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A B S T R A C T   

Traditional age estimation methods are prone to subjectivity, leading to a decrease in the reliability and 
repeatability of estimated ages in skeletal assemblages. In an attempt to reduce the level of subjectivity, this 
research applied a computational method designed to analyze surface topography, Dirichlet Normal Energy 
(DNE), to provide a mathematical assessment of age-related degeneration in the auricular surface. Reconstructed 
3D models of 153 archaeological individuals were created by laser scanning and analyzed using the R studio 
package MolaR. DNE values showed moderate correlations with age phase (Buckberry-Chamberlain and Love
joy), for the auricular surface as a whole as well as a number of topographical features (surface undulation, apical 
activity, macroporosity). Most encouragingly, this method had an extremely low levels of intra-observer error, 
which makes it repeatable and potentially more objective than traditional age estimation methods.   

Introduction 

In forensic investigations age estimation plays a crucial role in 
creating a biological profile to identify the decedent [1]. For adult in
dividuals this is often based on progressive degenerative changes that 
occur at the sternal ends of the ribs [2], the pubic symphysis [3], and the 
auricular surface of the ilium [4,5]. However, there are concerns about 
the subjectivity of these traditional methods due to their qualitative 
nature which requires visual assessment of bones, a practice which relies 
on the observers’ own experience to assess the level of degenerative 
change to a surface [6]. Studies which provide repeatability and 
reproducibility rates for these methods demonstrate that levels of intra- 
and inter-observer agreement rarely reach substantial 
(kappa=0.61-0.80) or almost perfect (0.81-1.00) levels of agreement 
[7–12], calling into question their value as age indicators when applied 
across multiple assemblages, or when the findings of different observers 
are compared. In order to reduce this subjectivity and improve levels of 
repeatability and reproducibility, researchers are making use of ad
vances in computer imaging technology to develop objective methods of 
age estimation that can be analysed using quantitative, statistical 
models [13]. One such method that has shown promise is curvature 
analysis. This measures the degree to which a surface is curved or flat 
and is used to analyse subtle anomalies in the surface texture of an object 

or region of interest (ROI) [14,15]. Previous research has suggested that 
changes in the degree of curvature may be correlated with increasing 
age-at-death in the pubic symphysis and auricular surface [15–17]. The 
present research used a method of curvature analysis called Dirichlet 
Normal Energy (DNE) to assess the surface curvature in auricular sur
faces which had been 3D reconstructed from laser scans of archaeolog
ical individuals. The aims were to; 1) identify and quantify the degree of 
expression for topographical features that are assessed during the 
application of traditional, macroscopic age estimation methods, and 2) 
test the repeatability of resultant DNE values to demonstrate their 
objectivity. 

Age estimation using the auricular surface 

While age-related changes to the auricular surface were first identi
fied by Sashin [18], it was Lovejoy et al. [5] who proposed a method 
which categorized these changes according to age-at-death. This method 
consists of eight age phases which are delineated into five-year age 
categories based on the degree of expression of eight morphological 
features; granulation, density, microporosity, macroporosity, billowing, 
striation, apical activity, and activity in the retroauricular surface [5]. 
When tested on known-age skeletal samples this method has shown 
mixed results [12,19], with the main criticisms focusing on the lack of 
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consistency between the eight features and the “optimistically narrow” ( 
[4]:232) five-year categories. To address these limitations Buckberry 
and Chamberlain [4] developed a scoring system in which five 
morphological features, (transverse organization, surface texture, apical 
activity, macroporosity and microporosity), are assessed separately and 
each given a score of 1-3 or 1-5 based on their appearance and the 
proportion to which they extend over the auricular surface. The scores of 
each feature are then summed to produce a composite score which 
corresponds to one of seven stage phases, which each provide a mean 
age-at-death, standard deviation and age range. While the 
Buckberry-Chamberlain method performs better than the Lovejoy 
method on blind tests of known-age samples [20], a certain degree of 
subjectivity remains as the initial assessment relies on visual assessment 
of morphological features [9,10,21,22]. 

To further remove this subjectivity, it has been suggested that 
mathematical and computational approaches could be used to develop 
fully quantitative and user-independent methods [16,17,22]. For 
example, Slice and Algee-Hewitt [22] used a laser scanner to create 
three-dimensional models of pubic symphyses belonging to 41 
known-age individuals from the W.M. Bass Skeletal Collection. Each 
model transformed the joint surface into a series of polygon faces, which 
allowed for the sampling of coordinates (x, y and z), at specific points. 
These were then analyzed through principal component analysis to 
identify eigenvalues that reflected measures of surface complexity. 
There was a statistically significant association between scores produced 
from the eigenvalues and known age-at-death, albeit with occasionally 
large differences between actual and estimated age [22]. However, tests 
for intra-observer variation were extremely encouraging, revealing that 
results from the repeated application of this methodology were “very 
consistent” ( [22]: 842). Biwasaka et al. [16] also utilized 3D models of 
pubic symphyses, but to test the degree to which the curvature of the 
surface changed with age in a sample of 145 individuals from Japan. 
Mean curvature was calculated for every 5mm2 of the reconstructed 
surface and used to create a topographical map for each individual. 
Results showed an association between the degree of surface curvature 
and age-at-death, which was mainly attributed to the presence of hori
zontal ridges on the symphyseal surfaces of younger individuals pro
ducing high curvature values [16]. These ridges flattened out as age 
increased, a change that was reflected in lower curvature values for 
older individuals. However, fine surface features, such as pitting and 
porosity, could not be captured on the reconstructed models, limiting its 
ability to distinguish between older age groups. Stoyanova et al. [17] 
also examined associations between surface curvature and age-at-death 
in the pubic symphysis, but instead of producing topographical surface 
maps they used thin-plate splines to measure the amount of energy 
required to bend a theoretical flat plate to match the degree of curvature 
on the surface of a 3D model. After each model was standardized for size, 
orientation and position, the methodology was able to produce esti
mates of age-at-death which were broadly correlated with known-age, 
although the predictive ability reduced with increasing age [17]. 
However, repeatability rates were encouraging, with three rounds of 
repeated measures producing age estimates that never differed by more 
than three years for each of the 12 individuals in the sample [17]. Few 
published studies to date have applied a similar methodology to the 
auricular surface; Villa et al. [15] and ̌Stepanovský et al. [23]. Villa et al. 
[15] used Gaussian curvature analysis to evaluate age-related changes in 
the degree of curvature for 98 auricular surfaces of known-age in
dividuals from the Terry collection. Results showed a moderate corre
lation with age, with younger and older adults displaying high curvature 
values, while middle adults displayed lower values. Although the au
thors show that age-related morphological changes can be analysed on 
the reconstructed auricular surface, the specific criteria and the method 
to estimate the age were not provided [15]. Štepanovský et al. [23] 
created a novel age estimation software for use with 3D reconstructed 
auricular surfaces: CoxAGE3D. The process is fully automated within 
CoxAGE3D, improving levels of objectivity. To reduce statistical bias, 

the software was developed using a dataset of European and Asian in
dividuals. However, information on repeatability and reproducibility 
was not provided in these publications [5,23]. 

Curvature analysis with dirichlet normal energy (DNE) 

While computational methods of analysis are objective and appear to 
produce repeatable values, they are limited in their ability to capture 
finer topographical details in surface texture, making it difficult to 
identify certain features that are traditionally associated with later 
stages of age-related degeneration [15,16]. However, there are other 
methods of curvature analysis available which may negate this limita
tion. In 2011 DNE was first applied in the field of dental anthropology to 
aid in studies of dietary reconstruction by making topographic maps of 
tooth crown surfaces [14]. When applied to 3D models, DNE can identify 
subtle anomalies in the surface texture of an object by quantifying the 
deviation of the surface energy from a stable minimal energy state (i.e. it 
calculates how much the surface bends) [14]. To quantify the curvature, 
triangular polygons (3D structures composed of planes) are the focus of 
this analysis, rather than the true expression of curvature demonstrated 
by a surface. To perform DNE analysis, a 3D model of the surface should 
first be saved as a .ply file, which converts the normal surface into these 
polygons [14,24]. Each polygon face (ρ) consists of two principal cur
vatures representing the largest curvature and the smallest curvature (ν 
and υ). The normal vector per vertex denotes the orthogonal vector from 
the vertex of the polygon (red arrow in Fig. 1). The normal vector is the 
average of the normal (blue line) of the adjacent polygons. When the 
normal vectors are translated to have common point, the polygon is 
formed having edge vectors (nν and nυ). The edge vectors are derivatives 
of the normal of v and u ( [14]; Winchester, 2016) (Fig. 1). 

Calculation of DNE starts by measuring the Dirichlet Energy Density 
(DED) at a polygon face (p) as demonstrated in the equation below ( 
[24]:398): 

DED(ρ) = (nν)
2
+ (nυ)

2

DNE =
∑

DED
(

ρ
)

x area
(

ρ
)

If the surface becomes planar (flat), the surface energy moves to a 
stable minimal state. Consequently, the principal curvatures are closer 
to a value of 0. Conversely, if the surface has curvature or undulation, 
the DNE value increases [14,24]. DNE has several benefits over other 
methods of curvature analysis. Firstly, DNE is independent of the 
orientation of the object during the scanning phase (to create the 3D 
model) and does not always require landmarks to be placed on the 
models in order to perform measurements [14,24]. Both of these steps 
can be time-consuming and user-dependent, increasing the potential for 
intra- and inter-observer errors [25,26]. Furthermore, DNE calculates 
the degree of curvature more sensitively than other methods of curva
ture analysis [27]. Therefore by applying DNE, experiment time can be 
reduced, a user-independent method can be developed, and sensitive 
topographical surface features can be detected, making it a potentially 
useful tool in the analysis of age-related degenerative features to the 
auricular surface. 

Materials 

Auricular surfaces of adult individuals from the Chichester collec
tion, a largely post-medieval archaeological assemblage stored at Uni
versity College London, were used for the current research. As this is an 
archaeological collection no biographic information, (including age at 
death and sex) was available for the individuals. However, as the aims of 
this research were to identify and quantify the degree of expression of 
topographical features and to test the repeatability of DNE calculations, 
this was considered an appropriate dataset. Individual auricular surfaces 
were assigned to age phases based on the macroscopic criteria outlined 
by Lovejoy et al. [5] and Buckberry and Chamberlain [4]. Each specimen 

J. Jang et al.                                                                                                                                                                                                                                     



Forensic Imaging 36 (2024) 200579

3

was scored twice on two separate occasions by JJ. Only individuals that 
had been scored as the same age phase in both assessments (n=153; 
female=69, male=84) were used for DNE analysis. Reconstructed 3D 
models were analyzed by these age phase groups in order to test for 
relationships between DNE values and the age-related degenerative 
features used by traditional age estimation methods. 

Method 

Scanning and modeling 

An EinScan-SP laser scanner (camera resolution 1.3 megapixels) was 
used to take scans of each auricular surface. Pelves were placed on the 
turntable with the auricular surface facing the scanner, and each spec
imen was scanned from a minimum of five angles to construct a clear 
image of the whole surface (including features in depressed areas). The 
separate images were aligned and merged automatically by the software 
EXScanS_v3.1.0.1 to produce a single 3D model which was saved as a . 
ply file. Each model was then edited manually to isolate the auricular 
surface and remove any non-articular regions of bone (using the outer 
margin of the auricular surface as a guide). The final auricular surface . 
ply files were not subjected to any trimming processes such as simpli
fication, smoothing or sharpening. 

Calculation of DNE values 

Each .ply file was opened in R studio and the boundary of the 
auricular surface was determined using the BoundaryDiscard code to 
delineate the ROI. DNE was then calculated using the MolaR package 
[24]. This provided output files containing information for DED, area, 
and face indexes from the original .ply file. The output files were 
exported as a CSV file using the ‘write.xlsx’ function. In the saved CSV 
file, detailed DNE was calculated by multiplying DED and area for each 
ROI. As auricular surface sizes varied throughout the dataset, the 
number of polygon faces in each .ply file also varied (i.e. larger auricular 
surfaces had a greater number of polygon faces). To perform compari
sons, this condition had to be the same and therefore the total DNE of 
each surface was divided by the number of polygon faces to provide 
standardization. 

Finding Face indexes 

To calculate DNE for each topographical feature, the ROI had to be 

determined manually. This was not possible in R studio so each .ply file 
was opened in MeshLab and the selecting tool was used to manually 
select the relevant ROI, based on visual identification. Each topo
graphical feature was identified according to the descriptions provided 
by Lovejoy et al. [5] and Buckberry and Chamberlain [4]. To be precise, 
surface undulation involved selecting areas of the auricular surface 
where striae and billows were visible. Thus, most transverse undulations 
on the surface were selected regardless of the degree. Areas displaying 
visible pores over 1mm in diameter were selected as macroporosity. 
Apical regions consisted of polygons located within 1cm to the left and 
right sides of the termination of the arcuate line. Once the ROI was 
selected the exact number of face indexes could be identified and 
cross-referenced with the CSV file to calculate their DNE values (Fig. 2). 

Analysis 

Statistical analyses were carried out in Excel. Spearman’s correlation 
was used to test for correlations between age phase and DNE values for 
the auricular surface as a whole (total DNE/total polygon face), and for 
the topographical features surface undulation, apical activity, and 
macroporosity (polygon face belonging to macroporosity DNE/total 
polygon face). Prior to these analyses independent t-tests were per
formed to test for differences in DNE values between males and females 
(p=0.32), and between the left and right auricular surfaces of each in
dividual (p=0.17). As there were no significant differences these data
sets could be combined for analysis. QQ plots and Levene’s test for 
equality of variances were applied first to ensure that these datasets 
were normally distributed and had equal variances (which was the 
case). All 153 individuals were re-scanned and re-analyzed (by JJ) ac
cording to the same methodological procedure one month after the 
original analyses took place in order to test the intra-observer error. DNE 
values from the first and second analyses were compared using the 
concordance correlation coefficient (p(c)) in Excel. 

Results 

DNE values could be calculated for each auricular surface as a whole. 
It was also possible to identify and calculate DNE values for the 
following topographical features; surface undulation, apical activity and 
macroporosity. The figures below show the median and range of vari
ation in DNE values for the total auricular surface and the individual 
topographical features, arranged by the Lovejoy et al. [5] and Buckberry 
and Chamberlain [4] age phases. 

Fig. 1. Dirichlet Normal Energy.  
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Total DNE/total polygon face 

Across the whole dataset DNE values of the auricular surface ranged 
from 0.009 to 0.039. When split by age phase the Lovejoy and 
Buckberry-Chamberlain methods showed similar parabola tendencies 
(Figs. 3 and 4) with age phase 1 producing median DNE values of 0.0189 
and 0.0182 (respectively), while age phases 2-5 produced median DNE 
values between 0.0134 and 0.0156. Median DNE values then increased 
in the later age phases (phases 6-8 in the Lovejoy method, and phases 6-7 
in the Buckberry-Chamberlain method). The highest DNE values were 
observed in the final phase for both methods. Although there was a 
considerable degree of overlap between many of the age phases, ac
cording to Spearman’s correlation there were moderate correlations 
between DNE value and age phase for both the Lovejoy method (p<0.05, 
rs=0.52) and the Buckberry-Chamberlain method (p<0.05, rs=0.54). 

Surface undulation 

There was a moderate correlation between DNE values for surface 
undulation and age phase for the Lovejoy method (Spearman’s corre
lation p<0.05, rs=-0.41), as despite a small increase in phase 7, median 
DNE values consistently decreased from 0.1824 in phase 1 to 0.0630 in 
phase 8 (Fig. 5). While indicating that surface undulation was relatively 
minor (i.e. flat) in all age phases, this does reflect age-related loss of 
billowing and transverse organization, suggesting that the surface be
comes even flatter as age phase increases. DNE values for surface un
dulation scored using the Buckberry-Chamberlain method demonstrated 
a similar tendency (Fig. 6). However, according to Spearman’s corre
lation, this did not reach statistical significance (p=0.20, >0.05). The 
component score Fig. 7 did not produce a significant correlation either 
(p=0.32, >0.05). 

Fig. 2. Workflow for DNE method.  
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Apical activity 

For both methods, median DNE values were consistently low 
(0.2342-0.3615) for age phases 1-5 (Figs. 8 and 9) and increased in later 
phases; 0.4442-0.5918 for phases 6-8 of the Lovejoy method, and 
0.4521-0.5918 for phases 6-7 of the Buckberry-Chamberlain method. 
This represents the increasing degree of curvature as the margins of the 
apex become more lipped and irregular with increasing age phase. When 
categorizing DNE by the component score from the Buckberry- 

Fig. 3. Total DNE/total polygon faces for each age phase of the Love
joy method. 

Fig. 4. Total DNE/polygon faces for each age phase of the Buckberry- 
Chamberlain method. 

Fig. 5. Surface undulation for each age phase of the Lovejoy method.  

Fig. 6. Surface undulation for each age phase of the Buckberry- 
Chamberlain method. 

Fig. 7. Surface undulation for each component score of the Buckberry- 
Chamberlain method. 

Fig. 8. Apical activity for each age phase of the Lovejoy method.  
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Chamberlain method, a positive linear tendency was shown (Fig. 10). 
According to Spearman’s correlation there were moderate correlations 
between apical activity and age phase for the Lovejoy method (p<0.05, 
rs=0.37) and the Buckberry-Chamberlain method (p<0.05, rs=0.40), 
and a weak correlation with the component score (p<0.05, rs=0.46). 

Macroporosity 

In age phases 1-4, macroporosity was not visible on the bone surfaces 
of the auricular surfaces, or the resultant 3D models, in either of the 
methods. Consequently, this topographic feature could only be analyzed 
in age phases 5-8. Positive linear tendencies were observed for both 
methods and the Buckberry-Chamberlain component scores (Figs. 11, 
12, and 13). Median values increased from 0.00031 in age phase 5 to 
0.00284 in age phase 8 (Lovejoy method) and 0.00325 in age phase 7 
(Buckberry-Chamberlain method). This represents the higher degree of 
curvature caused by large pores interrupting the integrity of the auric
ular surface. Spearman’s correlation demonstrated that macroporosity 
and age phase were strongly correlated for the Lovejoy method (p<0.05, 
rs=0.73). The Buckberry-Chamberlain method (p<0.05, rs=0.61), and 
the component score (p<0.05, rs=0.50) had moderate correlations. 

Intra-observer error 

The concordance correlation coefficients (p(c)) of total DNE/total 
polygon face, surface undulation, apical activity, and macroporosity 

were 0.91, 0.89, 0.85, and 0.97 respectively (Table 1), demonstrating 
fairly good to excellent levels of agreement. 

Discussion and Conclusion 

The following topographic features, assessed as age-related degen
erative features in the Lovejoy et al. [5] and Buckberry and Chamberlain 
[4] methods, could be identified and quantified via DNE analysis using 
3D reconstructed laser scans of auricular surfaces; surface undulation, 

Fig. 9. Apical activity for each age phase of the Buckberry-Chamberlain method.  

Fig. 10. Apical activity for each component score of the Buckberry- 
Chamberlain method. 

Fig. 11. Macroporosity for each age phase (5 to 8) of the Lovejoy method.  

Fig. 12. Macroporosity for each age phase (5 to 7) of the Buckberry- 
Chamberlain method. 
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apical activity and macroporosity. It was not possible to detect micro
porosity (another age-related feature) as the level of detail in the 3D 
reconstructions was not great enough to reproduce this fine change in 
surface texture. Similarly, the feature ‘granulation’ could not be assessed 
as this is a purely visual feature which does not affect surface curvature 
[15]. In addition to the three topographical features, it was also possible 
to calculate DNE values for the auricular surface as a whole. Considering 
all t-test results, the auricular surface had no significant sex or side 
differences in DNE. This is in accordance with results reported in pre
vious studies [4,5,19]. Intra-observer error tests revealed that DNE 
values were highly repeatable, with values for the total surface and all 
three topographical features showing almost perfect levels of agreement 
between the first and second analyses. This suggests that subtle anom
alies in the topography of the auricular surface can be captured and 
quantified by DNE, producing highly repeatable results when analyzed 
by the same observer. 

When DNE values were analyzed according to the Lovejoy et al. [5] 
and Buckberry and Chamberlain [4] age phases, a number of significant 
correlations were observed. In terms of surface undulation, the earliest 
phases (1-5) of the Lovejoy method produced higher DNE values than 
the later phases (6-8). This is most likely due to the distinct transverse 
organization that characterizes the more youthful auricular surface 
creating departures from a stable minimal state in the surface energy. As 
the degree of transverse organization decreases with increasing age [5], 
the auricular surface becomes relatively flatter, creating a more stable 
energy state, and the resultant DNE values also decrease. Age phases 
from the Buckberry-Chamberlain [4] method also showed this general 
trend of decreasing DNE values, but the association did not reach sta
tistical significance. 

Apical activity is absent or minimal in Lovejoy phases 1–4, and rarely 
appears in younger individuals according to the Buckberry-Chamberlain 
method [4,5]. Changes develop and become more marked (i.e. the apex 
becomes more lipped and irregular) in the later age phases. This was 
reflected in the relatively low apical DNE values for age phases 1–5, 
reflecting surface textures that were closer to a stable minimal energy 
state. DNE values then increased for age phases 6–8, capturing the 

increasing degree of curvature as the apex becomes more irregular [5]. 
Macroporosity demonstrated a similar tendency; this feature did not 
appear until age phase 5 for either method, but when it was present, 
produced values above 0.0004. Median values then increased with 
increasing age phase, reflecting the increasing curvature of the surface. 

The total DNE value/total polygon face number includes information 
about the three topographical features as it analyses the curvature of the 
auricular surface as a whole. Surface undulation appears to have the 
greatest impact on surface energy state for the earlier age phases as even 
though these auricular surfaces are relatively flat, the billowing and 
transverse organization create small departures from a stable energy 
state. The loss of billowing in age phases 2–5 means that the surface 
becomes even flatter, and is reflected by the observable decrease in DNE 
values. The development of apical activity and macroporosity after age 
phase 5 contributes to the breakdown of the surface and the texture 
becomes more curved, reflected again in the increasing DNE values for 
age phases 6–8. 

These results show that subtle changes in the texture of the auricular 
surface, including features which have been traditionally associated 
with age-at-death estimation, can be identified and quantified with DNE. 
Surface undulation, apical activity, macroporosity, and the total DNE/ 
total polygon face all produced DNE values which were broadly corre
lated with age phases from the Lovejoy and Buckberry-Chamberlain 
methods. Moreover, these values are extremely repeatable, with DNE 
values produced on two separate occasions showing almost perfect 
levels of agreement for each of the features examined. However, large 
overlaps in the range of DNE values shown by each age phase mean that 
it is currently not possible to estimate age by this measure alone. This 
was demonstrated particularly clearly in the middle age phases (2–5), 
where the limits of the equipment’s performance meant that changes in 
microporosity and surface granulation, traditional criteria for dis
tinguishing between these phases, could not be identified. 

Furthermore, although the current study produced low levels of 
intra–observer error, the method still has the potential for subjectivity, 
particularly in the calculation of DNE values for topographical features 
which require the ROI to be delineated manually by the user in Meshlab. 

Fig. 13. Macroporosity for each component score of the Buckberry-Chamberlain method.  

Table 1 
The concordance correlation coefficient (p(c)) to verify the intra-observer error.   

μx σx μy σy p p(c) Interpretation 

Total DNE 
/Total polygon face 

0.0176 0.0055 0.0171 0.0057 0.9195 0.9166 Very good 

Surface undulation 0.1437 0.0650 0.1374 0.0650 0.8978 0.8936 Fairly good 
Apical activity 0.3806 0.1911 0.3370 0.1886 0.8744 0.8505 Fairly good 
Macroporosity 11.4396 10.5311 9.9043 9.7800 0.9896 0.9758 Excellent  
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It may be possible to overcome this drawback by removing the need to 
focus on visual features altogether and focusing on mathematical fea
tures of the auricular surface instead. For example, MolaR can calculate 
the percentage of the surface that is mathematically flat (DNE=0), or 
demonstrates higher levels of curvature (DNE >= 0.6). A more fruitful 
avenue for future research may be to examine how these features 
correlate with age-at-death in known-age skeletons as a further step 
towards a completely objective and user-independent method of age 
estimation (Fig. 7). 
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