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Abstract
A subadult method of age estimation was tested using measurements of themandibular fossa. Length, width and 

depth of the mandibular fossa were measured from subadults in the known age-at-death Hamman-ToddCollection 
(59), the Esqueletos Identificados Museu Anthropologio at Coimbra University (94) and the Museu Bocage Collection, 
Lisbon (36). The data was used to create multiple regression formulae for age estimation. Tested individually the 
Hamann-Todd sample was the best predictor of age, explaining about 86.2% of the variability. The three collections 
when pooled provide a model that explains about 68% of the variability in age. The model was then tested on an 
archaeological sample of burials housed at the Museum of London (49), predicting age, explains about 81.25% of the 
variability in age. Further work including individuals of known age at death is necessary to increase the numbers in 
each age group as some ages had very small samples.
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Introduction 
Bioarchaeological and forensic fieldwork often involve the analysis 

of fragmentary, comingled, and poorly preserved human burials. 
Estimating demographic information in these situations can be 
extremely challenging. In these cases more traditional methods of aging 
juvenile remains include dental development [1], long bone lengths 
[2,3], and epiphyseal union [2-4]. While dental development, long 
bone lengths, and epiphyseal union are useful in determining age of 
subadults, if there are no teeth or complete long bones the methods do 
not apply and fusion of the epiphyses is only helpful at older subadult 
ages. Therefore, it is necessary to develop new techniques to determine 
subadult age-at-death from various skeletal elements as have been 
carried out for the occipital [5-7] and petrous process of the temporal 
[8]. Due to the density of the temporal, it is frequently recovered in both 
archaeological and forensic contexts, including in situations where 
preservation is poor. However, the temporal has received surprisingly 
little attention in terms of its value as an indicator of age-at-death. 
Weaver [9] created an age determination method for infants and 
children based on the developmental sequence of the tympanic plate 
of the temporal. Unfortunately, the development of the tympanic plate 
was shown to only differentiate fetuses from newborns and infants 
and was not useful in determining the age in older subadults [10]. The 
goal of this research was to create a new method for estimating age-at-
death for subadult skeletal remains using three measurements of the 
mandibular fossa on the temporal bone.

Materials and Methods
Following repeated observations of isolated temporal bones in the 

field, the hypothesis was developed that size change to the mandibular 
fossa occurs over the course of growth and development and may be 
associated with an increase in age. To test the hypothesis, a series of 
measurements were collected from the mandibular fossa on a sample 
of 59 subadults of known age-at-death from the Hamann-Todd (HTC) 
skeletal collection. The age of individuals in the sample range from 
neonatal to 18 years, with an average age at death of 10.186 years. Two 
additional known age at death series were also measured: Esqueletos 
Identificados (EI) housed at the Museu Anthropologio at Coimbra 
University (N=94) and the Museu Bocage (MB) collection in Lisbon 
(N=36). Average age for the EI was 12.55 and the age range 6 to 18 

years of age, while average age for the MB was 4.66 and the age range 
fetal to 14 years of age.

The utility of this model was then independently tested on a blind 
sample by two trained undergraduate students with limited osteological 
experience on an archaeological population from the Museum of 
London’s (MoL) Centre for Human Bioarchaeology. This sample was 
composed of 49 individuals from post-medieval period cemeteries. 
The MoL sample was comprised of individuals from St. Brides Lower, 
St. Benet Sherehog, St. Thomas Hospital, Chelsea Old Church, and 
Broadgate Cemeteries. Individuals from the MoL collection range 
in age from fetal to 15 years of age, with an average age of 5.78. Age 
comparison data for the MoL collection are based on dental eruption 
after Gustafson and Koch [1].

Three measurements were taken on the mandibular fossa of the left 
and right temporal bone. All measurements were taken to the nearest 
hundredth of a millimeter (Mitutoyo digital calipers, 965 Corporate 
Boulevard Aurora, Illinois 60502). The first measurement taken was the 
depth of the mandibular fossa, which is taken by resting the distal end of 
the calipers on the articular eminence and sliding the depth probe out 
until it touches the dome of the glenoid fossa. The second measurement 
taken was the length of the mandibular fossa, which is defined as the 
distance between the medial margin of the post-glenoid process and 
the medial margin of the anterior eminence, where the articular meets 
the non-articular surface (Figure 1). The final measurement collected 
was the width of the mandibular fossa, which is defined as the distance 
from the medial point (projection) of the petrotympanic fissure to the 
medial border of the glenoid fossa (Figure 1). To assess the value of 
these mandibular fossa measurements as predictors of age, analysis of 
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variance regression analyses were performed (ANOVA). Regression 
formulae were created to access the usefulness of the measurements in 
age assessment. Backward elimination was then carried out to find the 
measurements that were most predictive of age (Table 1).

Finding a difference in the length and width of the right versus the 
left side was not unexpected when Cohlmia et al.’s [11] findings are 
considered, that the mean size of the mandibular fossa joint space is 
consistently smaller on the left side. Therefore side specific equations 
were developed. Intra-observer error was calculated for GDM on 
20 individuals from the HTC, measured two weeks apart. ICC3(1) 
was performed using SPSS version 24. Inter-observer error was also 
calculated based on two undergraduate student’s measurements taken 
at the MoL. Both students were anthropology minors, neither having 
completed an osteology course, but being trained prior to research on 
the measurement methods described here. Once again, ICC3(1) was 
computed using SPSS version 24.

Results
For intra-observer error single measures, length had the lowest 

ICC estimates between the right and left sides ranging from 0.803 to 
0.823, respectively (Table 2). The highest ICC estimates were found for 
width of the right 0.961 and left 0.934 sides. Inter-observer error single 
measures displayed the lowest ICC estimates for Chelsea Old Church 
between the left length and width ranging from 0.666-0.688 (Table 3). 
The highest interobserver ICC estimates for single measures was found 
for St. Thomas Hospital was left length and width, both at 1. If all six 
measurements are known, variability in age can be approximated by 
an R-square of 0.862, when only the HTC sample is used (Table 4). For 
the right side only, predicted variability for age presented an R-square 
of 0.857 with all three measurements and 0.851 when using width and 
length. For the left side all three measurements predicted variability of 
age at an R-square of 0.835 with all three measurements at 0.832 when 
using width and length.

When applied to the mandibular fossa of the MB sample only, if 
all six measurements are present, variability in age can be explained 
based on an R-square of 0.757 (Table 4). For the right side if all three 
measurements are present variability in age can be estimated based on 
an R-square of 0.681 and 0.68 when using width and depth. On the 
left side for all three measurements in MB the R-square for predicted 
variability for age accuracy was 0.703 and 0.693 when using width and 
depth. If the three measurements are known for the left and right sides 
together, age predicted variability for the EI sample has an R-square of 
only 0.373 (Table 4). When only the right three measurements were 
present there was an R-square for predicated age variability of 0.356 
and 0.355 when using width and depth. For the left side, using all three 

measurements the model produced an R-square for predicted age 
variability of 0.826 and 0.821 when using width and length.

The three populations were then pooled. If all 6 measurements 
were available, an R-square of 0.678 explains the variability in age 
for the pooled sample (Table 4). For all three measurements on the 
right side only, R-square for age predicted variability was 0.66. For 
the left side only, age predicted variability presented an R-square of 
0.446 with all three measurements, and 0.446 when using depth and 
length. Right width and left width together, display an R-square of 

 

Figure 1: Measurements of the Mandibular Fossa. The left side shows measurement of the width, in the center depth, and on the right length.

Age EI1 (n=94) HTC2 (n=59) MB3 (n=36) MoL4 (n=50)
  Percent Percent Percent Percent

Under 1 0 8.5 16.7 14
1 0 10.2 27.8 0
2 0 0 8.3 0
3 0 3.4 2.8 36
4 0 5.1 5.6 0
5 0 3.4 5.6 0
6 1.1 5.1 2.8 0
7 4.3 0 2.8 0
8 7.4 6.8 0 8
9 2.1 0 2.8 18

10 3.2 6.8 8.3 0
11 5.3 3.4 8.3 0
12 7.4 5.1 2.8 0
13 6.4 1.7 0 0
14 5.3 3.4 5.6 0
15 14.9 3.4 0 24
16 9.6 6.8 0 0
17 13.8 6.8 0 0

1Esqueletos Identificades  Lisbon; 2Hamann-Todd Collection Cleveland; 3Museum 
Bocage Coimbra; 4Museum of London, London.
Table 1: Percentage of Individuals by Age in Each Sample Collection. (Pooled 
HTC, MB and EI represent 189 individuals).

Measure ICC Estimate ICC 95% Confidence Interval
    Lower End Upper End

Width –LT 0.934 0.819 0.975
Width –RT 0.961 0.764 0.988
Depth-LT 0.869 0.702 0.945
Depth-RT 0.861 0.685 0.942
Length-LT 0.823 0.611 0.925
Length-RT 0.803 0.569 0.917

Table 2: Intra-Observer Error for Width, Depth, Length, and Sides Based on 
Measurements Taken by the First Author on the Hamman-Todd Collection (n=20). 
(Based on absolute agreement of measures).
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0.452 of variability in age, right width alone explains about 0.45 of the 
variability in age. On the other hand, right depth and left depth show an 
R-square of 0.544 of the variability in age. Right length and left length 
together demonstrate an R-square of 0.208 of the variability in age, 
with left length alone exhibiting and R-square of 0.206. Application of 
the age estimation equation to the left and right mandibular fossa of 
archaeological specimens from the MoL sample resulted in no correct 
age assignment for the one individual in the infant category, 7/7 (100%) 
correct age assignment for the 1-5 age group, 5/13 (38.46%) for the 
6-11 age group, and 7/11 (63.63%) for the 12-17 age group (Table 5).

Discussion and Conclusion
The undergraduate students had a broader range of accuracy in 

their measurements than the first author, but higher overall accuracy 
across MOL cemeteries (Tables 2 and 3). Results for interobserver 
error of measurements ranged between .107 and 1. For both intra- 
and interobserver error values of .9 or higher are considered excellent, 
while outcomes over 5 are considered moderate agreement [12]. 
Measurements by the undergraduate students on COC have the lowest 
ICC estimates, it is surmised this was due to data entry error. Except 

Cemetery SBL1 SBS2 STH3 COC4 BG5

ICC 95% 
Confidence

ICC Lower Upper ICC Lower Upper ICC Lower Upper ICC Lower Upper ICC Lower Upper

Measure
Interval  Estimate Bound Bound Estimate Bound Bound Estimate Bound Lower Estimate Bound Lower Estimate Bound Bound
Width-LT 0.928 0.85 0.967 0.992 0.976 0.998 1 1 1 0.67 0.11 0.905 0.993 0.97 0.998
Width-RT 0.923 0.84 0.965 0.986 0.958 0.996 1 0.98 0.999 0.98 0.92 0.995 0.992 0.97 0.998
Depth-LT 0.953 0.9 0.979 0.985 0.955 0.995 0.99 0.96 0.999 0.79 0.36 0.944 0.958 0.86 0.989
Depth-RT 0.966 0.93 0.985 0.971 0.913 0.991 0.97 0.87 0.994 0.83 0.45 0.954 0.913 0.71 0.976
Length-LT 0.913 0.86 0.96 0.971 0.992 0.999 1 1 1 0.68 0.14 0.91 0.999 1 1
Length-RT 0.908 0.81 0.958 0.994 0.981 0.998 1 1 1 0.99 0.96 0.979 0.999 1 1

1St. Brides Lower; 2St. Benet Sherehog; 3St. Thomas Hospital; 4Chelsea Old Church; 5Broadgate
Table 3: Inter-Observer Error for Width, Depth, Length, and Sides for 2 Undergraduate Students, based on 5 Cemeteries at MoL. (ICC 95% Confidence Interval based on 
a consistency definition).

Population Equation SE R-square
HTC, all measures Age=20.68+0.187 (LMFW)+0.999 (RMFW)+-0.240 (RMFD)+0.353 (LMFD)+0.223 (RMFL)+0.379 

(LMFL)
2.28 0.862

HTC, all right measures Age=-20.28754+1.26699 (RMFW)+0.04221 (RMFD)+0.49886 (RMFL) 2.14 0.85
HTC, RMFW and RMFL Age=-20.45331+1.28964 (RMFW)+0.50055 (RMFL) 1.94 0.85
HTC, all left measures Age=-20.31204+1.00928 (LMFW)+0.25791 (LMFD)+0.72931 (LMFL) 2.32 0.835
HTC, LMFW and LMFL Age=-21.55473+1.13144 (LMFW)+0.77699 (LMFL) 2.05 0.831
MB, all measures Age=-21.184+0.666 (LMFW)+0.477 (RMFW)+-0.989 (RMFD)+0.567 (LMFD)+-0.153 (RMFL)+0.226 

(LMFL)
3.7 0.757

MB, all right measures Age=-15.76378+0.86877 (RMFW)+1.69671 (RMFD)+-0.04746 (RMFL) 3.52 0.681
MB, RMFW and RMFD Age=-16.47081+0.86624 (RMFW)+1.67852 (RMFD) 2.63 0.68
MB, all left measures Age=-20.26006+1.20114 (LMFW)+1.04350 (LMFD)+0.19084 3.29 0.07
MB, LMFW and LMFD Age=-18.05280+1.25767 (LMFW)+1.08799 (LMFD) 2.89 0.693
EI, all measures Age=-8.089+0.0006 (LMFW)+0.824 (RMFW)+-0.557 (RMFD)+0.056 (LMFD)+0.114 (RMFL)+-0.049 

(LMFL)
0.37 0.377

EI, all right measures Age=-7.30180+0.82964 (RMFW)+0.57327 (RMFD)+0.04482 3.56 0.356
EI, RMFW and RMFD Age=-6.56707+0.83465 (RMFW)+0.56967 (RMFD) 2.8 0.356
EI, all left measures Age=7.28939+0.00042280 (LMFW)+0.47231 (LMFD)+0.13549 (LMFL) 2.89 0.082
EI, LMFD and LMFL Age=7.27993+0.47417 (LMFD)+0.13593 (LMFL) 2.88 0.082
Collections Pooled, all 
measures

Age=-15.5+0.0005(LMFW)+0.846(RMFW)+0.579 (RMFD)+0.353 (LMFD)+0.138 (RMFL)+0.163 
(LMFL)

1.67 0.678

Collections Pooled, all right 
measures

Age=-14.95720+0.88271 (RMFW)+0.95872 (RMFD)+0.20994 (RMFL) 1.66 0.66

Collections Pooled, all left 
measures

Age=-2.94190+0.00053001 (LMFW)+1.20427 (LMFD)+0.32832 (LMFL) 1.43 0.446

Collections Pooled, RMFW 
and LMFW

Age=-9.50017+1.22767 (RMFW)+0.00211 (LMFW) 1.64 0.452

Collections Pooled, RMFD 
and LMFD

Age=-2.49023+1.18616 (RMFD)+0.62201 (LMFD) 0.94 0.543

Collections Pooled, RMFL 
and LMFL

Age=-0.13488+0.14881 (RMFL)+0.60401 (LMFL) 1.75 0.208

Collections Pooled, RMFW Age=-9.44802+1.22781 (RMFW) 1.63 0.45
Collections Pooled, LMFL Age=0.32152+0.72510 (LMFL) 1.66 0.206

Table 4: Age Estimation Equations Using Width, Depth, Length and Side, Standard Error, and R-Square Values by Individual Sample and Pooled (SAS 9.4).
(Backwards stepwise elimination was carried out to arrive at the best variables to predict age; providing equations with the fewest measurements possible to arrive at 
predicted age by variable and sample.)
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for the low COC values interobserver error was excellent to the high 
end of moderate. Width displayed the highest ICC estimates between 
0.934-0.961 for the first author, followed by ICC estimates for depth 
and length with values at the higher end of moderate agreement (Table 
2). Based on this data it is suggested that the measurements are easy 
to learn, as undertaken by the 2 undergraduate students with minimal 
osteological knowledge, viewed together 25 of 30 ICC estimates for the 
measurements scored over 0.9. Two of the six measurements taken by 
the first author predicted an ICC estimate over .9 with the remaining 4 
measurements over .8 suggesting good to excellent precision. Overall, 
the right side appears to have slightly better accuracy than the left based 
on the age prediction equations R-square (Table 4), possibly due to the 
smaller size of the left fossa as suggested by Cohlmia et al. [11]. The 
HTC had the highest R-square of 0.862, followed by MB with 0.757, 
pooled at 0.678, and the EI at 0.377 when all measurements were 
included. Bivariate correlations were undertaken to observe if the 
structure of the HTC, MB, and EI collections affected the outcomes. It 
was found that there was no significant difference regarding the models 
ability to predict age based on the age structure of the three collections. 
All three collections are considered to be made up of individuals of low 
socio-economic standing, it may be possible that the lower the socio-
economic status, the greater the impairment in the “normal” process 
of growth and development. Historic records from the regions making 
up the collections may possibly offer information to substantiate such 
a claim.

Standard error had a relatively high top value for estimating age 
in children ranging from 0.37 for EI to 3.7 for MB when using all 
measurements. For the HTC the standard error ranges from 1.94 to 
2.32 offering a maximum potential age range of 4.64 years. While this 
is not ideal for aging children like observation of the dentition, a 4 
year range may be acceptable if dentition was not present for aging. 
The current research shows HTC offers the best case scenario in 
terms of a higher R-square and lower standard error in explaining the 
relationship between growth and size of the mandibular fossa. MoL is 
an archaeological sample and thus age at death has been estimated using 
standard methods in osteology, when possible multiple methods were 
combined to establish age. In a number of cases individuals predicted 
age fell just 1 year above or below the age assigned through standard 
methods. Overall the ability to predict age for MoL was 59.37, however 
the 100% prediction rate in the 1-5 category shows promise (Table 5).

The current research builds on the work of Weaver [9] and Curran 
and Weaver [10] by testing a new method for age estimation of the 
temporal bone of subadults. The results of the present study suggest 
that size of the mandibular fossa of the temporal does not have a strong 
correlation with age across populations. However, the ability of the 

model to accurately predict age with an R-square of 0.862 for the HTC 
individuals demonstrates the potential utility of the method in both 
forensic and bioarchaeological applications. In fact accuracy for HTC 
meets recommendations for application in forensic contexts [13,14]. 
Aging methods used for adults such as suture closure, morphological 
change to the pubic symphysis, rib ends, and auricular surface have 
age ranges that are much wider, up to 40 years [15,16], essentially 
allowing the individual age estimate to be “adult.” These adult aging 
methods continue to be employed when dealing with archaeological 
and forensic methods, either with other methods or alone depending 
on the state of the remains being observed. Currently, the metric 
mandibular fossa method for aging could be used in conjunction with 
other aging methods to increase overall accuracy. Further research is 
required to use only the metric method for the mandibular fossa to 
estimate age. The number of individuals in age categories where few 
individuals were represented needs to be increased by observation of 
additional collections along with a better understanding of the regional 
historic socio-economic status of the collections.
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