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ABSTRACT: This study provides an update on a quantitative method for immature age 

estimation based on postnatal deciduous mandibular tooth length. Two known sex and age 

skeletal collections from Western Europe were sampled (n=97). Linear regression models for age 

estimated were calculated for each individual tooth, each sex, and sex combined sample using 

classical calibration. Prediction errors, residuals, and percentage of individuals whose real age 

fell within the 95% prediction interval were calculated.  The teeth which develop earlier in life, 

the incisors and the first molar, showed the greatest precision, while the canine showed the least.  

This method has greater applicability to archaeological skeletons or to children in developing 

countries than for use in North American or European forensic contexts. The method can be 

applied to incomplete or poorly preserved remains of unknown sex, particularly when dental 

radiographs are not an option or when teeth have been removed from the alveolus or crypt. 

 

KEY WORDS: Forensic science, forensic anthropology, forensic odontology, age determination 

by teeth, metric method, juvenile remains 
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In forensic anthropological investigations age estimation is used to re-create the individual 

within found human remains and to aid in other areas of human identification. Both qualitative 

(non-metric) and quantitative (metric) methods have been used to estimate age in juvenile 

individuals, but due to their potential to increase accuracy and reduce error, metric techniques are 

becoming more popular (1-5). Most of these quantitative techniques rely on growth trajectories 

of crown and/or root dimensions of the deciduous and permanent dentitions.  

Interest in the growth trajectories of teeth has been around since Stack (6) produced several 

regression equations for the estimation of age from deciduous tooth weight. Stack (7) also 

examined linear deciduous incisor growth of weight during gestational periods. Other initial 

attempts at measuring deciduous tooth growth include works by Deutsch and colleagues (8-10). 

Studies by Deutsch and colleagues were the first attempts to examine growth trajectories of 

deciduous teeth in utero, and, as a bi-product, produced several regression formulae for 

estimating age using tooth length and tooth weight. However, generating equations for 

estimating age were not the primary goal of Stack (6,7) and Deutsch and colleagues (8-10). They 

were more interested in describing growth trajectories and regressed age on long bone length, 

and their work was also restricted mostly to fetal growth trajectories. More recently, Liversidge 

and colleagues (11) expanded on previous work by explicitly creating formulae that were meant 

to estimate age from deciduous tooth length for individuals in the post natal period. The authors 

devised a simple method, whereby multiple teeth could be used to estimate age, but only one 

measure of tooth length was required. Unfortunately, Liversidge and colleagues did not provide 

the means to calculate a 95% prediction interval for age. 

Since Liversidge and colleague’s work (11), other similar age estimation formulae based on 

deciduous tooth size have been proposed (4, 5), including examinations of deciduous tooth 
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growth in utero for fetal age estimation with the aid of computer tomography (CT) scans (12) 

and autopsy cases (13). In the case of Irurita and colleagues’ work (4), new age estimation 

equations for fetal and infant individuals of Western European origin of either sex, or unknown 

sex, were generated based on maximum deciduous tooth length. Most recently, Viciano and 

colleagues (5) created equations to estimate age in individuals from 2 days to 1,081 days 

(roughly 39 months) based on multiple measurements of the anterior deciduous teeth, using the 

same collection as Irurita and colleagues (4). Similar methods based on tooth growth trajectories 

established from the permanent crown/root dimensions, include those proposed by Liversidge 

and Molleson (14), Mornstӓd et al. (15), Carels (16), and Cameriere et al. (3).  

Each method for estimating age from deciduous tooth dimensions has its strengths, but there 

are some limitations to consider when examining each of them. The earliest studies used weights 

to estimate age, a technique which has since been disregarded (6- 9), and were sometimes 

unclear on how age in the reference sample was determined (6). Another issue is the use of 

tabulations of size vs age, rather than statistical modelling using, for example, regression (5-7). 

There are limitations with the modern studies that are explicitly done to estimate age, as well. 

Many studies utilize relatively small samples when creating age estimation formulae (4, 12, 13), 

and use samples comprised of narrow or disproportionate age ranges (for example only fetal, or 

up to 1 years of age) (4, 5). All the studies which create age estimation formulae from deciduous 

tooth measurements lack error estimates to calculate prediction intervals (3- 8, 12, 13). The main 

limitation of the regression formulae generated recently for age estimate is that they rely on 

biased regression models based on inverse calibration (4, 5, 11, 13).  

This research expands on the study done by Liversidge and colleagues (11), by doubling 

the sample size, and modeling the relationship between tooth length and age using simple linear 
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regression and classical calibration for age estimation. Methods for calculating prediction 

intervals for age prediction are also included. A sample of teeth from Western European 

identified skeletal collections was selected to develop formulae for age estimation from each 

tooth, for each sex, and for the sexes combined based on a single measurement of tooth length. 

Non-sex-specific formulae are included to reflect the reality of estimating age from immature 

remains, which show little to no sexual dimorphism. These formulae include the entire postnatal 

age range of formation of all deciduous teeth – from birth to roughly 4 years of age. 

 

Materials and Methods  

 Data used for this study were pooled from juvenile remains in two European known sex 

and age collections from which developing deciduous teeth could be measured. The Lisbon 

collection is comprised of the skeletons of over 1,800 Portuguese nationals living in the Lisbon 

area between 1805 and 1975, and is curated at the National Museum of Natural History and 

Science, in Lisbon, Portugal (18). The Spitalfields collection is curated in the Natural History 

Museum in London, UK, and includes 237 Londoners living between 1729 and 1859 (11). In 

total, the study sample includes 97 juvenile individuals of known age and sex (37 females and 60 

males), ranging from birth to just under 4 years at death, who lived between approximately 250 

to 50 years ago in Western Europe. The sample composition by age, sex and provenience can be 

found in Table 1. A total of 150 isolated deciduous teeth were included in this study. 

 Developing deciduous tooth length was measured with a sliding caliper directly from the 

left mandibular teeth, substituting the right tooth in cases of damage or loss. This measurement 

was made parallel to the long axis, and the length was defined as the distance from the mid-

incisal edge, cusp tip, or mesiobuccal cusp tip to the inferior anterior edge of the developing cusp 
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or root, recording the maximum length of each tooth (11, 14). These measurements were taken 

by HL for the Spitalfields individuals and by HC for the Lisbon individuals. For unerupted teeth, 

or teeth that could not be dissected from the mandible, measurements were taken using 

undistorted peri-apical radiographs. An intra-oral and a portable x-ray machine were used to 

obtain the radiographs from the Spitalfields and the Lisbon individuals, respectively. The 

precision of radiographic measurements was assessed by comparing radiographic length and 

actual length of isolated teeth (14, 19). Special care was given to root absorption or completed 

apex closure, in which case teeth were not measured. 

Although no inter-observer or intra-observer error were calculated for deciduous teeth 

during this study, error calculations were made on identical permanent tooth measurements in 

Cardoso et al. (17). These error calculations provide a good estimate as to the error in the 

deciduous teeth, due to using the same measurement criteria and observers in both the deciduous 

and permanent dentitions(see 17).  

The Lisbon and London samples were then compared using a two-way ANCOVA test to 

assess differences in tooth length between the English and Portuguese collections and the sexes. 

An interaction variable was also tested to determine if differences occurred among one sex group 

from one sample. Before performing the ANCOVA calculations, the data was tested for 

homogeneity of the variances using Levene’s test for equality of the slopes by including an 

interaction term of the covariate with sex and sample. SPSS v. 21 was used to complete the 

statistical analyses.  

Next, age estimation formulae were calculated for each tooth, for the total combined 

sample, and then separately for each sex, using least square regression and classical calibration. 

Classical calibration was used because tooth length is dependent on age and not the reverse. 
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Traditionally, age estimation is carried out by using inverse calibration where that relationship is 

reversed and age is modelled as dependent on tooth length. However, least squares regression 

assumes that the independent variable is observed reliably, while random error occurs with the 

dependent variable. Modeling tooth length, which carries inherent error, as the independent 

variable violates this basic assumption that underlies least squares regression. This results in a 

systematic bias in inverse calibration which is proportional to R2 (20). Classical calibration, 

which models age as the independent variable, produces a formula for tooth length in terms of 

age, which must then be rearranged so that it can easily be solved for age. In classical calibration 

the calculation of the standard error for individual point prediction in the regression is not 

straightforward and thus prediction error for each individual was obtained according to Lucy 

(21). These individual standard errors were averaged – mean standard error (MSE) – for each 

formula. The MSEs can then be used to calculate 95% prediction intervals for future 

observations of tooth length. Contrary to confidence intervals, these prediction intervals are 

estimated from the individual point values rather than from the sample mean (22). The reliability 

of the prediction interval is dependent on an even variance of errors across the age range of the 

regression, referred to as homoscedasticity. Heteroscedasticity was assessed visually by plotting 

the standardized residuals against the standardized predicted residuals.  

For each formula, the sample size (N), mean tooth length, standard deviation (SD), 

coefficient of determination (R2), mean standard error (MSE), and interval (Min. – Max.) are 

included. This interval (expressed in mm) provides the tooth lengths from which age can be 

estimated for each formula, and they are only to be used if the tooth root apex is not fully closed. 

The residuals were calculated for each formula and then their raw and absolute values averaged 

to obtain the mean of raw residuals (MR) and mean of absolute residuals (MAR). These values 
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give an estimate of accuracy and precision of the formulae, respectively. The mean residuals 

(MR) were compared to zero using a one-sample t-test. The percentage of individuals whose real 

age fell within the 95% prediction interval of the point estimate was also calculated (% Range). 

This provides a measure of the reliability of the prediction intervals calculated using the MSE.  

 

Results 

Levene’s tests of equality results show that within the sample groups homogeneity of 

variance was observed to be unequal across samples for the second molar (p=0.021), the canine 

(p=0.030), and the lateral incisor (p=0.004). The first molar and the central incisor demonstrated 

homogeneity of variance between sample groups. Across sexes homogeneity of variance was 

observed. Visually, individuals clustered close to the estimate age with some small amounts of 

variation occurring in the middle age range, but with little overall variation and no 

heteroscedasticity. Figure 1 and 2 illustrate the classical calibration models where the length of 

the central incisor (i1) and first molar (m1) is regressed on age and a regression line is adjusted 

to the cloud of points.  

Several two-way ANCOVA tests were conducted to assess differences in tooth length 

between the English and Portuguese collections and the sexes (Table 2). All teeth besides the 

second molar demonstrated no significant differences in tooth length (p>0.05) between samples, 

sexes, and for the interaction between sample and sex (sexes within samples). The tooth 

measurements taken of the second molar were significantly different between the samples 

(F=8.027, p=0.006), but not between the sexes (F=0.263, p=0.609) neither showed any 

significant interaction (F=0.446, p=0.506). The Lisbon sample showed statistically longer second 

molars when compared to the London sample.  
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 Age estimation formulae were derived from linear regression analyses of tooth length 

(dependent variable) and known age (independent variable). The classical calibration models are 

summarized in Table 3. The regression formulae were calculated for the sexes separately, and for 

the combined sample. The central and lateral incisors had the lowest MSE, with the central 

incisor demonstrating consistently the lowest overall MSE (0.18 years for females and 0.19 years 

for males), and the lateral incisor demonstrating more variation across subsamples (0.21 years 

for females, 0.20 for males, and 0.21 combined). The canine demonstrated the highest overall 

MSE (0.35 years for males), but had lower MSEs for the female (0.25 years) and combined (0.29 

years) samples. 

The mean residuals (MR) for all teeth ranged between 0.00 and 0.01 (Table 4). There was 

little variation of MR across the males, females and combined sexes group. All teeth had mean 

residuals of 0.00, except for the second molar (MR = 0.01). Non-zero mean residuals resulted 

from minor variations in the rounding of regression coefficients. The fact that MR values are 

indistinguishable from zero indicates no bias in estimating age. The central and lateral incisors 

had the lowest mean absolute residual (MAR), with the central incisor demonstrating the lowest 

overall MAR (0.13 years for females, 0.15 for males, and 0.14 combined) and the lateral incisor 

demonstrating the least variation across sub samples (females, males and combined MAR were 

all 0.16 years). The first molar also had low MARs but there was a larger degree of variation 

across the sub-groups (0.15 years for females and 0.23 years for males). The canine 

demonstrated the highest overall MAR (0.28 years in males), but had lower MARs in the female 

(0.18 years) and combined (0.23 years) samples. The MAR values observed are generally in 

agreement with the MSE values from the regressions. The percentage of individuals whose real 

age fell within the 95% prediction interval of the point estimate varied between 94.64% and 
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97.50% for the combined sex sample, between 91.67% and 100% for females and between 

95.56% and 100% for males.  

 

Discussion  

This study provides an update and expansion on the regression formula for age estimation 

from deciduous tooth length given by Liversidge and colleagues (11). The Lisbon collection 

added 44 new individuals to the existing Spitalfields sample, which numbered 76. This research 

also expands on the work done by Cardoso et al. (17) on the developing regression formulae for 

the permanent teeth from the Lisbon and Spitalfields collections. Compared to Cardoso et al. 

(17) the current study deals with a narrower range of ages and demonstrates a more linear 

relationship between than age and deciduous tooth length, than the one reported in the previous 

study for permanent tooth length. Both these factors facilitate the use of linear regression models 

in developing age estimation formulae from deciduous tooth length. Particularly because this 

sample does not demonstrate an increased variation in tooth length with age, as seen in Cardoso 

et al. (17) for the permanent dentition. 

Compared to the permanent dentition, there was little to no increased variation in tooth 

length with increased age across sexes, but there was some across samples. The central incisor, 

canine, and second molar demonstrated a slight increase in variation between samples in tooth 

length as age increased. Overall, however heteroscedasticity does not seem to be a problem 

among the sample, and the percentage in range confirms this assertion by showing that in about 

95% of the individuals their real age fell within the 95% prediction interval, for all teeth. 

Although some of these percentages in range were lower (female canine – 91.67%) or higher 

(e.g. female and male central incisor – 100%) than the theoretical expected, this variation is 
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anticipated given differences in sample size across teeth and sexes. Since the expectation of 5% 

error was met, this suggests that the MSE is a reliable measure of error for calculating prediction 

intervals, and that variance of errors across the age range is homogeneous, as per the visual 

inspection of the residual plots.  

The teeth that formed first, the central and lateral incisor and, to some extent the first molar, 

had the lowest MSE and are therefore best suited for use in estimating age of juveniles of an 

unknown sex who are under 4 years of age. The first molar produced MSEs that were only 

slightly higher than those of the incisors. The canine produced the worst MSEs for males (0.35) 

and the combined sexes (0.29) (the female sample produced a more moderate MSE [0.25]), and 

thus formula utilizing the canine are potentially less reliable for the estimation of age of a male 

or an unknown sex individual.  

For clarity of communication, an example of the use of the regression formula to derive age 

estimations is given here. The first step is to consider only teeth with the root apex not fully 

closed. Then, to estimate age for an individual of unknown sex using a developing central incisor 

of 12.30 mm in length, the sexes combined formula for the central incisor is (Length-4.84)/5.53.  

Substituting known length into the formula and solving for age gives a result of 1.35 years. To 

calculate 95% prediction interval, the MSE for the formula (in this case 0.19) is first multiplied 

by 2 (0.18 x 2 = 0.38), which is the critical value from the t distribution for n-2 degrees of 

freedom at a 95% confidence, and then added to and subtracted from the point estimate (1.35 +/- 

0.38 years). This yields a 95% prediction interval between 0.97 and 1.73 years. There are a few 

restrictions to the applicability of these formulae for estimating age in other sample populations. 

These formulae should not be applied when individuals in the sample have tooth measures that 

fall outside the maximum and minimum ranges given in Table 3. Also, these formulae are based 
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on measures taken from the mandibular teeth, and may not be accurate when applied to the 

maxillary teeth.  

 As the study samples have also been used to generate methods of age estimation from 

permanent tooth lengths (17) and measurements of the long bones and girdles (23-25), 

comparing the reliability of these methods with the formula represented in this paper can provide 

useful information about choosing the most appropriate method. The study done by Cardoso et 

al. (17) which used classically calibrated models to estimate age from permanent dentition 

produced equations for the central incisor, later incisor, canine, first premolar, second premolar, 

first molar, second molar, and third molar. Children with known ages up to 12 years old were 

included in the sample. The MSE produced were, on average, larger than those produced from 

the deciduous teeth in the current study. The range of MSE from each tooth formulae for the 

whole sample and each sub-sample were also larger than those found among the deciduous teeth 

(permanent female MSE range = 0.51 to 1.35 years, permanent male MSE range = 0.52 to 0.96 

years, permanent combined sexes MSE range = 0.54 to 0.99 years). This means that the 

deciduous formulae are more precise for estimate age in children under 4 years of age. 

Additionally, the permanent first molar (combined MSE = 0.54) and the deciduous second molar 

(combined MSE = 0.27) have overlapping growth intervals, but the deciduous second molar had 

one of the highest combined MSE among the sample, while the permanent first molar had one of 

the lowest.  When comparing the MSE size between deciduous and permanent dentition, the 

incisors and first molar had the smallest MSEs in both sets, which correspond roughly to the 

earliest forming teeth. The deciduous teeth with the worst MSEs are the canine and second 

molar, while the permanent teeth with the worst MSEs are the second premolar and the third 

molar, which correspond roughly to the latest forming teeth. This follows expectations about 
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increase of error variance with age as a known phenomenon in juvenile age estimation, as 

sources of variability increase with age (26). 

 Recent studies have also examined the use of classical calibration models on juvenile age 

estimation using long bone diaphyses (23), long bone metaphysis and epiphyses (24), and 

measurements from the shoulder and pelvic girdles (25). These studies had a larger sample 

distribution (birth up to 12 years of age) but gave the option of examining MSEs in a subsample 

of under two years old, thus providing a more appropriate comparison for the deciduous teeth. 

The MSE ranges produced by the formulae created in the current study are 0.18 to 0.25 years for 

females, 0.18 to 0.35 years for males, and 0.19 to 0.29 years for the combined sex sample. 

Cardoso et al.’s (23) formulae based on measurements of the length of the humerus, radius, ulna, 

femur, tibia, and fibular under the age of two years, generated similar MSE ranges (female MSE 

range = 0.25 to 0.29 years, male MSE range = 0.23 to 0.34 years, and combined sex MSE range 

= 0.23 to 0.29 years).  Equations derived from measurements of the length of the clavicle and 

several measures of the scapula (24) generated a slightly higher range of MSE (female MSE 

range = 0.29 to 0.36 years, male MSE range = 0.36 to 0.47 years, and combined sex MSE range 

= 0.26 to 0.29 years). In another comparison, the study that generated equations based on 

metaphyseal and epiphyseal widths provided MSEs in a similar range to the girdle equations 

(female MSE range = 0.35 to 0.60 years, male MSE range = 0.34 to 0.41 years, and combined 

sex MSE range = 0.34 to 0.46 years). Based on the previous sets of MSE ranges, it may be 

advisable to use equations derived from classical calibration regression models of tooth length 

and long bone length when attempting to estimate age for children under 2 years old. These two 

sets of equations had the lowest sets of MSEs, but teeth performed slightly better than long bone 

lengths.  
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The MSEs reported in this study provide the means to calculate a 95% prediction interval, 

and the width of the interval itself provides a measure of the precision of the age estimate: a 

narrower interval results in a more precise estimate. A quick comparison can be drawn between 

the precision in other recently proposed methods for age estimation from deciduous tooth length 

(4, 5) and the current study. In Viciano and colleagues’ (5) practical example, age is estimated 

from the length of the mandibular canine with a 95% prediction range of 0.27 years (or 99 days), 

while our 95% prediction range for the canine is 0.58 years (formulae for combined sexes). 

Irurita and colleagues (4) provide a similar example, whereby the 95% prediction range for the 

maxillary central incisor is 0.26 years, while in our study the equivalent range is 0.36 years 

(mandibular central incisor, formula for combined sexes combined). This indicates a 

significantly larger 95% prediction range, and therefore, a decreased precision in our study. 

However, it is unclear how much of this difference can be attributed to how prediction intervals 

are calculated in Viciano and colleagues’ (4) and Irurita and colleagues’ studies (5). In both 

cases, 95% prediction intervals are calculated from the 95% confidence intervals of the slope and 

intersect coefficients and are less concerned with variation about the regression line. Viciano and 

colleagues’ (5) and Irurita and colleagues’ (4) work may provide two additional drawbacks. The 

first one is that they used an inverse calibration model that results in inherent bias that may not 

be negligible, even if age and tooth length are very highly correlated (for more details about 

classical calibration see Cardoso and colleagues (17)). The other is that the age distribution in 

these two studies is greatly skewed towards the very young ages (0-0.5 years), particularly Irurita 

and colleagues’ study (4) where more than 50% of the sample lies between 0 and 0.5 years of 

age for a range of ages from fetal up to 6 years. This asymmetry is likely to misrepresent the 

growth trajectory of tooth length. For example, while Irurita and colleagues’ (4) tooth length for 
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age plots suggest an exponential relationship between these two variables, our data generated 

with a more even age distribution suggests a linear relationship.  

Tooth length growth trajectories are more likely to differ between our study and these 

recently proposed methods (4,5), because of sample size and composition issues rather than as a 

result of population differences in growth. This seems be the case for the difference detected in 

growth of the second molar between the Lisbon and London samples, as sample size drops in the 

older ages resulting in a divergence between the samples. Despite the small difference, the 

collections were combined for analysis for coherence with the other teeth. Even if this pooling of 

the samples from both sources will include more variation and result in formulae with slightly 

larger margins of predictive error, they potentially have a wider applicability. As for using these 

formulae in any population that resembles either the Portuguese or English samples, it is unclear 

if there are any significant population differences in deciduous tooth formation and the role that 

nutrition and disease have as sources of population variation. Unfortunately, there is very little if 

any information available about population differences in deciduous tooth formation timing and 

in growth rates (27). Liversidge and Molleson (28) provide one of the very few studies that 

suggest that there are no significant population differences in the timing of deciduous tooth 

maturation. Some populations have been shown to differ in deciduous tooth emergence (27), but 

these may not reflect population differences in tooth formation and have been linked to 

differences in health and nutrition (27), which has been supported by other studies (29). In 

contrast, mortality bias has been shown to have no impact on deciduous tooth emergence (30), 

but again that does not mean that tooth formation is also not affected. To the best of our 

knowledge, only Murchison and co-workers’ (31) have been able to document a decrease in 

crown-root deciduous length while running an experiment with protein-deprived infant rhesus 
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monkeys and in this case only the second molar was affected. Given that the methods devised in 

this paper were based on a sample of deceased children who lived under adverse circumstances 

and show compromised somatic growth (23), it is possible that dental development is also 

affected. On the other hand, evidence also suggests that the deciduous dentition is less affected 

by malnutrition than the permanent dentition (32-35) when contrasting the delay in deciduous 

and permanent eruption in different studies. Despite the scarcity of data, deciduous tooth 

formation has been shown to be more developmentally stable and shows less variation in 

formation rates compared to permanent tooth formation (36). 

It is possible that the age estimation methods provided here can be applicable to a number of 

populations experiencing both adverse and more favourable conditions. Since the Lisbon and 

London samples were derived from populations that were both historically stressed, it is likely 

that they exhibit similar patterns of stressed development. Consequently, it is more likely that 

these methods work best in similar, but ecologically diverse, prehistoric and historic populations 

prior to the antibiotic era, and forensic populations from developing nations. On the other hand, 

given the increased stability of deciduous tooth formation, it is also possible that these methods 

can be equally applicable to less stressed populations. The extent to which these formulae can be 

applied to various populations requires more information about the factors that impact the timing 

and rate of deciduous tooth formation and a variety of validation test studies.  

 

Conclusion  

 This study provides an update on a quantitative method for immature age estimation 

based on postnatal deciduous mandibular tooth length. This was possible by combining data 

from two identified skeletal collections from pre-modern Western Europe. Similarly to previous 
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studies using the same sample, the linear regression models provided in this study were 

calculated using classical calibration, thus providing un-biased equations with potentially more 

reliable 95% prediction intervals that are obtained from individual data. The deciduous teeth 

developing earlier in life, namely the incisors and the first molar, showed the greatest precision, 

while the canine showed the least. Due to the nature of the samples, the formulae provided here 

can be more reliably applied to archaeological skeletons or to forensic cases involving children 

in developing countries than in either North American or European forensic contexts. In 

addition, these formulae can be applied to incomplete or poorly preserved remains of unknown 

sex, particularly when dental radiographs are not an option or when teeth have been removed 

from the alveolus or crypt. 
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Tables and Table Legends 

Table 1: Sample composition by subsample, sex, and age range. 

Age 

(years) 

Lisbon 

Collection 

 Spitalfields 

Collection 

 Total   

 Female Male Female Male Female Male 

0.0-0.4 14 10 9 4 23 14 

0.5-0.9 6 12 5 11 20 23 

1.0-1.4 3 8 3 2 6 10 

1.5-1.9 6 11 2 5 8 18 

2.0-2.4 1 4 0 1 1 5 

2.5-2.9 3 12 2 5 5 6 

3.0-3.4 3 4 1 2 4 6 

3.5-3.9 1 2 1 0 2 2 

Total 37 60 23 30 60 90 
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Table 2: F and p values for the two-way ANCOVA tests for each tooth.  

Tooth Effects F P 

i1 Sample 0.028 0.867 

 Sex 0.667 0.420 

 Interaction 0.436 0.513 

i2 Sample* 2.116 0.152 

 Sex 0.683 0.412 

 Interaction* 2.699 0.107 

c Sample* 0.608 0.438 

 Sex 1.408 0.240 

 Interaction* 0.116 0.734 

m1 Sample 1.127 0.293 

 Sex 0.083 0.775 

 Interaction 0.766 0.385 

m2 Sample* 8.027 0.006 

 Sex 0.263 0.609 

 Interaction* 0.446 0.506 

*These effects were calculated with different slopes across the samples. 
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Table 3: Regression formulae for each tooth by sex and for the sexes combined. 
 i1 i2 c m1 m2 

Females 

N 
 

15 22 24 24 32 

Eq 
 
 
 

Age = 
��������.
�

�.�

 

Age = 
��������.��

�.�

 

Age = 
��������.��

�.��
 

Age = 
��������.
�

�.��
 

Age = 
��������.��

�.��
 

MSE 0.18 0.21 0.25 0.19 0.25 

R2 

0.94 0.93 0.95 0.95 0.95 

M 
8.96 8.32 8.50 7.53 7.34 

SD 
 

3.77 4.00 4.81 3.38 3.88 

MinMax 
 

3.30-14.79 2.90-14.54 1.80-18.24 3.23-12.79 2.00-14.55 

Males 

N 
 

25 34 45 41 53 

Eq 
 
 
 

Age = 
��������.��

�.��
 

Age = 
��������.
�

�.��
 

Age = 
��������.��

�.��
 

Age = 
��������.��

�.


 

Age = 
��������.��

�.��
 

MSE 
 

0.19 0.20 0.35 0.29 0.29 

R2 

 0.90 0.91 0.90 0.89 0.92 

M 
 

9.24 9.02 10.23 8.76 8.30 

SD 
 

3.26 3.90 4.21 3.33 3.42 

MinMax 
 

3.54-15.04 2.87-15.43 2.92-18.63 3.36-13.90 2.81-13.90 

Combined 

N 
 

40 56 69 65 85 

Eq 
 
 

Age = 
��������.��

�.��
 

Age = 
��������.�


�.��
 

Age = 
��������.��

�.��
 

Age = 
��������.
�

�.
�
 

Age = 
��������.��

�.��
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MSE 
 

0.19 0.21 0.29 0.25 0.27 

R2 

 0.91 0.91 0.92 0.91 0.94 

M 
 

9.13 8.75 9.63 8.31 7.94 

SD 
 

3.42 3.92 4.47 3.37 3.60 

MinMax 
 

3.30-15.04 2.87-15.43 1.80-18.63 3.23-13.90 2.00-14.55 

 
Age is in years. MSE = mean standard error (see text for more details) for the model, R2 = 

coefficient of determination from length regressed on age (length=a*age+b), M= mean tooth 

length (mm), SD = standard deviation for tooth length (mm), Min Max = range of values for 

tooth length (mm).
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Table 4: Mean residuals (MR), mean absolute residual (MAR), and percentage of individuals 

which fall within the 95% prediction interval for each formula. 

 i1 i2 c m1 m2 

Females      

N 15 22 24 24 32 

MR 0.00 0.00 0.00 0.00 0.01 

MAR 0.13 0.16 0.18 0.15 0.19 

% Range 100.00 95.45 91.67 95.83 96.88 

Males      

N 25 34 45 41 53 

MR 0.00 0.00  0.00 0.00 

MAR 0.15 0.16 0.28 0.23 0.22 

% Range 100.00 97.06 95.56 97.56 96.22 

Combined      

N 40 56 69 65 85 

MR 0.00 0.00 0.00 0.00 0.00 

MAR 0.14 0.16 0.23 0.20 0.21 

% Range 97.50 94.64 95.65 96.92 95.29 

P values for MRs tested against zero (t-test) were always greater than 0.760. 
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FIG. 1 - Plot of tooth length (in millimeters) regressed against age (in years) for the central 

incisor.  

 

FIG. 2 - Plot of tooth length (in millimeters) regressed against age (in years) for the second 

molar.  
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