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ABSTRACT 

Despite the recognized flaws in applying traditional stature estimation equations such as those 

of Trotter and Gleser (1952) to a contemporary population, there are currently no available 

alternatives for stature estimation in Australia that address these limitations. Post mortem 

computed tomography (PMCT) DICOM scans of the left and right femora were acquired from 

76 Australian deceased individuals aged 17-76 years for metric analysis. Femoral bicondylar 

length, femoral epicondylar breadth and anterior-posterior (AP) diameter, medial-lateral (ML) 

diameter, circumference and cortical area at the femoral midshaft were measured on three-

dimensional (3D) models to build statistical models for estimating stature. In addition, 

Australian individuals aged 16-63 years (n=111) were measured in standing and supine 

positions to aid in the adjustment of supine stature of deceased individuals utilized in this study 

to standing stature. The results of this preliminary evaluation strongly indicate that the optimal 

model for estimating stature includes bicondylar femoral length and epicondylar breadth, that 

the effect of sex as an independent variable is very low, and there is limited practical benefit in 

including age in the estimation of stature. Our study indicates that the Australian population 

sampled represents a small yet significant shift in stature from the original Trotter and Gleser 

sample. Additionally, in the case of fragmentary remains, it was found that epicondylar breadth 

and AP diameter had the highest probability of accurate stature estimation in the absence of 

bicondylar femoral length. As stature forms a significant component of a biological profile and 

therefore aids in the personal identification of human remains, it is important that forensic 

anthropologists utilize the most accurate methodologies available. Stature estimation of 

Australian individuals is therefore achieved with higher accuracy through utilizing the femoral 

equations proposed in this study. 

 

Keywords: femoral stature equation; population standards; PMCT; Australia; Bayes theorem. 

 

INTRODUCTION 

 Stature is an important measure of body size and is therefore a significant component 

when establishing a biological profile for the identification of human remains, particularly 

when discriminating individuals of the same sex and ancestry such as in the case of repatriation 

of service member remains. Stature can be estimated anatomically by measuring all skeletal 
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elements that contribute directly to stature [1], or mathematically by using anthropometric 

measurements of body segments [2-4] or osteometric measurements of isolated long bones. 

Regression formulae utilizing measurements of long bones have the widest practical use as 

they can be applied to cases of incomplete human remains to estimate stature with high 

accuracy owing to the correlation between stature and limb bone dimensions. The Trotter and 

Gleser stature estimation equations [5, 6] derived from an African American and European 

American population have become the most widely utilized in forensic anthropology, however 

more contemporary research has demonstrated the need for population-specific equations to 

increase the accuracy of stature estimation. As a result, a number of published studies have 

constructed population-specific stature regression equations using long bone lengths (Table 1) 

[7-25]. Although many studies introduce contemporary equations, there is a paucity of 

validation studies to justify the use of these new equations on specific populations.  

 

Authors 

Y

ea

r 

Population 
Samp

le Size 
Bones Utilized 

Jeong and Meadows Jantz  2

0

1

6 

Korean 113 Femur, tibia, humerus, radius, lumbar 

vertebral column 

Gocha, Vercellotti, 

McCormick & Van Deest  

2

0

1

3  

South-East 

Asian 

64 Femur, tibia, fibula, humerus, ulna, 

radius, vertebral column 

Giurazza et al.  2

0

1

2 

Italian 200 Femur, skull 

Mahakkanukrauh, 

Khanpetch, 

Prasitwattanseree, Vichairat 

& Troy Case 

2

0

1

1 

Thai 200 Femur, tibia, fibula, humerus, ulna, 

radius 

Ross and Manneschi 2

0

1

1 

Chilean 276 Femur, tibia, humerus 

Wilson, Herrmann & 

Meadows Jantz 

2

0

1

0 

American 242 Femur, tibia, fibula, humerus, ulna, 

radius 

Hasegawa, Uenishi, 

Fukunaga, Kimura & Osawa 

2

0

0

9 

Japanese 434 Femur, tibia, humerus 

Dayal, Steyn & Kuykendall 2

0

0

8  

South 

African 

White 

169 Femur, tibia, fibula, humerus, ulna, 

radius, lumbar vertebral column 
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Petrovečki , Mayer, Šlaus, 

Strinović & Škavić 

2

0

0

7 

Croatian 43 Femur, tibia, fibula, humerus, ulna, 

radius 

Duyar, Pelin & Zagyapan 2

0

0

6  

Turkish 242 Tibia, ulna 

Sarajlić, Cihlarž, Klonowski 

& Selak 

2

0

0

6  

Bosnian 50 Femur, tibia, fibula 

Hauser, Smoliński & Gos. 2

0

0

5 

Polish 91 Femur 

Ross and Konigsberg 2

0

0

2 

Balkan 177 Femur, tibia, humerus 

Radoinova, Tenekedjiev & 

Yordanov  

2

0

0

2 

Bulgarian 416 Tibia, fibula, humerus 

Munoz et al. 2

0

0

1 

Spanish 104 Femur, tibia, fibula, humerus, ulna, 

radius 

Mall et al. 2

0

0

1 

Middle-

European 

143 Humerus, ulna, radius 

De Mendonca  2

0

0

0 

Portuguese 200 Femur, humerus 

Kahana, Lipstein & Hiss 1

9

9

6 

Israeli 91 Femur, humerus 

Table 1: Studies that have published population-specific stature regression equations 

using long bones [7-25].  

 

 Rather than being dependent on genetic variability between ancestral groups, 

population changes in body proportions, and therefore stature, can be largely accredited to 

better living conditions, primarily improvements in nutrition, advancements in disease 

subjugation, technological developments resulting in a reduction in physical workload and a 

decrease in infant mortality and child labor [26]. Furthermore, according to Meadows Jantz 

and Jantz [27] in a study of historical skeletal collections, secular change has occurred 

allometrically in long bones in a United States population. This indicates that their proportions 

have changed across time with lower limb bones increasing in length and upper limb bones 

decreasing in length; therefore the current relationship to stature may be different from what is 

represented by older stature formulae. White males display a significantly higher rate of secular 

change than females, and lower limb bones tend to experience larger secular change than upper 
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limb bones [27]. Additionally, it has recently been shown that in contemporary Euro-

Americans, limb proportions have undergone considerable changes over the past 150 years due 

to the distinctive American environment, in particular, tibial length has been seen to increase 

while humeral length has decreased [28]. 

The femur provides the greatest contribution to living stature compared to any other 

single bone of the skeleton [10, 29], with a femur:stature ratio of approximately 26.75% [30]. 

Therefore, it is not surprising that whilst Trotter and Gleser published sex-specific stature 

regression formulae for both upper and lower limb bones [5], the femoral equation has been 

reported as the most accurate for calculating stature (eg. [10, 31])  

Post mortem correction factors are used by researchers utilizing cadavers in stature 

studies due to discrepancies between cadaver stature and living stature. The Trotter and Gleser 

[5] recommendation of adding ‘2.5cm’ to the stature estimate has been a widely utilized 

correction factor, however a recent study by Cardoso, Marinho and Albanese [32] investigated 

the relationship between cadaver and living stature, and identified an average difference of 

4.3cm, a greater difference than anticipated. The difference in statures has been ascribed to an 

expansion of intervertebral soft tissue, decrease of the spinal curvature, decompression of 

joints, and loss of muscle tonicity in cadavers [32, 33]. Similarly living stature decreases with 

age due to the degeneration of vertebral bodies and intervertebral discs [34], prompting Trotter 

and Gleser [5] to recommend age correction factors for estimation of stature of individuals over 

30 years of age, and Giles [35] and Galloway [36] to recommend sex-specific age correction 

factors for individuals over 45 years of age.  

Currently no population specific standards exist for stature estimation using long bones 

in Australian casework, instead practitioners rely on outdated American regression formulae 

to identify human remains. Therefore, it is necessary to determine whether specific 

modifications to the existing sex-specific Trotter and Gleser [5] femoral equations are required 

for a modern Australian population. To overcome limited availability of physical contemporary 

skeletal collections in Australia, the use of computed tomography (CT) and ‘virtual 

anthropology’ provides an ideal tool to advance forensic anthropology research in Australia. 

Due to recent advances in technological capabilities, the utilization of multi-slice computed 

tomography (MSCT) and post mortem computed tomography (PMCT) alongside various 

software programs have enabled virtual reconstruction of human remains, leading to novel 

research directions and field applications in forensic anthropology [9, 37-48]. Virtual 

anthropology utilizing MSCT has been demonstrated to have comparable accuracies to 

traditional osteometric methods [37, 42, 47]. 
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 This study will present an extensive examination of stature estimation using Bayesian 

models. Bayesian statistical modeling has become increasingly used in forensic 

anthropological research, with Konigsberg, Hens, Jantz and Jungers [49] being one of the first 

to discuss the topic from a stature estimation perspective. This paper will firstly determine the 

measured difference between standing stature and supine stature in living individuals, then 

utilize this stature model to estimate standing stature from the supine stature of measured 

cadavers. Using Bayesian linear regression, model parameter estimates will be proposed for 

femoral measurements obtained using computed tomography (CT) three-dimensional (3D) 

models. An examination into the usefulness of age and sex when estimating stature will be 

conducted, and the proposed model will be compared to the Trotter and Gleser [5, 6] parameters 

to examine the accuracy of stature estimation in an adult Queensland Caucasian population. 

 

MATERIALS AND METHODS 

Sample 

 The sample consisted of three-dimensional (3D) post mortem computed tomography 

(PMCT) scans of the left and right femora (scanned simultaneously) from 76 male (n=51) and 

female (n=25) individuals. Both the left and right femoral 3D models were measured, and an 

average of the two measurements was utilized for the analysis, as per the methodology 

described by Trotter and Gleser [5]. There consistently exists a significant bias towards males 

presenting as coronial deaths to Queensland Health Forensic and Scientific Services (FSS) 

Mortuary, and therefore this resulted in a bias of male samples. Additionally, there is likely a 

socioeconomic bias (low/poor status) within this population. An additional 9 individuals (n=6 

male and n=3 female) were collected to validate our contemporary stature estimation equations. 

All samples were “Caucasian” (determined by Queensland police as per ‘Coronial Form 1’), 

de-identified adults born between 1937 and 1996 (aged 17 - 76 years). Scans were collected 

from deceased individuals undergoing coronial autopsy at the FSS Forensic Pathology 

Mortuary, Brisbane in 2012-2013. Deaths reportable to the coroner occurring in the greater 

metropolitan Brisbane area undergo routine CT scanning at the FSS Mortuary as standard 

protocol. Computed tomography (CT) scans were conducted using a Toshiba® Aquilion LB™ 

16-slice CT scanner (Toshiba Medical Systems, Tochigi, Japan), using a resolution of 2mm 

slice thickness and 1.6mm slice overlap (mA varied according to Toshiba ‘Sure Exposure’), 

voxel dimensions: 0.78mm x 0.78mm x 2.0mm. An independent operator (MM) managed data 

acquisition, and isolated the region of interest (each femur separately). The field of view (FOV) 

was reduced and an appropriate bone algorithm applied for the purposes of de-identification 
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from potential skin surface markers such as scars or tattoos. Such sample preparation was 

conducted on the Toshiba workstation and subsequently transferred to a Vitrea® workstation 

(Toshiba Medical Systems, Minnetonka, Europe) and saved in a Digital Imaging and 

Communications in Medicine (DICOM) format. Biological parameters such as age, sex and 

cadaveric stature (supine position) were disclosed to the research team. Individuals exhibiting 

severe pathological abnormalities, significant trauma or prosthetic implants/orthopedic 

materials were excluded from analysis. Ethics was approved by the QHFSS Human Research 

Ethics Committee (AU/1/569D05) with Genuine Researcher Approval from the State Coroner 

and QUT Ratification (Ethics #: 1300000091).  

 A second sample required for statistical modeling of cadaver stature, consisted of 111 

male (n=34) and female (n=77) staff and students (aged 16 - 63 years) from the Queensland 

University of Technology, Brisbane Australia. The stature of this living sample was measured 

in supine and standing positions, between September and November 2013 (ethics approved by 

the QUT’s University Human Research Ethics Committee (UHREC); approval number: 

1300000131). The individuals were each measured once, and measurement times were 

conducted at various times during the day based on participant availability. Whilst diurnal 

variation has been shown to influence stature by approximately 1% [50] due to decreases in 

intervertebral disk height with prolonged weight bearing [51], measurement of stature at 

various times will not impact the results of this study as we will be comparing stature between 

the erect and supine positions of each individual measured at the same time of day, rather than 

comparing stature across individuals for this part of the study. 

 To aid in understanding the evolution of the Bayesian models and to progressively step 

through the analysis in this study, description of statistical methodology is deferred until the 

results section. 

 

Stature measurements 

Standing Stature.  

A Seca portable stadiometer was utilized for all standing measurements. The participant stands 

on a fixed base plate with shoes removed, with the vertical measuring post at the individual’s 

dorsum. As the participant looks directly ahead (orbitomeatal plane horizontal), the upper 

mobile arm of the stadiometer is lowered to the vertex of the head [32]. The measurement to 

the nearest millimeter is read off the vertical ruler and recorded by the investigator.  

 

Supine Stature. 
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A body ruler constructed using an adjusted version of a Kreg Precision Measuring 

System was utilized for all supine measurements. The body ruler requires the participant to lie 

supine on a padded flat surface, such as an elevated table, with shoes removed. With the 

individual looking directly ahead with an extended position of the neck (orbitomeatal plane 

now vertical), the body ruler is suspended above the participant with an investigator at each 

end. The fixed arm of the body ruler is placed at either the right or left calcaneum (the plantar 

aspect and the center of the heel pad), while the mobile arm is adjusted to the vertex of the 

cranium [32]. Preliminary analysis on three cadavers demonstrated no significant difference 

between stature measurements taken from the left foot compared to the right foot, suggesting 

that either calcaneum can be utilized (results not included). The measurement was conducted 

immediately after the individual lay in the supine position. The same technique was employed 

by the technicians at FSS Forensic Pathology Mortuary when measuring cadaver length in this 

study. Although direct comparisons between cadaveric stature and living supine stature is 

lacking in the literature, it is acknowledged that there may be differences, particularly due to 

the loss of muscle tonicity in the cadaver resulting in limbs falling into unnatural positions [33] 

and variance in the postmortem interval between time of death and stature measurement.   

 

Virtual Femoral measurements. 

Consistent with the methodological approach of Reynolds, MacGregor, Barry, 

Lottering, Schmutz, Wilson, Meredith and Gregory [38], Amira® (VSG, USA), was used to 

produce a 3D reconstruction from the thin-slice stacked DICOM datasets. Using threshold-

based segmentation, the tibia and patella were removed and the femur and acetabulum of the 

os coxa were isolated. The 3D surface reconstruction was imported into a CAD-based software, 

Geomagic Design X® (3D Systems Inc., USA) for linear metric examination [38].  

An array of anatomical reference planes were generated on the outer surfaces of the 3D 

model of the femur that represented the walls of an osteometric board, allowing a number of 

automated plane-to-plane measurements to be conducted. Femoral bicondylar length, 

epicondylar breadth, antero-posterior (AP) midshaft diameter and medio-lateral (ML) midshaft 

diameter were measured. Circumference at the femoral midshaft was obtained as an automatic 

software-generated measurement based on the 3D mesh curve of the periosteal bone surface, 

and cortical area at the midshaft was measured using the fill face tool. Bicondylar femoral 

length was measured as an alternative to maximum femoral length as a standardized protocol 

was able to be generated for the 3D models in CAD software [38]. The measurement of 

bicondylar length using this protocol demonstrates excellent reliability with a relative technical 
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error of measurement (%TEM) of 0.11 and intraclass correlation coefficient (ICC) of 0.999 for 

intraobserver error, and a %TEM of 0.54 and ICC of 0.996 for interobserver error [38].  

 

RESULTS 

Converting supine stature to estimated standing stature 

 The sample utilized in this study consists of cadavers measured in the supine position, 

however, the aim of this study is to estimate the standing or living stature of an individual given 

certain femoral measurements. To aid in the adjustment of measured cadaver stature in this 

study, living volunteers were measured in both supine and standing positions. The difference 

between supine and standing stature is illustrated in Figure 1, with a mean difference of 2.37cm 

and a population standard deviation of 1.53cm. 

 

Figure 1: Histogram of difference in supine and standing stature measurements of male 

and female adults (n=111). 

 

 As can be observed from Figure 1, most participants (103/111, 93%) were measured as 

being taller in the supine position compared to standing, and the overall range in difference 
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was -1.0cm to 6.4cm. The linear relationship between standing and supine statures is shown in 

Figure 2. 

 

Figure 2: Plot of measured standing stature vs supine stature of male and female adults 

(n=111) demonstrates a sexually dimorphic linear relationship. 

 

 The trend exhibited in Figure 2 indicates that a linear regression would be a suitable 

method to examine the appropriate adjustment of statures in the main study. Initially, the model 

used was to regress standing stature against supine stature, age, sex and all interactions of these 

variables. The modeling was constructed in a Bayesian framework using vague priors on the 

parameter mean and variances. Priors were constructed following the recommendations of 

Kass and Wasserman [52]. The mean for the coefficient prior distribution is set using the 

maximum likelihood estimates (mle), and the variance is set at the mle estimate multiplied by 

the sample size. Effectively this is akin to using the sample to estimate the mean but treating 

the variation as if it was estimated from a sample size of 1. The results of the analysis (Table 

2) indicate that sex and age are not significant in determining this relationship, and as such, 

may be excluded when estimating the stature adjustment. 
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Coefficient Posterior Mean (95% CI)  

Intercept -1.42 (-23.47, 20.82) 

Supine  1.00 (0.86, 1.13)* 

Age   0.44 (-0.35, 1.22) 

Male  22.53 (-27.33, 72.76) 

Supine:Age  -0.003 (-0.008, 0.002) 

Supine:Male  -0.12 (-0.40, 0.16) 

Age:Male  -0.91 (-2.74, 0.91) 

Supine:Age:Male  0.005 (-0.005, 0.016) 

Error Variance (σ2) 2.19 (1.67, 2.88) 

Table 2: Posterior parameter estimates and 95% credible intervals from linear regression 

of standing vs supine stature with sex and age as factors. Significant terms indicated with 

*, indicating non-containment of 0 in 95% credible intervals. 

 

 The model was reanalyzed using only intercept and supine measurement to estimate 

standing stature (Table 3). From the Markov Chain Monte Carlo (MCMC) output, it was 

determined that the posterior probability of the relationship between the supine and standing 

measurements (after the additive effect of the intercept, or overall mean) did not significantly 

differ between a 1:1 relationship (p=0.57), therefore, an overall stature adjustment could be 

applied to individuals without adjustments based on stature range. 

Coefficient Posterior Mean (95% CI)  

Intercept 1.47 (-3.54, 6.52) 

Supine  0.98 (0.95, 1.00)* 

Error Variance (σ2) 2.36 (1.81, 3.08) 

Table 3. Posterior parameter estimates and 95% credible intervals from linear regression 

of standing vs supine stature. Significant terms indicated with *, indicating non-containment 

of 0 in 95% credible intervals. 

 

 As the relationship with supine stature (Table 3) was not significantly different to 1:1, 

and age and sex were not a significant effect (Table 2), we were able to model the difference 
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in the two statures using a linear regression on the differences shown in Figure 1. The final 

resulting model is given in Table 4, with a mean difference of 2.37cm between positional 

statures, with a credible interval of 2.08-2.66cm.  

Coefficient Posterior Mean (95% CI)  

Intercept 2.37 (2.08, 2.66)* 

Error Variance (σ2) 2.40 (1.85, 3.14) 

Table 4. Posterior parameter estimates and 95% credible intervals from linear regression 

of the difference between standing and supine stature. Significant terms indicated with *, 

indicating non-containment of 0 in 95% credible intervals. 

 

Using standing vs supine model to estimate cadaver standing stature 

 The overall aim of the study is to estimate standing stature using various femoral 

measurements as it is standing stature (ie. height) that is referenced in missing person’s cases 

and personal identification histories; however by necessity of sampling framework, it is a 

requirement that cadavers are measured in the supine position. Rather than simply subtracting 

the mean difference (estimated at 2.37cm), the Bayesian framework can be used to draw 

simulations (y*) from the predictive posterior distribution of estimated statures for each 

individual. Using this approach, we preserve the richness of the observed variation between 

supine and standing statures and expand on the possibilities of stature.  

 The posterior predictive distribution, formally written as; 

𝑝(𝑦∗| 𝑥) = ∫ 𝑝( 𝑦∗| 𝛽, 𝜎2)𝑝( 𝛽, 𝜎2| 𝑥)𝑑𝛽𝑑𝜎2 

allows us to predict how new data (the cadavers in the main study) would behave, based on 

this linear regression. 

 To form the predictive posterior density of the unobserved standing statures (y*) based 

on the observed supine measurements (y), we draw a series of simulations (500) from the 

posterior distribution using the relationship 𝑦∗ = 𝑦 −  𝜉, where 𝜉 ~ 𝑁(𝑥𝛽, 𝜎2), β are the 

estimated coefficients of the regression model (Table 3) and x are the variables associated with 

the individual measures in the main study (in this case it is just the intercept). Supine cadaver 
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stature was reduced with a median value of 2.37cm, ranging between 2.2cm and 2.6cm, for the 

prediction of standing stature (adjusted cadaver stature). 

 

Analysis of femoral length using adjusted cadaver stature 

 The analysis of adjusted cadaver stature was conducted using data from the 3D PMCT 

scans of the femora. In the following analysis, 9 subjects were randomly excluded from the 

pool of data used to build models. These 9 subjects were used to informally examine model 

performance and validate the usefulness of the equations in the field. Our limited sample size 

required this trade-off. Initially, the data was modelled using a linear regression with terms for 

bicondylar femoral length, age and sex (plus appropriate interactions). Both standard likelihood 

and Bayesian estimation via a vague prior indicated that sex was not a significant term in the 

model, however, age and femoral length were significant. The estimated parameter means in 

the absence of sex are given in Table 5. 

Coefficient Posterior Mean (95% CI)  

Intercept 52.50 (41.44, 63.65)* 

Femoral Length  2.59 (2.35, 2.83)* 

Age   -0.051 (-0.097, -0.006)* 

Error Variance (σ2) 8.81 (6.40, 12.10) 

Table 5. Posterior parameter estimates and 95% credible intervals (CI) from linear 

regression of adjusted cadaver stature against age and bicondylar femoral length. 

Significant terms indicated by *. 

 

 Based on the literature, a sex effect was expected. To test this further, we used a 

Bayesian variable selection technique suggested by Bayarri, Berger, Forte and García-Donato 

[53] and implemented via the R library BayesVarSel. The results from this analysis indicated 

that a sex effect would be involved in the most probable model (as an interaction with age) of 

the data.  

 

Inclusion of all measurements 

 The question raised in terms of sex and its inclusion in stature estimation lead us to 

view this variable in terms of other femoral measurements. The stature data was modeled based 
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on the six measurements taken on the femur of each cadaver (averaged between left and right). 

Each of these measurements, along with sex and age were included in the model and processed 

using the Bayesian variable selection of Bayarri, Berger, Forte and García-Donato [53]. The 

results strongly indicated that an optimal model would include femoral bicondylar length, 

epicondylar breadth and age, with inclusion probabilities demonstrated in Table 6. 

 
Inclusion 

Probability 

Highest Posterior 

Probability Model 

Median  

Probability Model 

Femoral Length 1 * * 

Epicondylar Breadth  0.8553 * * 

AP Diameter 0.0856   

ML Diameter 0.1236   

Circumference 0.0839   

Cortical Area 0.0931   

Sex 0.1484   

Age 0.6689 * * 

Table 6. Inclusion probabilities for stature modeling of femoral measurements and 

population variables examined in this study. * indicates variable included in model. 

 

Upon further analysis it was noted that femoral length was always included in the 

model, so no other variable measured in this study can replace femoral length in predicting 

stature. Epicondylar breadth was also included, but with a lower probability, except in the case 

where sex is included in the model. These findings suggest that epicondylar breadth may be a 

preferred variable than sex for estimating stature, which is indicative of the sexual dimorphism 

in femoral morphology. Age was also, to a slightly lesser extent again, included in most models. 

 A pairs plot of these variables also exemplifies the distributions and relationships 

(Figure 3), which highlights the strong relationship between stature and femoral length, and a 

slightly more variable relationship between stature and epicondylar breadth, illustrated by the 

increased variance around the trend line. 

ACCEPTED M
ANUSCRIP

T



15 
 

 

Figure 3. Pairs plot of variables in final linear regression. Relationships are shown based 

on rows and columns. Diagonal boxes show histogram densities of femoral bicondylar length, 

epicondylar breadth and standing stature (adjusted cadaver stature). The scatterplots in the 

lower section of the grid show the relationship of each pairwise variable. The upper section of 

the grid states the correlation between each pair. 

 

 The final linear regression model parameter estimates are given in Table 7. It can be 

noted from this table that as femoral length and epicondylar breadth increase, so too does the 

estimated stature. It can also be noted that age has a negative effect on stature, but although 

significant, in practical terms this makes a very small difference to the predicted stature. Based 

on these coefficients, for every year increase in age, we would subtract 0.06cm in stature. 
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Coefficient Posterior Mean (95% CI)  

Intercept 49.33 (39.09, 59.71)* 

Femoral Length 2.14 (1.82, 2.46)* 

Age   -0.058 (-0.100, -0.016)* 

Epicondylar Breadth 0.29 (0.14, 0.44)* 

Error Variance (σ2) 7.50 (5.43, 10.29)* 

Table 7. Posterior parameter estimates and 95% credible intervals (CI) from linear 

regression of standing stature against age, femoral length and epicondylar breadth. 

Significant terms indicated by *. 

 

Validation of stature estimation equation 

 In order to assess the relevance of the Trotter and Gleser [5] (T&G) femoral equations 

for estimating stature on a modern Australian population, we used a validation sample (n=9) 

and computed the results of the regression analysis (Table 7) with the Trotter and Gleser 

equations (restated from Trotter and Gleser [5] below). Note: ‘fem’ indicates maximum 

femoral length. This study measured bicondylar femoral length, however as explained by 

Trotter and Gleser [5], both femoral maximum length and femoral bicondylar length provide 

practically indistinguishable results in stature estimation. 

 

 

The resulting predictive posteriors for the random sample of study subjects that were 

not used in the modeling analysis is simulated from the MCMC iterates using the relationship: 

�̃� = 𝑁(𝑋�̂�, 𝑋 ∑ 𝑋𝑇
(�̂�) + �̂�2)     (1) 

where ∑  (�̂�) is the variance-covariance estimate of the model parameter posterior distribution. 

The prediction and credible intervals for the two linear regression analyses and the 

estimates from Trotter and Gleser [5] are shown in Figure 4. The Trotter and Gleser estimates 

include the age adjustment of 0.06*(age – 30)cm as recommended by Trotter and Gleser [5]. 

In 8 of the 9 cases, the linear regression models proposed in this paper accurately predicted the 

individual’s stature within the 95% credible interval. In 8 of the 9 cases, the point estimate for 

the individual’s stature was closer to the adjusted standing stature than those predicted from 

the T&G equations, with the additional advantage of having reduced credible intervals. The 

 Equation Standard Error  Equation Standard Error 

White Males 2.38 fem + 61.41 3.27 White Females 2.47 fem + 54.10 3.72 
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inclusion of epicondylar breadth always either improved or did no disservice to the point 

estimate of stature in each of the 9 cases. 

 

Figure 4. Posterior predictions of the stature for 9 individuals using the femoral length + 

age, femoral length + age + epicondylar breadth and the Trotter and Gleser (T&G) age 

adjusted equations. X indicates actual adjusted standing stature for each individual. 

 

The effectiveness of age in practical terms 

 Exact age of an individual may be difficult to estimate, so although it has a significant 

effect, both statistically and biologically, it may not be helpful in practical terms with regards 

to stature estimation. Figure 5 highlights the difference between estimation with known age, 

and estimation where age was artificially inflated or decreased by 10 years. This results in 

differences of around 0.6cm between the estimates, which is equivalent to the adjustment 

suggested by T&G for individuals over 30 years of age. As can be seen from Figure 5, although 

stature may be estimated to a small degree more accurately when using known age, if age is 

not known, a range of 20 years from the actual age, will still estimate stature within the +/- 10 

year credible intervals. 
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Figure 5. Posterior predictions of the stature for 9 individuals using the femoral length + 

age + epicondylar breadth equation when age is inflated/deflated. Age on left is 10 years 

below known and age on right is 10 years above known age of individual. X indicates actual 

adjusted standing stature for each individual. 

 

 In terms of point estimates with the inclusion of age, Table 8 illustrates the difference 

between the Bayesian linear regression, both with and without age, along with T&G. We can 

see from this table that most of the true individual statures are contained within the credible 

intervals for each model. We also note that the T&G confidence intervals are usually wider 

than the credible intervals for the linear regression models proposed in this study. 
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 Without Age With Age 

Actual stature of 

each sample 
Bayesian T&G Bayesian T&G 

155.5 159.6* 158.5* 161.0* 158.5* 

 (153.5,165.5) (151.0,165.9) (154.9, 166.9) (151.0, 165.9) 

     

163.4 160.6* 159.4* 159.9* 157.6* 

 (154.9,167.1) (152.0, 166.9) (154.3, 166.3) (150.1, 165.0) 

     

163.6 163.9* 162.7* 164.1* 161.8* 

 (157.7, 170.0) (155.2, 170.1) (158.1, 170.0) (154.4, 169.3) 

     

164.6 166.7* 168.6* 165.5* 166.0* 

 (160.8, 172.5) (162.1, 175.2) (159.7, 171.2) (159.5, 172.6) 

     

172.6 169.1* 170.9* 169.6* 170.3* 

 (163.3, 174.9) (164.3, 177.4) (163.9, 175.3) (163.8, 176.8) 

     

178.4 169.7 171.4 169.4 169.9 

 (163.0, 175.8) (164.8, 177.9) (163.0, 175.4) (163.4, 176.5) 

     

177.8 172.2 173.7* 171.7 171.9 

 (166.1, 178.0) (167.2, 180.3) (165.7, 177.3) (165.3, 178.4) 

     

178.1 176.4* 177.7* 177.0* 177.1* 

 (170.2, 182.7) (171.1, 184.2) (171.0, 183.1) (170.5, 183.6) 

     

182.8 182.3* 183.1* 182.8* 182.3* 

 (176.3, 188.8) (176.6, 189.7) (176.9, 189.1) (175.8, 188.8) 

Table 8. Predictions and credible intervals for stature (cm) of 9 randomly chosen 

individuals using both femoral length and epicondylar breadth. The difference in including 

age between the models is compared to assess its usefulness. * indicates actual adjusted stature 

is contained in 95% credible interval.   

 

Does this sample fit the T&G model? 

 Although the difference between the point estimates of the parameters for T&G and the 

proposed model are seemingly small (Table 9), the posterior probability that the T&G 

coefficients belong to the same population as our new sample is less than 0.001 for both male 

and female estimates. Indeed, viewed in isolation, the T&G parameters fall within the posterior 

credible intervals from the Bayesian analysis for the sample population. However, the 

relationship between the parameters needs to be considered (Figure 6). 
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Coefficient Posterior Mean (95% CI) T&G Female T&G Male 

Intercept 51.52 (40.23, 62.86) 54.10 61.41 

Femoral Length 2.56 (2.31, 2.80) 2.47 2.38 

Error Variance (σ2) 9.27 (6.75, 12.71)   

Table 9. Proposed model parameter estimates and 95% credible intervals (CI) for 

Bayesian linear regression. Coefficients based on sex (without age) proposed by T&G.  

 

 Figure 6 illustrates the T&G estimates location compared to the posterior distribution 

of the regression coefficients for the sampled population. It can be noted that the T&G estimates 

fall outside the sampled posterior distribution, and hence it is likely that this population 

represents a small yet significant shift from the original T&G sample. 

 

Figure 6. Posterior distribution of parameter estimates. Grey triangle represents T&G 

coefficients for females, black triangle represents T&G coefficients for males. Circle is 

posterior mean of study population (Table 9). Grey dots are the posterior distribution draws 

(5000 MCMC iterates) estimating regression parameters (Table 9).  

 

Is epicondylar breadth a more accurate variable than sex when estimating living stature? 
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 Observing the top 10 models via Bayesian variable selection (Table 10), it can be seen 

that femoral length and epicondylar breadth are the most reliable measurements for predicting 

stature in this dataset. Age is involved in the most probable model, but excluded in the second 

most probable. The effect of sex is very low, only included in the sixth most probable model, 

which has a very low probability of 0.029. This result is of particular interest considering 

Trotter and Gleser proposed separate equations for sex. AP diameter, cortical area and ML 

diameter feature in some of the middle area models. Further, model 9, which includes femoral 

length, sex and age, as used in the T&G stature equation, has a very low probability of being 

the favored model for stature prediction.   

Model Length Epicond AP ML Circ Cort Sex Age Probability 

1 * *      * 0.373 

2 * *       0.179 

3 * *  *    * 0.053 

4 * *    *  * 0.034 

5 * * *     * 0.031 

6 * *     * * 0.029 

7 *      *  0.029 

8 * *   *   * 0.028 

9 *      * * 0.021 

10 * *   *    0.017 
Length: bicondylar length, Epicond: epicondylar breadth, AP: antero-posterior diameter at midshaft, ML: medio-lateral diameter 

at midshaft, Circ: circumference at midshaft, Cort: cortical area at midshaft. 

Table 10. Top 10 ranked models using Bayesian variable selection in order of probability. 

* indicates inclusion of variable and the probability represents the weighted probability of each 

model in predicting stature. 

   

 From these results, it appears that epicondylar breadth may be a more accurate predictor 

of stature than sex. Figure 7 shows the very clear relationship of epicondylar breadth and sex, 

and importantly, females having much smaller measurements overall.  
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Figure 7. Boxplot of femoral epicondylar breadth in males and females in study 

population. 

 

 As bicondylar femoral length and epicondylar breadth increase, so does standing 

stature. A clear pattern is evident in Figure 8, as females with equivalent femoral length to 

males tend to have a smaller epicondylar breadth, and their resulting stature (shown by point 

size) is shorter.  
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Figure 8. Scatterplot of epicondylar breadth by bicondylar femoral length. Stature is 

represented by point size; females are represented by grey points, males by black points.  

 

 As age is difficult to estimate with high accuracy in forensic anthropological cases of 

skeletal remains, it was excluded as a variable in the analysis to see which models would 

become most reliable in its absence. Table 11 illustrates that bicondylar femoral length and 

epicondylar breadth are by far the preferred model, with bicondylar femoral length and sex 

second in preference, although the probability of the second model is much lower than the first. 

This furthers the understanding that it appears to be the bone morphology that influences 

stature, and epicondylar breadth could be a proxy for sex. This result is supported by Spradley 

and Jantz [54], where univariate sex estimation results found that femoral epicondylar breadth 

presented with a high classification rate. 

 

 

 

ACCEPTED M
ANUSCRIP

T



24 
 

Model Length Epicond  AP ML Circ Cort  Sex Probability 

1 * *      0.541 

2 *      * 0.088 

3 * *   *   0.050 

4 *       0.050 

5 * *     * 0.043 

6 * * *     0.038 

7 * *  *    0.037 

8 * *    *  0.036 

9 *     *  0.012 

10 *  *    * 0.010 

Length: bicondylar length, Epicond: epicondylar breadth, AP: antero-posterior diameter at midshaft, ML: medio-lateral 

diameter at midshaft, Circ: circumference at midshaft, Cort: cortical area at midshaft. 

Table 11. Top 10 ranked models using Bayesian variable selection in order of probability 

without age included as a variable. * indicates inclusion of variable and the probability 

represents the weighted probability of each model in predicting stature. 

   

 The probability of including variables in the absence and presence of one another was 

also examined. It was found that where bicondylar femoral length is the included variable, 

epicondylar breadth has a higher inclusion probability than sex. Further, where epicondylar 

breadth is excluded, sex has a high probability of being included in the model. Therefore, it is 

evident that epicondylar breadth and sex are interchangeable and as a result, it is argued that 

epicondylar breadth is a more accurate measure and should replace sex when estimating stature. 

As established, bicondylar femoral length is always included in each stature prediction model. 

Interestingly, in the absence of bicondylar femoral length, such as in cases of fragmentary 

remains, AP diameter has the highest inclusion probability for estimating stature. 

 

Estimating stature without bicondylar femoral length 

 The ability to predict standing stature if bicondylar femoral length is not available was 

examined. The top five models are given in Table 12 with epicondylar breadth and antero-

posterior diameter of the femoral midshaft having the highest probability of accurate stature 

estimation in the absence of femoral length. The two favored models from Table 12 (model 1 

and 2) are compared to the femoral + epicondylar model and the standard T&G model in Figure 

9.   
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Model Epicond AP ML Circ Cort Probability 

1 * *    0.305 

2 *    * 0.284 

3 * *   * 0.118 

4 * * *   0.059 

5 * *  *  0.039 

Epicond: epicondylar breath, AP: antero-posterior diameter at midshaft, ML: medio-lateral diameter at midshaft, 

Circ: circumference at midshaft, Cort: cortical area at midshaft. 

Table 12. Top 5 ranked models using Bayesian variable selection in order of probability 

in the absence of bicondylar femoral length. * indicates inclusion of variable and the 

probability represents the weighted probability of each model in predicting stature. 

 

 

Figure 9. Estimated stature and credible intervals for 9 individuals for models with the 

highest probability. Trotter and Gleser includes sex in prediction. Horizontal bar indicates 

actual adjusted standing stature of each individual. 

 

 From Figure 9, we note that the models using the other femoral measurements always 

have wider credible intervals than both the model including femoral length and epicondylar 

breadth and the T&G equation. Additionally, the corresponding point estimates are visibly 

different for the models using other femoral measurements, although they still fall well within 

the credible range of the model including bicondylar femoral length and epicondylar breadth. 
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In 3 out of the 9 cases the point estimate from the models using other femoral measurements 

was closer to the actual standing stature than the model including femoral length and 

epicondylar breadth and the T&G equations. However, the actual stature for these cases was 

well within the credible interval for both femoral and epicondylar breadth, and T&G. 

 

Equations for prediction of standing stature 

 To predict the stature of an individual from bone measurements, the predictive posterior 

is used. The predictive posterior is given by the relationship 

�̃� = 𝑁(𝑋�̂�, 𝑋 ∑ 𝑋𝑇
(�̂�) + �̂�2)     (2) 

 where ∑  (�̂�) is the variance-covariance estimate of the model parameter posterior distribution, 

and X is the measurement being used. The two models for stature prediction are described in 

detail in Table 13. 

Model     VCov(β) σ2 

Bicondylar Femoral Length + 

Epicondylar Breadth 
48.47 2.13 0.27 

30.45 

-0.52 

-0.07 

-0.52 

0.03 

-0.01 

-0.07 

-0.01 

0.01 

8.14 

Bicondylar Femoral Length 51.52 2.56  
33.39 

-0.72 

-0.72 

0.02 
9.27 

Table 13. Two models with highest probability of estimating stature with prediction 

calculations. 

 

 However, as this is difficult to calculate in the field, we would recommend substituting 

the mean variance into the below equation as our range from the data for the estimated standard 

deviation was (2.87cm, 3.06cm). 

 

Prediction interval for bicondylar femoral length + epicondylar breadth: 

48.47 + 2.13 × Bicondylar Femoral Length + 0.27 × Femoral Epicondylar Breadth ± 

2 × 2.9 

 

For the equation utilizing only bicondylar femoral length, we would recommend using 

the mean standard deviation estimated from the study (3.1cm): 
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Prediction interval for bicondylar femoral length alone: 

51.52 + 2.56 × Bicondylar Femoral Length ± 2 × 3.1 

 

DISCUSSION 

Long bone allometry research has indicated that the relationship between stature and long bone 

lengths has changed over time, and a positive secular trend is occurring [27]. Although this 

study has shown that nearly all of the true individual statures were contained within the 

confidence intervals for the Trotter and Gleser model [5, 6], the T&G confidence intervals are, 

for the most part, wider than the regression models provided using the dataset in this study. 

According to Steckel [55], stature directly reflects health status and as health has a positive 

relationship with socioeconomic status, the amount of basic necessities and resources 

accessible within the family income determines the demands placed on an individual’s 

biological system. Considerable environmental changes over the past two centuries have 

influenced skeletal responses, with improved living conditions resulting in secular changes in 

stature [26, 56], which has seen a notable increase in stature over time. Furthermore, the 

individuals in this study sample were born between the 1930s and the 1990s, and although this 

sample is representative of an Australian population at large, there is a 60-year difference and 

therefore there is a potential influence of a secular change effect in the sample. Additionally, it 

is also important to note that there is a possible effect of the coronial sample in this study being 

biased by a low socioeconomic status. 

 The average age in our study sample was approximately 52 years, therefore age-related 

stature loss is likely to have affected the overall stature of many individuals. Originally, Trotter 

and Gleser [5] stated that prominent stature loss occurred after 30 years of age, however more 

recent studies by Galloway [36], Cline, Meredith, Boyer and Burrows [57] and Giles [35] 

conclude that stature loss does not occur until after 40 years, with Galloway [36] and Giles [35] 

stating that age-related stature loss should be accounted for in stature estimates where the 

individual is over 45 years. Unfortunately, contemporary longitudinal studies of stature change 

with age in an adult Caucasian population are lacking. The results of this study showed that 

age was a significant term in the statistical model, however it made a very small difference to 

the predicted stature and therefore is not critical in stature estimation. Considering exact age of 

an individual may be difficult to determine in forensic casework, our results demonstrate that 

stature was still predicted within the credible intervals for each model when age was artificially 

inflated or decreased by 10 years or when age was not included in the model at all.  
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Actual stature was measured on cadavers in a supine position in this study, however the 

stature measurements do not represent erect stature as the curves of the vertebral column are 

flattened when lying supine [33]. An investigation by Cardoso, Marinho and Albanese [32] 

presented a larger than expected difference between cadaver and living standing stature 

(4.31cm), and the authors suggest that the differences may potentially impact stature estimation 

in a forensic context. In contrast, the results of this study showed a mean difference of 2.37cm 

between supine and standing stature, which is more similar to the T&G correction factor 

(2.5cm). This study provides a statistically robust method of adjusting for cadaver supine 

stature through linear regression of supine and erect stature measurements of a living 

population of geographically similar samples. Further, rather than using a cadaver adjusted 

factor for all samples, statistical modeling allowed improved prediction of erect stature for each 

cadaver supine stature. We believe this has significantly improved our ability to model stature 

estimation and has introduced a concept which may be useful in more complex analyses. 

Based on the results of this study, the Trotter and Gleser [5] stature estimation equations 

are not recommended for use on a Queensland population as Trotter and Gleser predictions fell 

outside the 95% posterior distribution in our sample. Interestingly, although sex specific stature 

estimation equations are typically reported in anthropological studies, this research showed that 

when all factors were combined to determine a probable model for predicting stature, femoral 

length and epicondylar breadth were the most valuable measurements, with sex only present in 

the sixth most probable model. When epicondylar breadth was excluded from the model, sex 

was included in the second most probable model, although with a much lower probability. 

Furthermore, it was shown that where males and females presented with the same femoral 

length, females tended to have a smaller epicondylar breadth and shorter stature than males. 

Considering this pattern, it is evident that epicondylar breadth and sex are interchangeable, and 

therefore it is recommended that sex can be replaced with epicondylar breadth when estimating 

stature for a more reliable prediction. Interestingly, univariate sex estimation results in 

Spradley and Jantz [54] also showed that femoral epicondylar breadth had a high classification 

rate, meaning that it is one of the best estimates of sex. 

Additionally, this study evaluated the use of multiple femoral measurements to estimate 

stature. Whilst bicondylar femoral length was determined as being the most reliable in stature 

estimation, in field cases of fragmentary remains bicondylar femoral length may be 

unobtainable. It was found that in the absence of bicondylar femoral length, the best model for 

predicting stature (independent of sex) included both epicondylar breadth and antero-posterior 

diameter of the midshaft, closely followed by combining epicondylar breadth and cortical area 
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of the midshaft. It should be noted that the models using the other femoral measurements 

always have wider credible intervals than both the model including bicondylar femoral length 

and epicondylar breadth, and the T&G equation. Although femoral midshaft measurements are 

routine in standardized anthropological recording procedures, the relationship between 

standing stature and external measurements of the midshaft of the femur has not been assessed. 

However, an additional limitation is that the midshaft of fragmentary remains may not be able 

to be determined is some cases. Numerous measurements of the femoral condyles have shown 

a correlation to stature in the case of fragmentary remains [29, 58-60]. Our results have 

therefore contributed to the growing body of evidence that fragmentary femora can be used to 

reliably estimate stature when complete bones are not obtainable; further femoral 

measurements are required in order to construct robust equations for the estimation of stature 

in the case of fragmentary femora. 

 This study has reported limitations in the applicability of the Trotter and Gleser stature 

formulae and introduces contemporary and statistically robust stature estimation equations for 

the femur that demonstrate high accuracy and are expected to perform well in the Queensland 

Australian sub-population. As the stature estimation equations introduced are a derivative of 

an Australian sub-population, their applicability to a broader Australian population requires 

investigation. Furthermore, similar analyses on additional long bones such as the tibia and 

humerus are recommended for stature estimation.  
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