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ABSTRACT 37 

 38 

Objectives 39 

We present a novel method to estimate original crown height (OCH) for worn human mandibular 40 

canines using a cubic regression equation based on ratios of worn crown height and exposed dentin. 41 

This method may help alleviate issues frequently presented by worn teeth in dental analyses, 42 

including those in bioarchaeology. 43 

 44 

Materials and Methods 45 

Mandibular canines (n = 28) from modern day New Zealand and English populations were 46 

selected. Crown height and dentin thickness were are measured on dental thin sections (n = 19) 47 

and the resulting ratios (log10) were fitted to a cubic regression curve allowing OCH in worn 48 

crowns to be predicted. Variation in the dentin apex position was recorded and effects of angled 49 

wear slopes investigated allowing adjusted values to be generated. Our method is trialed for use 50 

on intact and sectioned teeth (n = 17). 51 

 52 

Results  53 

A cubic regression curve best describes the relationship between (log10) ratios and crown height 54 

deciles (R2 = 0.996, df1=3, df2 = 336, p <0.001). No significant differences were detected between 55 

OCH estimates using our method and digitally recreated cusp outlines of the same crowns (t = 56 

1.024, df = 16, p > 0.05), with a mean absolute error of 0.171 mm and an adjusted coefficient of 57 

determination of 0.923. 58 

 59 

Conclusion 60 

Our approach offers a quantitative method to estimate the percentage of OCH remaining on worn 61 

mandibular canines, and by extension, the original crown height. Our estimates are comparable to 62 

with digitally recreated cusps but are less subjective and not limited to crowns with minimal wear. 63 

 64 

 65 

Keywords 66 

Human canines, crown height, dental wear, dentin morphology, enamel hypoplasia 67 

 68 
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1 | INTRODUCTION 69 

 70 

A broad range of anthropological studies rely on dental analysis as a primary means of 71 

investigation, including many within paleoanthropology (e.g., Cunha et al. 2004; Dean and Reid, 72 

2001; Ramirez Rozzi & Bermudez de Castro, 2004; Guatelli-Steinberg, Reid, & Bishop, 2007; 73 

Mahoney 2008; Modesto-Mata et al., 2020a) and bioarchaeology (e.g., Amoroso, Garcia, & 74 

Cardoso, 2014; Berbesque & Doran, 2008; Cucina & Iscan, 1997; Bocaege & Humphrey, 2016; 75 

Littleton, Allen, and McFarlane, 2015; Nava, Frayer, and Bondioli, 2019; Temple, 2016). Worn 76 

teeth can be a limiting factor for anthropological studies in many of these analyses, particularly 77 

when original, or unworn crown height is required. Variation in tooth dimensions has been a focus 78 

of investigation for over a hundred years (Kieser, Groeneveld, McKee, & Cameron, 1990), with 79 

crown height being the third most common measurement. However, it is also the trait most affected 80 

by occlusal wear (Pilloud & Kenyhercz, 2016). The goal of this investigation is to develop a 81 

method for estimating the original height of worn mandibular canines based on consistent and 82 

scalable characteristics of dentin morphology. Mandibular canines were selected for this trial 83 

because, in humans, this tooth type has the longest crown that records enamel formation for over 84 

five years (Reid and Dean 2006). This means they are frequently analyzed in terms of lateral 85 

enamel formation (e.g., Dean and Reid, 2001; Guatelli-Steinberg et al., 2007; Reid and Ferrell, 86 

2006; McFarlane, Littleton, and Floyd, 2014) and linear enamel hypoplasia, a nonspecific stress 87 

defect (e.g., Amoroso et al., 2014; Berbesque & Doran, 2008; Cucina & Iscan, 1997; Goodman 88 

and Rose 1990; Guatelli-Steinberg & Lukacs, 1999; Miszkiewicz, 2015). 89 

 In paleoanthropology, the pace of dental development can provide important insight into 90 

interspecies variation in the tempo of life history traits (Dean 2006; Smith 1984). When perikymata 91 

(incremental ridges on the surface of lateral enamel) are analyzed in terms of their spacing along 92 
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the crown surface, they directly reflect the pace of imbricational enamel formation (Dean and Reid, 93 

2001; Reid and Ferrell, 2006; McFarlane et al., 2014) and provide a basis for exploring dental 94 

developmental differences between hominin species (e.g., Dean and Reid 2001; Guatelli-Steinberg 95 

and Reid, 2010; Guatelli-Steinberg et al., 2018; Modesto-Mata et al., 2017, 2020). Despite the loss 96 

of occlusal enamel, worn crowns can still provide important information as typically in modern 97 

humans, the cervical half of crowns display most variation among individuals in the pace of enamel 98 

formation (Reid and Ferrell, 2006; McFarlane et al., 2014). The height of the unworn crown, 99 

however, is necessary to ensure deciles (10% increments of crown height commonly used to assess 100 

perikymata) are correctly positioned. Otherwise, perikymata counts and their distribution along 101 

the crown may not be accurate.  102 

 In bioarchaeology, dental wear can limit our ability to effectively estimate the age at which  103 

individuals when they developed linear enamel hypoplasia (LEH). These defects record episodes 104 

of non-specific physiological stress experienced during infancy and childhood during the period 105 

that enamel forms (Goodman and Rose, 1990; Witzel, Kierdorf, Schultz, and Kierdorf, 2008) and 106 

as such, offers valuable insights about heath in past populations (e.g., Amoroso et al., 2014; 107 

Berbesque & Doran, 2008; Cucina & Iscan, 1997; Goodman and Rose 1990; Geber, 2014; 108 

Littleton, 2005; McFarlane, 2018; Miszkiewicz, 2015; Palubeckaitė, Jankauskas, & Boldsen, 109 

2002; Ritzman, Baker, & Schwartz, 2008; Temple, 2012).  There are several methods used to 110 

estimate the age of an individual when a defect formed, including decile-based age schedules (Reid 111 

and Dean 2000; 2006) and regression equations (Goodman, Armelagos, & Rose., 1980; Goodman 112 

and Rose, 1990). The accuracy of both techniques depends on a complete crown height 113 

 Most erupted tooth crowns have some degree of wear, particularly archaeological specimens 114 

(Hillson, FitzGerald, & Flinn, 2005). Analyzing only unworn or minimally worn crowns can limit 115 
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interpretations due to small sample sizes and introduce bias toward younger individuals who 116 

generally have less occlusal wear (Miles, 2001). To resolve these issues, researchers often exclude 117 

teeth that have less than 80% of the original crown height remaining and subsequently digitally 118 

recreate cuspal profiles to reconstruct the original shape and height (e.g., Dean and Reid, 2001; 119 

Saunders, Chan, Kahlon, Kluge, & FitzGerald, 2007; Martin, Guatelli-Steinberg, Sciulli, & 120 

Walker, 2008; Guatelli-Steinberg et al., 2007, 2009, 2018; Guatelli-Steinberg and Reid, 2010). 121 

This approach can minimize error but depends on the experience of the researcher to produce 122 

accurate reconstructions. Recent work, however, addresses the subjectivity concerning molar cusp 123 

recreation (Modesto-Mata et al., 2020b). Other solutions include using mean population or sample 124 

crown heights (Hodges and Wilkinson, 1990; Song and Goodman, 1999), but this can introduce 125 

substantial error at the individual level, as it does not account for individual variation in tooth size. 126 

 In a previous trial we found that the dentin profile of a cross section was particularly robust in 127 

terms of scalable proportions, unlike enamel thickness that is more variable along the length of the 128 

crown (McFarlane, 2013). This means that regardless of overall crown size or height, dentin 129 

thickness changes in a predictable manner when measurements are standardized to crown height, 130 

as percentages. The aim of this investigation is to assess whether unworn original crown height 131 

(OCH) can be estimated from measurable features visible on the surface of worn mandibular 132 

canines. We evaluate how consistently dentin morphology co-varies with the progressive loss of 133 

height in mandibular canines and assess its usefulness to estimate OCH in worn teeth. If a 134 

regression formula can accurately describe ratio changes in these features along the length of a 135 

crown, the percentage of OCH remaining on a tooth should be predictable. In addition, we want to 136 

assess variation in the position of the dentine horn beneath the cuspal enamel to accurately identify 137 

its typical location without needing to section teeth. We also explore the impact that angled 138 
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occlusal wear surfaces can have on our OCH estimations and suggest adjusted estimations based 139 

on the degree of the wear angle (see Supplementary Information). Finally, to check the usefulness 140 

of our proposed method, we test the inter-observer error between estimates from two observers 141 

and compare these to estimates from digitally recreated cusp outlines of the same crowns using a 142 

commonly employed method (Guatelli-Steinberg et al., 2009; Saunders et al., 2007). 143 

 144 

2 | MATERIALS AND METHODS 145 

 146 

2.1 | Dental samples 147 

Our sample consists of 28 permanent mandibular canines in total. Nineteen of which were 148 

extracted from modern New Zealanders as part of routine dental procedures and collected by Dr. 149 

R.M.S. Taylor who donated them to the University of Auckland during the 1970s. This collection 150 

is curated by the School of Social Science, University of Auckland. Ethnicity was not available 151 

but based on New Zealand Census data (Statistics New Zealand, 2014) the sample is most likely 152 

comprised of individuals of British, Māori, Samoan, and Chinese ancestry. These teeth were either 153 

unworn or exhibited minimal wear i.e., wear scores of 1 to 2 (Smith, 1984) and were used to 154 

produce thin sections. Nine additional teeth from modern British individuals are used to trail our 155 

method using intact crowns, which showed minor wear i.e., wear scores of 2 to 3 (Smith, 1984).  156 

Ethnicity is unknown and are best considered as multi-ethnic British. The British specimens are 157 

part of the UCL-Kent collection curated in the Human Osteology Lab, University of Kent. Ethical 158 

approval for histology research on the sample of British teeth was obtained from the UK National 159 

Health Service research ethics committee (REC reference: 16/SC/0166; project ID: 203541). 160 

All specimens are anonymized with no information regarding age or sex.  161 

   162 
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2.2 | Sample preparation 163 

Thin sections of 19 mandibular canines were produced using standard histological methods. Teeth 164 

were sectioning through the teeth through the labial-lingual plane of the crown (e.g., Reid et al. 165 

1998; Mahoney, 2015).  To ensure the correct section line was obtained, the cuspal tip and the 166 

most cervical extent of the enamel on the labial and lingual aspects were marked with an indelible 167 

pen prior to positioning on the saw. The section line was only referenced to the crown, rather than 168 

the whole tooth, as roots can be quite variable in their curvature.  169 

 The sections were imaged under (40x) transmitted light microscopy (Leica MDR) and 170 

photomontages were created using Inkscape software (Free Software Foundation Inc.). This 171 

produced a single complete image of each crown. Most cusps possessed some degree of wear, even 172 

if only very minor wear facets. Therefore, to ensure the assessments reflected original unworn 173 

crown height as accurately as possible, the original profile of the cusps in section were recreated 174 

using a Bézier curve function, which follows the natural extension of the labial and lingual crown 175 

surface curves. This procedure recreates the original cusp outline and is based on the method 176 

described in Saunders et al. (2007) and later assessed by Guatelli-Steinberg et al. (2009).   177 

 178 

 179 

 180 

 181 

2.3 | Determining ratios & dentin apex position. 182 

Dental thin sections were used to calculate the initial ratios of crown height and dentine thickness 183 

that underpin the development of our method. Ratios were calculated from measurements of 184 

vertical crown height and dentin thickness (crown height/dentine thickness), assessed in series at 185 
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each 5% of OCH using ImageJ open-source software (version 1.5), see Figure 1. Vertical crown 186 

height, as opposed to crown length, is used to ensure heights are comparable to those measured on 187 

intact crowns and so ensure that our regression formula is applicable for use on intact teeth.  188 

 To identify where the apex of the dentin horn is typically located as a percentage of OCH, 189 

measurements were taken from the most cuspal extent to the apex of the horn (Figure 1). 190 

 191 

{Figure 1} 192 

 193 

2.4 | Computation of the cubic regression curve. 194 

Once ratios were calculated, several parametric curves were fit. A cubic regression (Equation 1) 195 

provided the best fit judging from the percentage of variance accounted for and distribution of 196 

residuals. All statistical tests were conducted using IBM SPSS (version 20) and an alpha level of 197 

0.05 used to judge statistical significance. 198 

 199 

EQUATION 1:  Y = α + β1 (ratio) + β2 (ratio2) + β3 (ratio3)  200 

 201 

Where Y is an estimate of the percentage of original crown height (OCH%) that remains of the 202 

worn crown and β1, β2, and β3 are the slopes associated with the log10 transformed ratios of worn 203 

crown height and exposed dentin. OCH in millimeters can be calculated by dividing worn crown 204 

height (mm) by the percentage crown remaining (OCH%) represented as a decimal fraction.     205 

                                  206 

2.5 | Applying the method to intact crowns. 207 

Although our regression formula is developed using thin sectioned crowns, in practice it will can 208 
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be applied to intact teeth. Here, we outline our approach to measuring intact crowns. 209 

 If no measurable loss of height has occurred (i.e., score 1, Smith 1984), total crown height can 210 

be measured directly. If some loss of crown height has occurred but dentin is not exposed, the 211 

percentage of height lost is based on the proximity of the dentin apex assessed by its visibility 212 

beneath the enamel, see Results section Figure 4.  213 

 When wear has progressed past the apex and dentin is exposed, worn crown height and dentin 214 

thickness are measured and the cubic regression formula is applied to establish the remaining 215 

percentage of original crown height (OCH%). Exposed dentin is measured using fine nosed digital 216 

calipers under a magnifying lamp as it is crucial that assessments are as accurate as possible. 217 

Dentin thickness is measured across the dentin at the crown midline from the most labial to the 218 

most lingual extent, taking care that only exposed dentin is measured within the surrounding 219 

enamel margin. Worn crown height is assessed as vertical crown height measured strictly along 220 

the midline from the most apical extent of the crown at the cementoenamel junction to the most 221 

cuspal extent. To ensure that vertical height is measured accurately, it is important that the calipers 222 

are parallel to the long axis of the tooth. We found this easiest to measure with the tooth positioned 223 

in a measuring cradle. 224 

 The worn crown height and dentin measurements are converted to ratios (crown height / dentin 225 

thickness), log transformed (log10), and applied to the cubic regression equation. If the occlusal 226 

wear is approximately horizontal, the resulting value will be the percentage of original crown 227 

height that remains on the tooth. If the wear surface is markedly sloped, i.e., equal to or greater 228 

than 10o, the angle is measured using a protractor on the crown side that best represents the wear 229 

slope at the midline. Once the angle is known, the appropriate adjusted OCH can be determined, 230 

see Section 2.6.  231 
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 232 

2.6 | The effect of angled wear surfaces. 233 

A sloping wear surface can cause a greater amount of dentin to be exposed than is expected by the 234 

equation at a given height, but Table 1 corrects for this based on the approximate angle degree. 235 

The technique used to produce the adjusted OCH% estimates is available as Supplementary 236 

Information. 237 

 This additional step is only required for crowns with angled wear slopes to maintain 238 

equivalence between dentin measured superiorly (as with intact teeth) and horizontally (as used in 239 

the regression equation). Once the unadjusted estimate of OCH% has been calculated and the angle 240 

measured, the corrected estimate can be identified in Table 1. Angles less than 10o have only a 241 

negligible effect. Values that fall between those listed are first rounded to the nearest 10o ,20o, or 242 

30o. Next, the unadjusted OCH % is located in the column under the appropriate angle and the 243 

corresponding value in the adjusted OCH% is identified. For example, a crown that is estimated 244 

to have an unadjusted value of 59% remaining with a ~20o wear angle will have an adjusted OCH% 245 

of 65, meaning 65% of the original crown height remains. For unadjusted OCH values that are 246 

intermediate to those listed on Table 1, an intermediate adjusted OCH is also assumed. Thus, for 247 

a crown with a wear angle of 20o and an unadjusted OCH of 80% (intermediate to 77 % and 83%), 248 

the final adjusted OCH% is estimated to be 83% complete as this falls approximately midway 249 

between the adjusted corresponding values of 80% and 85%. 250 

 251 

{Table 1}  252 

 Once the remaining percentage of crown height is established, it is used to calculate the 253 

original height in millimeters by dividing worn crown height (mm) by the percentage crown 254 
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remaining (OCH%) represented as a decimal fraction. For example, for a crown that is estimated 255 

to have 60% remaining of its original height, and has a worn height of 6.52 mm, will have an 256 

original height estimate of 10.86 mm. 257 

 258 

2.7 | Accuracy testing 259 

We used two different approaches to test how well our cubic regression formula could predict 260 

OCH: one using nine intact crowns and the other using eight images of artificially worn crowns. 261 

Eight images of four sectioned crowns were artificially worn by one of the authors (CM), which 262 

involved masking a portion of each image to replicate wear. The ‘worn’ images were then 263 

independently assessed by two observers (PM and GM) to produce to sets of OCH estimates.  264 

 To check how well our method can estimate OCH in practice, nine intact crowns were also 265 

assessed independently by the observers (PM and GM) using the procedure for intact teeth. Once 266 

intact assessments were complete, the crowns are half sectioned along the midline and the cut 267 

surface imaged so the cuspal outline could be digitally recreated and original height measured. 268 

Each cusp was digitally recreated independently by PM and GM (using the procedure outlined in 269 

section 2.2) and the two versions overlaid to check for discrepancies. Where slight deviations 270 

occurred, the two cuspal outlines were merged at the midpoints to create an averaged version. The 271 

degree of error between our proposed method, using the mean values of the two observers, and 272 

crown height estimates (based on digital recreations of the cusp outlines) was also assessed. Both 273 

inter-method and inter-observer error was assessed in terms of technical error of measurement, 274 

mean absolute error (MAE), Student’s paired t test, and adjusted coefficient of determination 275 

(adjusted R2). Technical error of measurement is a measure of precision between repeated 276 

measurements that determines the proportion of the total standard deviation attributable to 277 
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measurement error (Ulijaszek & Kerr, 1999).  Absolute mean error reflects the magnitude of 278 

absolute (unsigned) differences between the two sets of values. Student’s paired t test is used to 279 

confirm whether the two sets of paired values differ significantly from each other, while adjusted 280 

coefficient of determination reports the percentage of values that lie within the expected linear 281 

relationship between the two data sets while taking into account the size of the data set and the 282 

number of divergent data points. 283 

  284 

3 | RESULTS  285 

3.1 | Ratios 286 

Descriptive statistics for ratios of crown height and dentin thickness calculated at each 5% 287 

increment of crown height are shown in Table 2. Ratios become progressively smaller along the 288 

crown towards the cementoenamel junction as dentin thickness becomes increasingly wider. This 289 

shift is evident in the distribution of median ratio values from 90% to 5% of original crown height 290 

(see Figure 2). The greater range of values in each half decile segment from 90% to 80% of OCH 291 

reflects variation in the position of the dentin apex. Ratios greater than 45 at 90% OCH only occur 292 

when the apex was located at this level and signifies that the dentin horn has not actually lost 293 

height.  294 

 295 

{Table 2} 296 

{Figure 2} 297 

 298 



13 
 

3.2 | Curve fit       299 

Using the percentage of OCH remaining as the dependent variable, we found the best curve fit was 300 

provided by a cubic regression curve of log10-transformed ratios, see Equation 2. 301 

 302 

EQUATION 2: Y = 41.245; β1 = 46.208, β2 = 2.792, β3 = -8.216  303 

where Y equals the percentage of original crown height that remains on a worn crown (OCH%) 304 

and β1, β2, β3 represent the slopes of the log-10 transformed ratio, its squared value and its cubic 305 

value, respectively. 306 

  307 

This model demonstrated a very good fit across the range of data and the predicted curve (R2 = 308 

0.996, F = 27761.74, p <0.001, df1=3, df2 = 336, see Figure 3, upper), with residuals being small 309 

and mostly randomly distributed above and below zero with only limited evidence of 310 

autocorrelation at the extremes (Figure 3, lower). 311 

 312 

{Figure 3} 313 

 314 

 315 

3.3 | Dentin apex position  316 

In the 19 mandibular canines evaluated, the apices of the dentin horn are located between 317 

approximately 95% and 90% of OCH, with most at approximately 93% OCH beneath the unworn 318 

cusp (Figure 4). Some apices, however, are situated very close to these limits - two were positioned 319 

at 95% and two at 90.0%. We also note that crowns with slight wear but neither a pinprick of 320 

dentin exposed nor the apex visible as a darker region under the occlusal enamel were typically 321 

between 95% and 97% complete. 322 
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 323 

{Figure 4} 324 

3.4 | Trial  325 

Nine intact and eight artificially worn crowns were independently assessed by two recorders (PM 326 

and GM).  The percentage of original crown height remaining on each cusp was calculated using 327 

our described method and adjusted for wear angles, when necessary, using Table 1. The percentage 328 

of crown remaining was then used to calculate the original height of each crown in millimeters. 329 

Resulting OCHs (mm) are compared to the heights of the digitally recreated cusps of each crown 330 

(Table 3).  331 

 332 

{Table 3} 333 

 334 

3.5 | Error assessments  335 

First, inter-observer error was assessed between the two observers (PM and GM), then 336 

comparisons were made between the digitally recreated crowns and our method using the mean 337 

values of the two observers. Composite images showing OCH estimates by the two observers 338 

together with the height of the recreated cusps are available in Supplementary Images. 339 

Technical error of measurement (TEM), mean absolute error (MAE), Student’s paired t statistic, 340 

and the adjusted coefficient of determination were calculated for both sets of comparisons (Table 341 

4). TEM and MAE were slightly lower between the two observers than between the two methods 342 

(our proposed method versus digitally recreated cusps). This suggests slightly greater error is 343 

present between the two methods than exists between the two methods. The paired t test confirms 344 

no significant differences were detected between the two sets of height measurements when either 345 
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observers or methods were compared. The adjusted coefficient of determination, which assumes a 346 

linear relationship exists between the two data sets (i.e., R2), suggests crown height estimates 347 

between the two observers vary by 5% (1 - 0.947), while the two methods vary by 8% (1 - 0.923). 348 

{Table 4} 349 

 350 

 351 

4 | DISCUSSION 352 

Here we present a novel method to estimate OCH for worn mandibular canines. This procedure is 353 

effective because it utilizes a consistent and scalable relationship between dentin morphology and 354 

crown height. This relationship means that crown height, when standardized as a percentage, can 355 

be associated with specific ratios of worn crown height and dentin thickness (Figure 5). The ratios, 356 

when Log10 transformed, were found to closely approximate a cubic regression curve such that 357 

the percentage of original crown height remaining on a worn crown could be predicted with good 358 

accuracy (R2 = 0.996).  359 

 360 

{Figure 5} 361 

 362 

 Crown height estimates obtained using our method on intact crowns did not differ significantly 363 

to estimates based on digitally recreated cusps, which is an accepted technique for estimating the 364 

full extent of cusps with minor wear (e.g., Saunders et al., 2007). Specifically, 92% of the variation 365 

in crown height estimates obtained using our method is explained by crown heights of the digitally 366 

recreated crowns. An advantage of our system is that it relies upon permits a quantitative method 367 

to estimate the extent of occlusal wear in crowns that have lost more than 80% of their original 368 

height, which can be difficult to accurately establish.  369 
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 We believe Our method will be useful for analyses that require original height of lower 370 

canines, including the correct placement of crown deciles. This means, for example, that the timing 371 

of LEH defects and perikymata counts per deciles can be established more accurately in worn 372 

crowns. In some situations, this may allow the inclusion of worn teeth that would typically be 373 

excluded from analysis, such as those with less than 80% of crown height remaining. to still be 374 

analyzed.  Furthermore, because the method offers a quantitative approach, it should help eliminate 375 

a potential source of variation between studies that estimate original crown height. A future 376 

direction is to calculate tooth specific regression formulae, so our method can be expanded to all 377 

teeth thereby permitting a quantified approach to recording dental wear. 378 

 As the mandibular canine is a sexually dimorphic tooth (Fernée, Zakrewski, and Brown, 2021; 379 

García-Campos et al., 2018; Saunders et al., 2007; Schwartz & Dean, 2005; Schwartz, Reid, and 380 

Dean, 2001), it would be useful to understand if sex might influence our regression formula.  381 

Specifically, male canines have more dentin relative to crown size than females, while females 382 

tend to have relatively more enamel (García-Campos et al., 2018; Saunders et al., 2007; Schwartz 383 

& Dean, 2005; Schwartz, et al., 2001). Although sex was not known for our sample, we did not 384 

observe variation in the ratios that would suggest a marked dimorphic response.  However, if the 385 

depth of the dentine horn beneath the cusp varied by sex, this could explain the slight variation in 386 

ratios we noted in the upper deciles. It is also possible that while dentin proportions are sexually 387 

dimorphic, dentin morphology may still scale accordingly. The crowns used to produce our 388 

regression formula varied in size from 9.66 to 12.34 mm, yet this did not influence their ratio 389 

values.  Ideally, these aspects should be tested in a dental sample of known sex. 390 

 The TEM and MAE associated with inter-observer and inter-method comparisons are within 391 

the error ranges reported for standard buccal-lingual and mesial-distal crown measurements. 392 
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Although error assessments associated with crown height measurements are not reported, Kieser 393 

et al. (1990;524) report MAE for buccolingual and mesiodistal measurements that range from 394 

0.172 to 0.740, which are higher than our inter-observer MAE (0.094), while . Our inter-method 395 

MAE (0.171) is similar to their lowest assessment. Hillson et al. (2005:421) report mean absolute 396 

differences for buccolingual and mesiodistal measurements that encompass our MAE and range 397 

from 0.038 to 0.310.  Hillson at al. (2005)  also report TEMs ranging from 0.037 to 0.566, which 398 

again encompass our TEMs for both  inter-observer (0.094) and inter-method (0.149). 399 

 When applying our the method to intact teeth, we note two points to be aware of that could 400 

influence the accuracy of estimates. Firstly, due to the nature of the regression curve, we found 401 

ratios greater than 45 only occurred in situations where the dentin apex was exposed but wear had 402 

not progressed past that point and we had in fact measured across the exposed apex. This is 403 

important to note because such a ratio will yield an incorrect cubic regression product. However, 404 

it is simply remedied by assuming 90% of OCH remains for crowns that yield a ratio greater than 405 

45. This considers that if significantly more crown height remained, the dentin apex would not be 406 

exposed, while if less remained the ratio would be lower – reflecting the loss of both dentin apex 407 

and crown height. Secondly, angled wear surfaces present a potential source of error as due to the 408 

increasing width of dentin in a cervical direction. Measurements taken from a superior aspect may 409 

tend to overestimate dentin thickness. However, we calculated adjusted OCH estimates based on 410 

the general angle of the surface wear to correct for this (see Supplementary Information). 411 

 This Our method was developed using mandibular canines from modern New Zealanders, so 412 

we cannot be certain if dentin morphology might vary in other populations. Although our sample 413 

likely includes various population ancestry groups, and we did not observe any marked variation 414 

in ratio values that would point to obvious population differences, we cannot exclude the 415 
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possibility that such differences might exist. It is possible, For example, that some of the variation 416 

in ratios noted in the first deciles could reflect population differences, but this needs to be more 417 

rigorously tested. 418 

 Our approach of using ratios of worn crown height and exposed dentin to estimate the 419 

remaining percentage of a worn crown can be applied to other teeth. This would however require 420 

a cubic regression equation developed will need to to be developed for each tooth type in addition 421 

to the lower canine. This is because variation in morphology exists even between upper and lower 422 

teeth of the same tooth type. Thus, our regression formula developed for mandibular canines is 423 

unlikely to be accurate for maxillary canines. Future work investigating the relationship between 424 

dentin thickness and crown height in other teeth (or cusps in the case of multi-cusped teeth) would 425 

allow tooth specific cubic regression curves to be established.  426 

 In summary, we present a novel quantitative method to estimate the original crown height of 427 

in worn mandibular canines. We  This is achieved by utilized a scalable characteristic of dentin 428 

morphology to determine the percentage of original crown height that remaining on a worn crown, 429 

from which original crown height was can then be calculated. The effect that angled wear slopes 430 

might have on OCH estimates were are investigated and suggested adjustments are reported in 431 

Supplementary Information. We trialed our method on both intact crowns and artificially worn 432 

images of crowns but found crown height values did not differ significantly from those obtained 433 

when cusps were digitally recreated. Error values that are within, or lower than, those reported for 434 

other dental measurements obtained using calipers. However, Our method provides a quantified 435 

approach to estimating original crown height in worn teeth that is not limited to crowns with 436 

relatively minor wear.  437 
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 624 

 625 

FIGURE 1 Mandibular canine crown in cross-section showing linear assessments of dentin 626 

thickness (white lines) and corresponding crown height at 5% increments of original 627 

crown height. Dotted line marks recreated cusp outline and black arrowhead points to 628 

dentin apex. 629 

 630 

FIGURE 2 Box-and-whisker plots for each half decile (5% increments) represent the median, 631 

25, and 75 centile values of estimated ratios along with minimum and maximum values 632 

and outliers. 633 

 634 

FIGURE 3 Cubic regression curve (Y = 41.245; β1 = 46.208, β2 = 2.792, β3 = -8.216) fit to 635 

log10 transformed ratios of worn crown height and dentin thickness (upper) and 636 

associated residual values (lower). 637 

 638 

FIGURE 4 Location of dentin apices (n = 19) within the cuspal region (85% to 100% of original 639 

crown height). 640 

 641 

FIGURE 5 Mean ratios of (worn) crown height and dentin thickness associated with specific 642 

percentages of crown height. 643 
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