing separate regressions for each tooth

type. For this purpose, we divided the two subsamples per molar type.

On the one hand, we obtained the eight M1s to perform the polyno-

mial regression that was employed to reconstruct the protoconid of

the two remaining M1s of the validation sample. On the other hand,

13 M2s were used to get the polynomial regression that will be used

to reconstruct the remaining three M2s. Two coauthors measured the

estimated and real values of CET and CH (MM-M, CG).

3 | RESULTS

The subsample of n 5 21 molars was used to calculate the polynomial

regression POL-PR. This is a 4th degree polynomial regression, with

P < .0000 and adjusted R-squared 5 0.9784) (supporting information

Table S1 and Figure 3). Figure 3 represents the change of the adjusted

R-squared depending of the degrees of the polynomial regression.

To evaluate whether the subsample of 21 molars comprises a suf-

ficiently high number of molars to generate a polynomial regression

that remain unmodified with the inclusion/removal of new molars, we

randomly assigned one number (1–21) to each molar. We then gener-

ated 21 polynomial regressions, consecutively adding one molar per

regression and observing its effect on the curves. We repeated this

process for the 8 M1s and the 13 M2s separately. All these regressions

are represented in Figure 4. A common pattern observed in all regres-

sions in that the curves tend to stabilize as the number of molars in the

polynomial regressions increases. In the case of the M1s, after the 6th

molar the curve tends to be stable at the points where CH and CET are

FIGURE 3 Variation of adjusted R-squared depending on the
degrees of the polynomial regression equation used to obtain POL-
PR

FIGURE 4 The curvature of the polynomial regression becomes more stable as the number of molars increases in the combined sample of
M1 and M2 (right, green), and also in the curvatures for the M1 (left, blue) and M2 (center, red) separately. A detailed section of each
group can be seen below the complete charts. In all parts of the figure, the darker the colour of the scale is, the more number of molars are
included in the polynomial regression
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measured. This occurs after the 9th molar in the M2s and after the

16th molar in the mixed sample. Looking at the last three polynomial

regressions (the ones that represent 19, 20, and 21 molars), we observe

that their patterns of curvature are identical and indistinguishable. This

means that POL-PR is resistant to significant changes of its curvature

with n 5 21 molars, which implies that it can be used as a model to

test its usefulness when reconstructing the morphology of the

protoconid.

Table 2 shows the descriptive statistics of the interobserver error

of both CET and CH variables, including means and standard deviations

of estimated and real values per molar. This data evidences the differ-

ences that are present when comparing different reconstruction meth-

odologies. POL-PR presents less standard deviation values than the

other two methodologies in both CET and CH, with the exception of

CET (M3) and CH (M1). In these two cases, the standard deviations

between POL-PR and the closest methodology are very narrow. The

differences between the mean of the real values and the means of the

reconstruction methodologies exhibit that POL-PR best reconstruct

three out of five molars for both CET and CH variables.

Shapiro-Wilk tests were performed to test normality distribution

for both variables (CET and CH) and molars (Table 2). Except for POL-

PR (M2) and Real (M1) that were nonnormal distributed (P < .05), the

remaining variables and molars resulted to be normal distributed. We

also tested equality of variances by performing Fisher tests two by two

(Table 3). These tests demonstrate that POL-PR values compared to

their real ones present the same variance (P > .05) in all molars. This

fact also occurs for the Method 2 but it is not the case for Method 1,

where some comparisons don’t have the same variance as CET (M1,

M2, M4) and CH (M2).

The interobserver error and the average percentage error between

the real/estimated values of the variables (CET and CH) are repre-

sented in Figure 5. Percentage error has been calculated by applying

this formula: [(mean_Method_X2mean_Real) * 100/mean_Real].

Depending on the results of previous statistical tests (Shapiro-Wilk and

TABLE 2 Interobserver error descriptive statistics of CET and CH variables. Real measures and their estimates using the three reconstruction
methodologies (POL-PR, Methods 1 and 2) over the five molars of the validation subsample are shown (M1–M5). Means and standard devia-
tions (sd) were calculated, as well as diff [mean(POL-PR/Method 1/Method 2) – mean (Real)] and %error [(mean(POL-PR/Method 1/Method
2) – mean(Real)) * 100/mean(Real)]. To evaluate normality distribution, Shapiro-Wilk tests (W) were applied, marking with an asterisk (*) sig-
nificant P-values (P < .05). Sample size in each row is n 5 4.

Descriptive statistics Normality test

CET CH CET CH

mean sd diff %error mean sd diff %error W P-value W P-value

M1 Real 1.35 0.04 – – 7.83 0.41 – – 0.8299 .1675 0.7436 0.0336*

POL-PR 1.39 0.04 0.04 12.66 7.94 0.20 0.11 11.40 0.9256 .5688 0.7625 0.0502

Method 1 1.56 0.25 0.21 115.32 8.17 0.35 0.35 14.40 0.9758 .8769 0.7675 0.0555

Method 2 1.45 0.11 0.10 17.39 7.95 0.17 0.12 11.52 0.9107 .4863 0.9980 0.9937

M2 Real 1.82 0.04 – – 8.03 0.09 – – 0.9317 .6046 0.9323 0.6079

POL-PR 1.74 0.06 20.07 24.07 7.60 0.11 20.43 25.30 0.6574 .0033* 0.8314 0.1714

Method 1 1.97 0.50 0.15 18.51 8.51 0.92 0.48 16.00 0.9528 .7338 0.9400 0.6544

Method 2 1.47 0.10 20.35 219.30 7.34 0.20 20.69 28.60 0.9667 .8212 0.8768 0.3253

M3 Real 1.08 0.06 – – 7.83 0.22 – – 0.9226 .5517 0.9165 0.5173

POL-PR 1.31 0.10 0.23 121.38 7.88 0.23 0.05 10.67 0.9424 .6688 0.9491 0.7104

Method 1 1.33 0.08 0.24 122.42 7.90 0.37 0.08 10.97 0.9124 .4952 0.9024 0.4428

Method 2 1.07 0.12 20.02 21.43 7.38 0.26 20.45 25.76 0.9047 .4548 0.8593 0.2576

M4 Real 1.45 0.08 – – 7.95 0.19 – – 0.8280 .1626 0.9111 0.4882

POL-PR 1.27 0.06 20.18 212.28 7.48 0.15 20.47 25.92 0.9958 .9847 0.9039 0.4509

Method 1 1.57 0.58 0.12 18.50 7.83 0.60 20.12 21.52 0.9819 .9132 0.9867 0.9399

Method 2 1.21 0.22 20.24 216.54 7.64 0.29 20.30 23.80 0.9940 .9769 0.9464 0.6935

M5 Real 1.77 0.06 – – 8.93 0.14 – – 0.8162 .1347 0.7739 0.0631

POL-PR 1.59 0.07 20.18 210.07 8.38 0.13 20.55 26.20 0.9007 .4347 0.9638 0.8027

Method 1 1.95 0.29 0.18 110.26 8.72 0.51 20.21 22.39 0.9725 .8571 0.9848 0.9293

Method 2 1.56 0.20 20.21 211.76 8.53 0.13 20.40 24.47 0.9533 .7368 0.7913 0.0875
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Fisher), new statistical tests were carried out to compare means/

medians in all molars between real and estimated values in both CET

and CH variables. Thus, Welch tests, Mann-Whitney tests and t tests

were applied accordingly (Table 3). All reconstruction methodologies

display significant statistical differences in some variables and molars

when they are compared to the real values. Due to POL-PR is charac-

terized by narrower standard deviations respect to the other methods,

it is understandable that slightly over- and underestimates would imply

statistical significant differences in their means/medians. Moreover,

the probability of finding statistically nonsignificant differences

increases when the variance is wider (as is the case of Methods 1

and 2).

Combining all five molars of the validation subsample, the average

percentage error for the methods based on the polynomial regression

(POL-PR) is shown in Table 4. CET tends to be 22.17 underestimated

using POL-PR, with a 95% confidence interval of 24.60% and 0.74%.

CH tends to be underestimated by 23.18% using POL-PR, with a con-

fidence interval of 23.77% and 22.54%.

The polynomial regressions and associated prediction intervals for

M1s and M2s can be seen in Figure 6. There is a high degree of overlap

between molar positions. M2s acquire its maximum crown height in a

slightly more buccal position compared to the same point in M1s.

Crown heights and cuspal enamel thicknesses of the validation sub-

sample have been measured depending on their molar position. Per-

centage errors between real and estimated measurements of CET and

CH can be seen in Table 5. Applying the polynomial regression of the

M1 to the two M1s of the validation subsample, the mean percentage

error in respect of their real values in CET is 29.48%. Applying the

same protocol to the M2s yields a value of 14.11%. For crown heights,

these values are 23.88% and 22.52% for the M1s and M2s,

respectively.

Our results indicate that molar-specific polynomial regressions

applied separately to M1s and M2s do not considerably improve the

estimates obtained from the regression equation made by combining

M1s and M2s. For instance, mean percentage error using the latter

regression for CET is 22.17%, which is a lower percentage error than

the values from the molar-specific regressions. In CH these differences

are minimal, as the mean percentage error is23.18% using the polyno-

mial regression of both molars, and 23.88 and 22.52 using the regres-

sion equation of the M1s and M2s, respectively. We have therefore

considered the regression that is formed by merging both molars as the

best proxy to estimate CET and CH in both M1s and M2s.

4 | DISCUSSION

In paleoanthropology, fossil teeth with complete and unworn crowns

are relatively scarce. However, these teeth are extremely valuable for

studies of either the external morphology (G�omez-Robles et al., 2008;

G�omez-Robles, de Berm�udez de Castro, Martin�on-Torres, & Prado-

Sim�on, 2011a; G�omez-Robles, Martin�on-Torres, Berm�udez de Castro,

Prado-Sim�on, & Arsuaga, 2011b; Martin�on-Torres, Berm�udez de Cas-

tro, G�omez-Robles, Prado-Sim�on, & Arsuaga, 2012; Martin�on-Torres

TABLE 3 Statistical tests and P-values to compare equality of var-
iances (Fisher tests) and equality of means/medians (t-tests, Welch
tests and Mann-Whitney tests, represented as t/Welch/MW) per-
formed between real measurements of CET and CH and their esti-
mates employing the three reconstruction methodologies (POL-PR,
Methods 1 and 2). These tests were applied for every molar of the
validation subsample (M1-M5). Significant statistical differences
(P < .05) have been pointed out by using the asterisk symbol (*).
Sample size in all tests was n 5 4. F and W/t represents the value
of the functions. T-tests were mainly applied, but (a) and (b) indi-
cates that Welch tests and Mann-Whitney tests were employed,
respectively

Real

Fisher t/Welch/MW

CET F P-value W/t P-value

M1 POL-PR 1.0468 .9709 1.3896 0.2140

Method 1 47.9320 .0099* 1.6362a 0.1967

Method 2 0.1122 .1054 21.7540 0.1300

M2 POL-PR 2.1162 .5539 2.0000b 0.1102

Method 1 130.5600 .0022* 0.6113a 0.5836

Method 2 0.1949 .2124 6.4187 0.0007*

M3 POL-PR 3.2273 .3616 4.0729 0.0066*

Method 1 2.2073 .5323 4.9031 0.0027*

Method 2 0.2123 .2354 0.2347 0.8223

M4 POL-PR 0.5108 .5951 23.6485 0.0107*

Method 1 54.0790 .0083* 0.4184a 0.7029

Method 2 0.1262 .1230 2.0220 0.0897

M5 POL-PR 1.3575 .8076 23.6805 0.0103*

Method 1 20.8030 .0329* 1.2340a 0.2980

Method 2 0.0951 .0846 1.9467 0.0990

CH

M1 POL-PR 0.2420 .2743 7.0000b 0.8857

Method 1 0.7228 .7960 13.0000b 0.2000

Method 2 6.2123 .1678 8.0000b 1.0000

M2 POL-PR 1.4548 .7655 25.9639 0.0010*

Method 1 102.7600 .0032* 1.0381a 0.3742

Method 2 0.2052 .2260 6.2528 0.0008*

M3 POL-PR 1.1353 .9194 0.3317 0.7514

Method 1 2.9899 .3924 0.3541 0.7354

Method 2 0.6955 .7725 2.6791 0.0366*

M4 POL-PR 0.5920 .6773 23.9145 0.0079*

Method 1 10.0420 .0900 20.3809 0.7164

Method 2 0.4331 .5098 1.7438 0.1318

M5 POL-PR 0.9646 .9770 25.8081 0.0011*

Method 1 13.9430 .0576 20.8129 0.4473

Method 2 1.1052 .9364 4.2475 0.0054*
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et al., 2006) or the internal morphology of molar teeth (Martínez de

Pinillos et al., 2014; Martin�on-Torres et al., 2014). Nondestructive

methods, either synchrotron or microcomputed tomography are capa-

ble of taking very accurate 2-D and 3-D measurements of teeth in

comparison to physical sections (Kono, 2004; Olejniczak, Tafforeau,

Feeney, & Martin, 2008b).

In order to measure many dental variables in worn teeth (such as

cuspal enamel thickness, crown height, relative enamel thickness, etc.)

a reconstruction of the missing parts is required. Therefore, the accu-

racy of the method employed to make the reconstructions is very

important as it can over- or underestimate the measurements, which

can in turn lead to taxonomic, phylogenetic, physiological and age-at-

death misclassifications (Dean & Reid, 2001; Guatelli-Steinberg & Reid,

2008; Guatelli-Steinberg, Reid, & Bishop, 2007; Lacruz & Bromage,

2006; Lacruz, Rozzi, & Bromage, 2006; Martin, 1983, 1985; Reid et al.,

2008; Smith et al., 2006a,b, 2010; Suwa & Kono, 2005).

Here we have developed a new methodology based on polynomial

regression equations to accurately reconstruct worn molars cusps. The

polynomial regression to reconstruct the protoconid of lower molars,

POL-PR, is employed to estimate cuspal enamel thickness and crown

height of the protoconid. Not only are these variables more accurately

measured, but also other variables that depend on them might be

improved, such as enamel formation times and enamel extension rates

(Dean, 2009; Dean & Reid, 2001; Guatelli-Steinberg & Reid, 2008;

Guatelli-Steinberg, Floyd, Dean, & Reid, 2012; Lacruz, 2007; Lacruz,

Dean, Ramirez-Rozzi, & Bromage, 2008; Reid & Dean, 2006; Smith

et al., 2010). In order to evaluate the accuracy of our methodology, we

also reconstructed the same teeth applying the methods previously

described by other authors.

The results demonstrate that the new methodology described

here shows less interobserver variation than the two previously

described methods, whose procedures remain unvalidated (Guatelli-

Steinberg & Reid, 2008; Reid & Dean, 2006; Smith et al., 2012).

FIGURE 5 Box and whisker chart of the percentage error estimated by four coauthors for each variable and molar of the validation
subsample (n 5 5). The three methodologies described in the text (POL-PR, Method 1, Method 2) were used to reconstruct the contour of
the protoconid enamel surface

TABLE 4 Means of the percentage errors (%) of each variable (CET
and CH) employing the three reconstruction methodologies (POL-
PR, Methods 1 and 2)

POL-PR Method 1 Method 2

CET 22.17 112.17 29.56

CH 23.18 11.40 24.25
FIGURE 6 Polynomial regressions for the M1s (red) and M2s
(blue)
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The methodology that displays the highest degree of interobserver

variation is that described as Method 1. The fact that these values are

so different from what is termed by us as Method 2 is because the lat-

ter involves the real contour of a tooth and the former does not. How-

ever, both of these methods involve high degrees of subjectivity. In

some particular cases, we observed that the measurements obtained

through these methodologies fit better with the real value compared

with those obtained using the polynomial regression equations. How-

ever, the interobserver variation in these methodologies is very wide,

and so obtaining such apparently good estimates might well be

explained by random and arbitrary effects. It is highly likely that the dis-

persion and variance of the measurements were different with the

inclusion of new observers in the estimation of these variables. Com-

pared to the interobserver error apparent when using the methodolo-

gies described by Methods 1 and 2, our own methodology shows the

lowest variation and the results also fall closer to the known values.

The polynomial regression equations generated here are an attempt to

establish for the first time a new methodology where the procedure

for reconstructing worn tooth is standardized and comparable.

A further point to note is that the interobserver variation docu-

mented using the polynomial regression equation described here is not

statistically different to the interobserver variation of the real measure-

ments made from the unworn teeth. This suggests that the new meth-

odology is highly uniform and homogeneous, and is easily reproducible

by researchers/observers. When reconstructing these dental variables

using this new methodology, we recommend also calculating the 95%

confidence intervals and/or prediction intervals. Hence, in each of

these ways we feel our method significantly improves upon previous

methods when reconstructing specific important dental variables

affected by cuspal wear.

Although the estimations of CET and CH using POL-PR are valua-

ble, we acknowledge that more H. sapiens teeth are necessary to

extend its validity. Furthermore, it has also been stated that differences

exist in the enamel thickness in different populations from all around

the globe and among hominin species (Grine, 2005; Olejniczak et al.,

2008a; Smith et al., 2012; Suwa & Kono, 2005). To what extent the

inclusion of different populations of modern humans affects the poly-

nomial regression remains unknown. More studies should be focused

on this issue, as the knowledge of the protoconid morphology and how

it varies from one population/species to another that together offer an

unique opportunity to improve this methodology.

Reconstructing crown heights accurately might be useful to esti-

mate the percentage of enamel that has been lost. Their respective

worn deciles and perikymata number can therefore be evaluated. As

the first deciles of the crown height, which correspond to the ones

that are closer to the cusp tip of the enamel, present lower number of

perikymata counts compared to the most cervical deciles (Dean & Reid,

2001; Guatelli-Steinberg & Reid, 2008; Reid & Dean, 2006), we would

expect this new methodology to be sufficiently capable of significantly

reducing the range of variation of crown formation times in slightly

worn molars. However, we acknowledge that its validity in assessing

the total number of perikymata and crown formation times must be

quantified in future studies.

In conclusion, this new methodology designed to reconstruct

slightly worn lower permanent molars has clear advantages over other

methods. First, it is easily reproducible, allowing an increasing numbers

of teeth to be included in studies of dental development with greater

confidence. Second, it shows a high degree of accuracy when recon-

structing the contours of worn cuspal enamel. Third, associated estima-

tion errors can be determined. Fourth, it can be used for both M1 and

M2 lower molars of H. sapiens. Fifth, the new estimates would be com-

parable among different authors following this methodology. Sixth, it

uses mainly open-source software. Seventh, it greatly reduces the

operator-dependent procedures in order to drastically reduce the bias.
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SOM Table S1. Regression equations based on 21 molars to recon-

struct the upper part of the enamel (POL-PR).

SOM Figure S1. (Above) Isosurface of one molar (6.0.0). The hori-

zontal green line represents the plane of reference (see main text

for further details). The red vertical line indicates the position of the

first perikyma. (Below) Graphic definition of the angle between the

enamel tip, the first perikyma (red point) and dentine horn tip.

SOM Figure S2. Polynomial regression and 99% confidence interval

of POL-PR. It is based on the contour of 21 molars. Vertical blue

line represents maximum heights. Relative coordinates are repre-

sented in their own corners.

SOM Video S1. Visual representation in Inkscape of how to recon-

struct the protoconid enamel using the POL-PR polynomial regres-

sion equation. The vector graphic is SOM Figure S2, which is in PDF

format. Spreadsheet is SOM Excel S1.
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