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ABSTRACT 

 

Anthropometry is an invaluable tool in forensic anthropology for developing 

population specific standards for the biological profiling of unidentified deceased and 

living individuals.  Whilst the technique of osteometry is most commonly associated 

with forensic practice, standards are now being developed from modern living 

populations, overcoming some of the limitations of relying upon documented skeletal 

collections.   

 

Stature estimation is often considered one of the more straightforward aspects of 

biological profiling and is useful for reducing the parameters of identity.  An estimation 

of sex can assist the identification process even further by decreasing the pool of 

potential matches and by determining subsequent methods for assessing other 

attributes of the biological profile, including the estimation of stature. However, these 

estimation standards are most accurate when applied to the population from which 

they were initially derived.   In medico-legal investigations, feet and footprints can be 

useful for extrapolating living height as there is a body of literature that has identified 

a strong positive relationship between foot size and stature.  In disaster victim 

identification scenarios, feet are often preserved due to the protection afforded by 

footwear and footprints are common trace evidence recovered from crime scenes. 

 

The study aimed to develop stature estimation models for a contemporary Western 

Australian population from measurements of the feet and footprints.  As sex 

estimation is such a quintessential component of the biological profile it was expedient 

to also assess sexual dimorphism and determine whether it was possible to develop 

accurate sex estimation models from the obtained anthropometric data.  The study 

sample comprised of 200 adults (90 males, 110 females).  After recording a stature 

measurement, three linear measurements were taken from each foot and bilateral 

footprints were collected from each subject.  Seven linear measurements were then 

extracted from each print. 
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Prior to data collection, a precision test was conducted to determine whether 

measurement error was within acceptable limits.  After ensuring normal distribution, 

the primary data were analysed using a range of parametric statistical tests.  Paired t-

tests were carried out to determine the level of bilateral asymmetry and side specific 

functions were subsequently generated.  A linear relationship between foot and 

footprint measurements was first established using Pearson’s correlation analysis and 

then stature estimation models were developed using simple linear and multiple 

regression.  The sex estimation potential of the data was assessed by conducting an 

ANOVA to quantify the degree of sexual dimorphism and a series of direct and 

stepwise discriminant function analyses were then performed to determine the sex 

classification potential of the resultant functions.   

 

All foot and footprint measurements were significantly (P < 0.01 – 0.001) correlated 

with stature and stature estimation models were formulated with a prediction 

accuracy of ±4.655cm to ±6.926cm.  Left foot length was the most accurate single 

variable in the simple linear regressions (males: ±5.065cm; females: ±4.777cm).  

Furthermore, males were significantly (P < 0.001) larger than females for all foot and 

footprint measurements with left foot length the most dimorphic variable (F-ratio: 

236.984).  Cross-validated sex classification accuracies ranged from 71.0% to 91.5% 

although, in some instances, the sex bias was large (> ±5%).  Left foot length was again 

the best performing variable with an accuracy of 90.5% and a sex bias of -2.9%.  

Nonetheless, this study provided viable alternatives for estimating stature and sex of a 

Western Australian population that are equivalent to established standards developed 

from foot bones. 
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CHAPTER ONE 

Introduction 

 

1.1 Introduction 

An important component of the forensic anthropologist’s role in medicolegal 

investigations is contributing towards the identification of the deceased, but 

increasingly, identification of the living (Cattaneo 2007).  As part of this process, the 

forensic anthropologist will develop a biological profile to narrow down the 

parameters of identity (Kimmerle et al. 2008) of which age, sex, stature and ancestral 

affinity are the primary attributes.  Traditionally, standards developed from the study 

of documented skeletal collections have been used as a benchmark for predicting 

these key indicators of identity.  This approach, however, is limited to some degree as 

the most accurate results are achieved when standards are applied to the population 

from which they are derived.  In addition, many documented skeletal collections are 

comprised of historical individuals and are not representative of secular changes that 

are known to have since occurred in modern populations, particularly in regards to 

stature (Meredith 1976; Loesch et al. 2000). 

Anthropometry of the living, historically recognised as being an essential element of 

physical anthropology because of its role in classifying the biological characteristics of 

humans (Hrdlička 1939), is being re-evaluated for its potential contribution to forensic 

investigations (Adams and Herrmann 2009).   Whilst the technique is not entirely 

appropriate for forensic osteological cases, standards obtained from measurements of 

living subjects can have applications in disaster victim identification (DVI) where 

methods for the rapid and accurate assessment of fragmented remains, without the 

need for dissection and maceration, is extremely useful towards establishing a 

tentative identification of the deceased (Robinson et al. 2008).  In situations where the 

forensic investigator is required to profile a living person, identification standards 

derived from a contemporaneous population are the most accurate.  One such 

example is applying stature estimation formula obtained from footprint 
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measurements as a means of aiding in the identification, or elimination, of a suspect in 

a criminal case (Giles and Vallandigham 1991). 

Stature is often considered one of the more straightforward aspects of the biological 

profile to estimate and it can be instrumental towards reducing the pool of potential 

identities.  Like many other forensic anthropological practices, the most cited 

standards for stature estimation have come from research undertaken in the United 

States (Komar and Buikstra 2008) where there is greater opportunity to access large 

skeletal collections with documented living height data.   For example, Trotter and 

Gleser’s (Trotter and Gleser 1952; Trotter and Gleser 1958; Trotter 1970) regression 

equations, which employ measurements from the long bones, have become standard 

inclusions in textbooks (e.g. White and Folkens 2005; Burns 2007).  Subsequent 

research has shown, however, that because of increased error, those stature 

estimation equations are generally not appropriate for populations outside their 

country of origin (Iscan 2005).  Modern revisions of anatomical methods, which utilise 

all the bones in the human skeleton that contribute to living height, have the 

advantage of global applicability, as the relative proportions of the segments of the 

body that contribute to height are factored into the equation (Raxter et al. 2006).  

Unfortunately, many forensic cases consist of fragmented and/or incomplete remains 

that do not have sufficient material to apply this method.   

Sex specific stature estimation methods have also been found to be more accurate and 

an evaluation of sex is often a prerequisite to estimating the other components of the 

biological profile.  However, the degree of sexual dimorphism of a specific body part 

can also vary across populations  (Iscan 2005; Komar and Buikstra 2008).  For example, 

forensic practitioners in Indonesia have found that traditional pubic sex markers are 

less dimorphic for the local population (Indriati 2009).  A lack of local standards is 

particularly challenging in Australia, as many of the ethnic groups that comprise the 

general populace are not adequately represented in the existing literature (Littleton 

and Kinaston 2008).  It is for this reason that forensic anthropologists have 

endeavoured to continue investigating population specific approaches.  
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1.2 Aims and Objectives 

The aim of the present study is to develop stature and sex estimation models for a 

contemporary Western Australian population from measurements of their feet and 

footprints.  The importance of this study is that is has the potential to contribute to 

population specific standards for profiling Western Australians, particularly in a 

disaster victim identification scenario.  The specific aims of this thesis are: 

i To evaluate bilateral asymmetry of foot and footprint measurements in a 

Western Australian population 

 The anthropological literature tends to be equally divided as to whether 

measurements should be taken from the left (see for example (Hrdlička 1939; 

Vallois 1965)) or the right side (see for example (Marfell-Jones et al. 2001)).   In 

the forensic context a foot may be found disassociated from its matching 

opposite.  If there are no statistically significant differences between left and 

right foot measurements are found, then it is feasible to apply generic (non-

side specific) stature and sex estimation formulae.  The same applies for 

profiling suspects when footprints are found at crime scenes. 

ii To assess whether the stature of Western Australian individuals can be 

accurately estimated on the basis of: 

a. Foot Measurements 

Fragmented remains of the lower extremity are often recovered in mass 

disaster scenarios (Ozaslan et al. 2003; Tatarek and Sciulli 2005).  In this 

context, the feet may be particularly well preserved because of the protection 

provided by shoes (Saul and Saul 2005).  Foot length is known to have a strong 

positive relationship with living height (Giles and Vallandigham 1991).  The 

process of victim identification, therefore, will potentially be improved if 

stature estimation standards are found to be accurate using fleshed foot 

measurements. 
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b. Footprint Measurements 

Footprints are a common type of trace evidence that can be recovered from 

the scene of a crime (DiMaggio 2005).  Rather than relying on eyewitness 

accounts to formulate a profile of the suspect, including a description of height, 

measurements obtained from footprints may be used to estimate the stature 

of the offender and thus narrow down the possible stature range, reducing the 

pool of potential perpetrators.   

iii To assess whether foot and footprint measurements of Western Australian 

individuals are sexually dimorphic  

Stature estimation models that include sex as a variable are more accurate 

than generic formula.  Some studies have claimed that the female foot is 

smaller proportionate to height (Fessler et al. 2005a; Krauss et al. 2008).  

Quantifying a statistically significant sex difference in foot and footprint 

measurements is the first step in determining whether it is possible to develop 

sex estimation models.     

iv To assess whether the sex of Western Australian individuals can be accurately 

estimated from foot and footprint measurements 

For similar reasons given for investigating the stature estimation potential of 

feet and footprints (see Aim (ii) above), it is also expedient to assess whether 

the same data can be utilised for estimating sex.  Furthermore, sex estimation 

can have the potential to automatically exclude a considerable proportion of 

possible matches in the identification process. 

 

1.3 Sources of Data 

Measurements were taken from a sample comprising of 200 adult subjects (90 males, 

110 females) aged between 18 and 68 years. As sub-adults experience variable rates of 

growth and development, particularly in regards to those parts of the lower 

extremities that contribute to stature (Tatarek and Sciulli 2005), subjects were at least 

18 years of age.  Consent was first obtained prior to any data collection (see Appendix 
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I) and basic demographic data (e.g. age, ancestry, sex, occupation) was collected via a 

questionnaire that was completed by the subject at the time of measurement (see 

Appendix II).  The questionnaires were anonymised to protect the privacy of the 

participants.  As anticipated, the ethnic affiliations of the subjects were representative 

of the Western Australian population as a whole (ABS 2007). Any subjects who 

displayed obvious back or foot deformities were excluded from the study.  

 

1.4 Thesis Outline 

Chapter Two will present a general overview of the technique of anthropometry, and 

in particular, its applications to the practice of forensic anthropology.  The 

methodology of stature and sex estimation will be examined in more detail.  Foot 

anatomy will be briefly examined and the stature and sex estimation potential of 

dimensions from this anatomical region are considered.  In Chapter Three the 

literature pertinent to the present project is reviewed by discussing similar studies 

with a summary of their major findings.  Included in this review is an examination of 

how the interplay of genetics and environment influence the ontogeny of humans 

(Roberts 1998; Ulijaszek 1998) necessitating the development of population specific 

approaches to biological profiling in forensic anthropology.  Chapter Four will cover 

the anthropometric methods employed in the research project, and will detail how the 

measurements were defined, acquired and analysed.  The results of the study will be 

presented in Chapter Five and in Chapter Six a critical discussion of those results, 

including analysis and interpretation of the data, is presented.  This final chapter ends 

with conclusionary remarks including describing the limitations of the study and 

suggestions for further research. 

 

1.5 Limitations of this Study 

Data were collected primarily from subjects recruited from the student population of 

the University of Western Australia in addition to staff of the Western Australian Police 

Service.  As such, there may be an inherent bias in the sample selection.   It was 

difficult to obtain a truly random sample of the population because of the nature of 
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the experimental design, including time and budget constraints of the project, which 

limited the sample size. 

 

1.6 Discussion 

Both environment and genetics influence phenotypic variation, such that population 

affinity will be a critical factor in estimating an individual’s stature and sex.  Genetics 

has a vital role in determining a person’s maximum height potential; conversely, 

environmental conditions (such as health and nutrition) is also crucial in determining 

whether that individual achieves this potential (Batty et al. 2009).  Even within 

Australia there is diversity between the states as to demographic structure and 

Western Australia is considered particularly unique due to its geographical isolation 

(Loesch et al. 2000).  Immigration has played a large part in shaping the Australian 

demographic; each state has attracted different ethnic groups for a variety of reasons, 

including proximity to the country of origin and economic opportunities.  As the 

Western Australian population is ethnically diverse (ABS 2007), consisting of a large 

minority of first and second generation migrants, it is anticipated that the results of 

the study will demonstrate that the relationship between the dependent (sex and 

stature) and independent (foot and footprint measurements) variables will not be as 

strong as with previous studies that based their research upon sample populations 

consisting of subjects who shared a largely homogenous ethnic affinity (Ozden et al. 

2005; e.g. Krishan and Sharma 2007; Zeybek et al. 2008). 

 

1.7 Summary 

Despite the ethnic diversity of the Western Australian population, it is still expected 

that there will be a positive correlation between foot size and stature, particularly in 

regards to the maximum length of the foot.  It is anticipated that it will be possible to 

develop population specific stature estimation standards for a Western Australian 

population based on measurements obtained from their feet and footprints.  

However, the degree of associated prediction error will be larger due to the 

heterogeneity of the population.  The component of the thesis relating to sex 
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estimation is more novel and as such there are no preconceived expectations as to 

how the models will perform.  Results of osteometric research, however, demonstrate 

that some foot structures display sexual dimorphism in certain populations.  

Nevertheless, it is envisioned that this research will have practical, real-world forensic 

applications in aiding investigators in the tentative identification of deceased and living 

Western Australians. 
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CHAPTER TWO 

Anthropometry and the Estimation of Stature and Sex 

 

2.1 Introduction to Anthropometry 

Anthropometry is one of the earliest techniques in physical/biological anthropology 

(Weiner and Lourie 1981; Ulijaszek and Komlos 2010).  It is a system of using 

standardised measurements of human morphological features, incorporating clearly-

defined homologous anatomical landmarks, to interpret and make assumptions about 

the underlying biology (Hrdlička 1939; Johnston 1998).  Prior to the development and 

advancement of molecular biological sciences, anthropometry was the principal means 

of measuring and quantifying human variation for the purpose of identification and 

classification (Ulijaszek and Komlos 2010).  The reason behind the longevity and 

continued application of anthropometry is the accessibility of the method. The 

technique is cost effective, relatively simple to apply and the results are 

comprehendible to a broader audience than physical/biological anthropologists alone 

(Lasker 1994; Ulijaszek and Komlos 2010).  It is no surprise, therefore, that other 

disciplines besides anthropology have utilised the technique, with published literature 

in population health and the human movement sciences being amongst the most 

common applications.   Although the data collection methodology has changed very 

little since its inception, there has been considerable developments in how 

anthropometric data are interpreted and applied (Ulijaszek and Komlos 2010).    

 

2.2 History of Anthropometry 

Although the principles of anthropometry can be traced back to ancient Greece, it is 

Renaissance artists who are often credited with being the pioneers of applying 

systematic anthropometrical techniques (Lasker 1994; Johnston 1998).  Body 

measurements were taken to calculate the correct anatomical proportions required to 

represent the human form artistically.  It was not, however, until the 18th century 

when anthropometric terms, as we know them today, began to appear in the 
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literature.  Measurements of body size have also been used as criteria for the ideal 

physique of military recruits and slave selection, as generally larger males were 

considered fitter and stronger and as such, a better investment (Ulijaszek and Komlos 

2010) .  The 19th century saw a shift in the focus of anthropometry to taxonomy.  With 

increasing colonisation, anthropometry, particularly measurements of the head and 

skull (craniometry), was advocated as a method for classifying non-European 

populations into racial typologies.  Despite the advances in standardisation that were 

occurring with the evolution of the discipline, many of these efforts were unscientific 

and biased due to the agenda of the ruling class to emphasize their superior status 

(Gould 1996).   

A similar philosophy was behind some of the first forensic applications of 

anthropometry.  Anthropometric data was collected from convicts in an attempt to 

identify a criminal ‘type’ and prove that these people were biologically ‘inferior’ to 

those of civilized classes (Molnar 2002).  Such notions were fundamental to the 

increasingly popular eugenics movement.  Eugenics, meaning ‘good birth’ (Molnar 

2002), is a concept advocating that the ‘human race’ can only be advanced by the 

interbreeding of superior ‘stock’, i.e. citizens of the ruling class (Gould 1996; Ulijaszek 

and Komlos 2010). 

During this period there was some recognition of the applicability of anthropometry to 

issues of social welfare, with some researchers involved in taking comparative 

measurements of poor, working class people in 19th century industrial England.   

However, the data were not used to improve living conditions, rather the disparity in 

body size provided fuel to the fire of the eugenics movement.  It was not until the 20th 

century that the principles of eugenics were challenged and finally disproved, partially 

attributed to Franz Boas’ (1912) progressive studies of US immigrants.   

In the 1960s there was a resurgence of interest in anthropometry.  Greater awareness 

of global health issues, subsequent to the formation of the World Health Organisation 

(WHO), meant that researchers were now interested in using anthropometric data to 

evaluate epidemiological problems, rather than solely as a tool for classification.   

Standardised anthropometric measures, such as stature and body weight, were used 

as a proxy for nutritional status and living standards (Tanner 1994) as these measures 
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could be easily compared across populations.  To facilitate these comparative studies 

there was a renewed emphasis on standardisation (Vallois 1965), as originally 

championed by pioneering anthropologist Aleš Hrdlička (Hrdlička 1939).  

Accompanying this revival in anthropometric research was a growing acceptance of 

the concepts originally advocated by Boas; plasticity of human variation and the 

interplay of environment and genetics on human form (Lasker 1969; Little 2010; 

Ulijaszek and Komlos 2010). 

 

2.3  Forensic Anthropology and Anthropometry 

The second half of the 20th century saw the maturation of forensic anthropology into 

a recognised discipline in its own right (Komar and Buikstra 2008).  Early practitioners 

were often physical anthropologists who applied knowledge acquired from studying 

the skeletal biology of archaeological samples to forensic casework.  Both 

morphological and osteometric methods were employed to develop the biological 

profile (or osteobiography) of skeletal remains discovered in a forensic setting; further 

roles included the recovery of skeletal remains and assisting in the interpretation of 

ante- and peri-mortem trauma.  As the findings of these investigations have serious 

legal and humanitarian implications, considerable effort has been invested into 

developing standardised measurement and analytical techniques that are precise and 

repeatable.  Consequently, contemporary forensic anthropological practice has seen a 

greater emphasis on statistical morphometric methods, including quantifying any 

sources of error (Komar and Buikstra 2008).  As the scope of forensic anthropology 

broadens however, anthropometry of the living is now also a recognised component of 

an anthropologist’s ‘toolkit’; e.g. stature estimation – Krishan (2008); facial 

approximation – Wilkinson et al. (2006); and age estimation – Black et al. (2010). 

 

2.4 Stature Estimation 

Historically, living stature is one of the most frequently obtained anthropometric 

measurements and as such it is a fundamental characteristic in describing the physical 

features of individuals (Willey 2009).  Consequently, stature estimation is one of the 
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key components of the biological profile that is used towards establishing positive 

identification.  Whilst stature estimation is considered one of the more 

straightforward aspects of the biological profile, there are still a number of 

confounding issues that need to be considered.  In a forensic scenario, in order to 

prevent the erroneous exclusion of potentially matching profiles, it is important to 

determine the confidence intervals of the estimate and quantify the error.   Other 

sources of error include age related changes in stature (progressive loss of living height 

with age) and discrepancies in recorded antemortem stature (Ubelaker 2000).  For this 

reason, efforts to develop and refine stature estimation methods are both 

academically valid and necessary in forensic practice, especially following Daubert (and 

subsequent) rulings (Willey 2009).  Stature estimation methods can be broadly 

categorized into two main types:  anatomical and mathematical (Adams and Herrmann 

2009; Willey 2009). 

2.4.1 Anatomical Stature Estimation Method 

In living adults, the parts of the body that contribute to stature include the head, 

thorax, abdomen, pelvic region, legs and feet (Tatarek and Sciulli 2005).  Anatomical 

methods incorporate the skeletal components that correspond to these body parts, 

including the skull, vertebrae and bones of the lower limbs.  Despite the method first 

being introduced in the late 19th century, the most frequently cited version is that 

developed by Fully (1956).  The Fully method requires the total sum of 29 bone 

measurements from the aforementioned regions of the skeleton; a soft tissue 

correction factor is then applied.  The advantage of the method is that it is not 

dependent on knowing the sex or ancestry of the unknown remains.  Regardless of 

variations in body proportions, the components that contribute to height are already 

factored into the equation.  Anatomical methods are thus ‘personalised’ and not 

reliant on a specific reference sample (Raxter et al. 2006).  Furthermore, modern 

revisions have refined the technique, overcoming some of the ambiguities in Fully’s 

original measurement descriptions.  Raxter et al’s (2006) revisions also modifed the 

soft tissue correction factors to overcome the inherent bias in the original study 

sample;  the original calculations were based upon a relatively small sample of young, 

male, French soldiers.  For this reason, anatomical methods are promoted as being 

more accurate predictors of living height.  However, the method does have some 
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limitations; it requires a virtually complete set of remains to conduct the analysis, 

which is often a rare occurrence in forensic scenarios.   In addition, it is considerably 

time consuming and thus not ideal for a preliminary assessment in the field (e.g. in a 

DVI scenario).    

2.4.2 Mathematical Stature Estimation Method 

Mathematical methods require a minimum of one linear measurement (skeletal or 

fleshed) to make a prediction of living height. The most commonly employed 

mathematical method is the linear regression equation.  This statistical technique was 

first introduced by Karl Pearson (1899).  Statistical techniques have had a long 

association with anthropometry, as many early practitioners developed their formulae 

using anthropometric dimensions (Iscan 2000).  The simplest version of the equation 

takes the form (Tatarek and Sciulli 2005; Willey 2009): 

 

 is the estimated stature 

 is the intercept of the y-axis 

 is the gradient,  is the osteometric/anthropometric measurement 

 is the standard error 

The standard error is a measure of accuracy of the regression equation.  When 

multiple skeletal elements or body parts are available for analysis, the formula with 

the lowest standard error should be utilised.   

The maximum lengths of the long bones, particularly those of the lower limbs, are the 

osteometric dimensions most commonly associated with stature prediction formulae.  

In the United States, the most frequently used are those developed by Trotter and 

Gleser (1952; 1958) on World War II and Korean War casualties (White and Folkens 

2005).  However, these formulae have been critiqued on a number of issues such as 

the methodology for measuring the tibia (Jantz et al. 1994; Jantz et al. 1995), their 

applicability for contemporary forensic practice, particularly due to the temporal age 

of the data set (White and Folkens 2005) and its relevance for populations outside the 
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United States (for further discussion of the issues relating to population specificity and 

secular trends refer to Section 3.4 on human variation). 

Whilst the long bones are an obvious choice for stature estimation, their relative 

proportion to stature varies across population groups.  Furthermore, incomplete 

remains are often encountered in routine forensic casework and thus complete long 

bones may not always be available for analysis.  To this end,  a large body of stature 

estimation research has involved developing population specific formula for other 

skeletal elements, including the skull (Ryan and Bidmos 2007), vertebrae (Jason and 

Taylor 1995), sternum (Menezes et al. 2009), metacarpals (Meadows and Jantz 1992) 

and metatarsals (Byers et al. 1989).  Even fragmented bones can be used to estimate 

living height, although the regression equation used to estimate original bone length, 

coupled with the regression for stature (indirect method), further increase the 

magnitude of the error of estimation (Steele and McKern 1969).  Alternatively, it has 

been demonstrated that it is possible to estimate height more accurately using 

regression equations derived directly from fragmentary femora (direct method) 

obtained from the Raymond A. Dart skeletal collection (Bidmos 2009). 

The major criticism of mathematical methods is that it is advisable to incorporate 

formula that take into account sex and population affinity, which may not always be 

possible in a forensic context.  This is because differences in body proportions can vary 

between both males and females and between different populations (Iscan 2005; 

Tatarek and Sciulli 2005).  For this reason, forensic anthropological protocol dictates 

that, if possible, sex estimation should be one of the first assessments of the biological 

profile; hence it is worthwhile determining whether the body part used for estimating 

stature can also be used for estimating sex. 

 

2.5 Sex Estimation 

The estimation of sex is a fundamental objective when developing the biological 

profile (Mays and Cox 2000; Scheuer 2002; Djuric et al. 2005; Bruzek and Murail 2006; 

Cox et al. 2008; Franklin et al. 2008).  An accurate estimation of sex can immediately 

exclude a sizeable portion of the potential matches from a missing persons list 
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(Scheuer 2002).  Furthermore, establishing the sex of unidentified remains will 

determine what methods are subsequently employed in establishing other aspects of 

the biological profile (such as estimating age and stature) as many of these approaches 

are sex-specific (Scheuer 2002; Ferllini 2007; Cox et al. 2008).  Although seemingly a 

straightforward distinction, the manifestation of human sexual dimorphism, the 

anatomical differences in the size and shape of males and females, is actually a 

complex process that is influenced by the interaction between genes and environment 

(Stinson 2000; White and Folkens 2000; Braz 2009).  Thus it is essential that the 

methods employed by forensic anthropologists to estimate sex are specific to the 

population being studied (Iscan 2005; Ferllini 2007; Cox et al. 2008; Komar and 

Buikstra 2008) and the reference sample from which the methods have been derived 

are contemporaneous to the unknown deceased. 

In forensic anthropology there are two traditional approaches to assessing adult 

human sexual dimorphism: a qualitative approach that compares and contrasts 

morphological differences in the skeleton and a quantitative approach that measures 

these differences, even when they are not immediately apparent.   

2.5.1 Morphological Methods for Estimating Sex 

In broad terms, male bones tend to be larger and more robust than those of females, 

but the extent of this divergence is variable both between and within populations 

(Krogman and Iscan 1986; Scheuer 2002; Komar and Buikstra 2008; Braz 2009). It is 

widely accepted, however, that morphological differences in the pelvis are relatively 

consistent across populations (France 1998; Mays and Cox 2000; Scheuer 2002; Komar 

and Buikstra 2008) as the factors influencing the shape difference relate to balancing 

the requirements of childbirth and locomotion (Scheuer 2002; Bruzek and Murail 

2006).   

Sexual dimorphism in the skull has also been extensively studied (Krogman and Iscan 

1986) and it is generally not nearly as reliable an indicator across populations as the 

pelvic bones (Komar and Buikstra 2008; Spradley and Jantz 2011).  The highest levels 

of accuracy from applying morphological methods are achieved from a combined 

assessment of the skull and the pelvis (Mays and Cox 2000).  It is important to note 

that appreciable sex differences in the skeleton are only evident after puberty and the 
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secondary sex characteristics have developed (Krogman and Iscan 1986).  Estimation 

of sex in sub-adults is a contentious area of research and as such will not be discussed 

here. 

The qualitative, morphological approach usually takes the form of rating non-metric 

traits on an ordinal scale from 0 to 5, which corresponds to 0 being indeterminate, 1 

hyper-feminine, 2 feminine, 3 ambiguous, 4 masculine, and 5 hyper-masculine 

(Buikstra and Ubelaker 1994).  Naturally, the more potentially sexually dimorphic 

structures of the skeleton that are available for examination, the more confident the 

anthropologist can be in their assessment.  The most dimorphic differences in the 

pelvis include: the width of the greater sciatic notch, where females have a tendency 

to be broader than males; and the subpubic angle, which again is broader and wider, 

with more of a U-shape (80 to 85º) in females and becomes more narrow and V-

shaped (50 to 60º) in males.  Aspects of the skull that are graded for sexually 

dimorphic structures include the nuchal crest, mastoid process, supra-orbital margin, 

supra-orbital ridge and mental eminence (Buikstra and Ubelaker 1994).    

Because the relative expression and magnitude of sexual dimorphism differs between 

and within populations, it is essential that the anthropologist applying a qualitative 

approach is familiar with the inherent variability of the population from which the 

unknown skeleton originated (Ferllini 2007).  Djuric (2004), commenting on her 

experiences working with mass graves in Kosovo, was conscious of the increased 

chance of bias in assessing the biological profile of victims due to the lack of reference 

standards from the local population.  In a later study, using material obtained from the 

conflict in the former Yugoslavia, Djuric et al. (2005) also noted the effect of observer 

bias in making a sex assessment from morphological features.  The experience of the 

anthropologist had a significant role in the accuracy of sex estimation from 

observations of morphological markers in the skull, whereas pelvic sex indicators were 

not as dependent on the observer’s skill for reliability and accuracy (Djuric et al. 2005). 

As mentioned previously, the other factor affecting the applicability of morphological 

methods is that the accuracy depends on the completeness of the skeleton (Krogman 

and Iscan 1986).  In reality, the anthropologist is rarely presented with a skeleton that 

has not been affected by peri-mortem or post-mortem trauma.  Another challenge to 
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the forensic anthropologist is that the most reliable skeletal attribute for 

morphological assessment (the pelvis) often does not survive internment (Scheuer 

2002).  The pelvic bones are relatively porous with only a thin layer of compact bone, 

which makes them more vulnerable to taphonomic damage.  Furthermore, in a DVI 

scenario, practitioners are often confronted with highly fragmented, often fleshed, 

remains (Blau and Briggs 2011).   

2.5.2 Metric Methods for Estimating Sex 

Metric approaches apply statistics, usually in the form of discriminant function 

analyses (Iscan 2005; Braz 2009), to categorise skeletal and, increasingly, fleshed 

remains (for a detailed explanation please refer to Section 4.4.5).  Hence the accuracy, 

reliability and potential for error of this type of assessment can be quantified (Cox et 

al. 2008) making it a preferential method for court admissibility.  Furthermore, this 

method is less reliant on the experience of the anthropologist to make an accurate 

estimation (Giles and Elliot 1963).  A limitation that is commonly encountered with 

metric methods is that although they can achieve high levels of accuracy on the 

population from which they are derived, the resultant formulae are not as reliable 

when tested on other population groups (Bruzek and Murail 2006).  Consequently 

there has been increased research quantifying skeletal sexual dimorphism in various 

populations (Cox et al. 2008).  The disadvantage of this methodology is that the 

anthropologist is restricted by having to make a prior assessment of the population 

affinity of the unknown skeletal remains.   

 

2.6 Applying Anthropometry to Stature and Sex Estimation 

As discussed, most research into stature and sex estimation, particularly for forensic 

purposes, has been undertaken using documented skeletal collections (known sex, 

age, ancestral affinity and in some instances measured ante-mortem height).  A 

potential disadvantage of this approach is that skeletal collections are demographically 

and temporally static.   Secular changes in living height are not considered and many of 

the standards developed on these collections are only appropriate for predicting the 

stature of individuals who have come from a similar population as the research 

sample. Another limitation to relying upon skeletal standards is that it is necessary to 
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dissect and macerate the required body part in order to access the required sample for 

analysis which can be a time consuming procedure.   

Whilst it has been demonstrated that anthropometry has been practised for many 

years, its application in a forensic context has not yet been fully explored (Adams and 

Herrmann 2009).  Increasingly, the scope of forensic anthropology goes beyond the 

realm of skeletons and practitioners are often encountering fleshed remains.  

However, to-date, research incorporating anthropometry for forensic applications has 

been limited.  Large scale anthropometric surveys are a potential source of data to 

explore for the purpose of devising identification standards relevant to modern 

populations, particularly if the measurements are obtained through standardised 

procedures.  Ideally, future research is required with clearly defined forensic 

objectives. 

 

2.7 Anthropometry of the Feet and the Biological Profile 

2.7.1 Anatomy of the Feet – A Brief Overview 

The evolution of the morphology of the human foot is an adaptation unique to our 

species (Klenerman and Wood 2006; Saladin 2012).  The foot underwent major 

developmental changes as we progressed from quadrupedal to bipedal locomotion.  

The underlying architecture of the foot reflects the requirements needed to adjust to 

the gravitational stresses of habitually standing and walking upright.  These distinctive 

adaptations include shorter toes and a hallux (big toe) that is aligned with the 

remaining toes, unlike the divergent hallux and grasping toes of all other primates 

(Klenerman and Wood 2006).  The medial longitudinal arch of the midfoot is another 

unique structure that enables both shock absorption and propulsive forces for a 

bipedal gait, and humans are the only animal whose heel bone strikes the ground, 

allowing propulsive forces to be transferred to the forefoot (DiMaggio 2005; Crompton 

and Pataky 2009).   

The foot (Figure 2.1), distal to the medial and lateral malleoli of the ankle joint (Moore 

et al. 2010), consists of 26 bones including seven tarsals, five metatarsals and 14 

phalanges (DiMaggio 2005; Saladin 2012).  These bones are allocated into three 
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different anatomical regions according to their function: the hind (or rear) foot; the 

midfoot; and the forefoot (Moore et al. 2010). 

 

 

 

 

 

The hindfoot includes the two largest tarsal bones, the calcaneus and the talus.  The 

calcaneus forms the heel of the foot and articulates inferior-posteriorly with the talus, 

Figure 2.1:  Bones of the foot (a) (adapted from (Olson and Wojciech 2008)); and 

underlying skeletal anatomy (b) relative to the surface features of the ankle and 

foot (adapted from (Moore et al. 2010)). 

(a) 

(b) 
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which in turn provides articular surfaces for both the distal ends of the tibia and fibula, 

and the concave, proximal surface of the navicular bone (White and Folkens 2000).   

The navicular, cuboid and (medial, intermediate and lateral) cuneiforms are the five 

remaining tarsals that make up the midfoot.  These tarsals are tightly articulated with 

one another in a compact arrangement with the distal surfaces of the cuneiforms and 

cuboid articulating with the metatarsals (White and Folkens 2000; Saladin 2012).   

The five metatarsals and 14 phalanges make up the forefoot region and form the ball 

and toes of the foot (DiMaggio 2005).  The metatarsals are the long bones of the foot 

and consist of a base, a shaft and a head; the concave shape of the plantar surfaces of 

the shafts contributes to the arch of the foot. (White and Folkens 2000).  The head of 

the metatarsals articulate with the phalanges and the metatarsophalangeal joint of toe 

1 and toe 5 form the medial and lateral landmarks (respectively) that designate the 

widest part of the foot.  These can be easily located by palpation.  All toes, except the 

hallux, have three phalangeal bones (proximal, middle and distal); the hallux only has 

proximal and distal phalanges.   

Overall, the foot has a total of 38 skeletal articulations that are held together by a 

complex array of soft tissue structures, including over a hundred different ligaments, 

muscles and tendons (Moore et al. 2010).  These operate together so the foot can 

perform the dual functions of acting as a lever to propel the body forward and for 

absorbing the stress of the body in both a dynamic and static state (Saladin 2012) 

2.7.2 Stature and Sex Estimation 

It is a logical assumption that the feet have a positive relationship with living height.  

Larger bodies need a larger base to support weight and facilitate locomotion.  

Osteometric studies have also indicated that the metatarsals (Byers et al. 1989), 

calcaneus and talus (Holland 1995) can be used to predict stature with a margin of 

error (±3.99cm to ±7.60cm; ±4.13cm to ±6.25cm respectively) comparable to 

metacarpals and fragmentary long bones.  There has also been a considerable amount 

of research into estimating sex from the foot bones with accuracies ranging from 74% 

to 93% (Steele 1976; Introna et al. 1997; Robling and Ubelaker 1997; Smith 1997; 

Bidmos and Asala 2003; Bidmos and Dayal 2003; Bidmos and Asala 2004; Bidmos and 
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Dayal 2004; Case and Ross 2007; Mountrakis et al. 2010).  Stature and sex estimation 

incorporating the soft-tissue measurements of feet is thus a natural augmentation to 

this prior research.   

There are also a number of advantages to utilising foot measurements.  It is relatively 

easy to obtain contemporaneous datasets from live subjects from a variety of 

population groups.  Foot measurements also have forensic relevance, as the feet are 

often preserved in DVI scenarios due to the protection provided by footwear (Tatarek 

and Sciulli 2005).   Furthermore, footprints are sometimes present as trace evidence at 

crime scenes and are also an accurate representation of foot size; the same principles 

regarding foot measurements, therefore, can be extrapolated to footprints.  There is a 

growing body of research that has successfully documented the relationship between 

measurements from feet, including footprints and footwear, relative to living height; 

the research into sex estimation, however, is less extensive.  The next chapter will 

examine that research in more detail. 
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CHAPTER THREE 

Stature and Sex Estimation using Anthropometry of the Feet 

 

3.1  Introduction 

This chapter presents a chronological review of the literature pertaining to stature and 

sex estimation from anthropometric dimensions of feet and their prints. Relevant 

osteometric research is also considered.  Foot and footprint measurements are known 

to have a positive correlation with living height, with foot length generally having the 

strongest correlation (Giles and Vallandigham 1991; Ozden et al. 2005; Krishan and 

Sharma 2007; Krishan 2008b; Fawzy and Kamal 2010).  Another consistent finding is 

that foot measurements are statistically significantly larger for males than females.  As 

a result, there have been some (predominately osteometric) studies that further 

investigate the degree of sexual dimorphism in the feet and whether sex can be 

accurately estimated from their measurements; these are also reviewed in this 

chapter. This chapter concludes by examining human variability and how the issue of 

population specificity is the principal reason why previous studies have limited 

applications; this further emphasises the importance of the present thesis and explains 

how it will contribute to the body of research in this particular area. 

 

3.2 Stature Estimation using Foot Measurements 

3.2.1 Osteometric Research 

The ability to estimate stature from the foot bones was a precursor to similar 

anthropometric studies of the fleshed foot.  Although there appears to be a greater 

emphasis on sex estimation from foot bones (see section 3.3.1), the motivation for 

investigating this region of the human skeleton for stature estimation is similar; 

tarsals, metatarsals, and phalanges are often protected by footwear from damaging 

taphonomic factors, such as animal scavenging and weathering (Robling and Ubelaker 

1997).  Furthermore, the compact and robust structure of the talus and calcaneus 

make them relatively resistant to post-mortem damage (Steele 1976; Holland 1995).  
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The following two articles demonstrate that, in the absence of intact long bones, foot 

bones have forensic utility for estimating stature with accuracies comparable to 

fragmented long bones. 

(i) Byers et al. (1989) 

The authors examined metatarsal bones of 130 skeletons from both the Terry and 

Maxwell collections in the United States.  Their aim was to develop stature estimation 

models.  The sample consisted of 108 Euro-American (57 males, 51 females) and 22 

Afro-American (13 males, 9 females) individuals.  Rather than compare bilateral 

measurements, an average of left and right bones was calculated, however no 

information was provided about possible bilateral asymmetry.  All metatarsal lengths 

were significantly correlated with stature, with metatarsal 1 having the strongest 

correlation (r = 0.72 to 0.79) for the following groupings: combined data, all males, 

Euro-American males, and Euro-American females.  For the all-female and Afro-

American female groupings, metatarsal 2 had the strongest correlation with stature (r 

= 0.73, 0.83 respectively), whereas metatarsal 3 had a very strong positive relationship 

with stature for Afro-American males (r = 0.89).   

Based upon significantly different (P < 0.05) regression slopes between sub-groups the 

authors inferred that sex and population specific formulae are preferable to a generic 

pooled sex and population model.  This is supported by the fact that the error is 

reduced in the former equations, with the lowest SEE (±3.99cm) resulting from the 

Afro-American female model using metatarsal 2 length.  The accuracy of other sex and 

population specific groupings ranged between ±4.22cm to ±7.38cm.  Generally the 

error for the pooled (combined) data equations was relatively large (±6.54cm to 

±7.60cm) although the authors argue that these results are comparable to using 

fragmentary long bones or metacarpals to estimate stature.  Multiple regression 

analysis only marginally improved upon the prediction accuracy of metatarsal 1 for the 

pooled data (±6.18cm vs. ±6.54cm), all-male (±6.13cm vs. ±6.42cm) and Euro-

American female (±4.84cm vs. ±4.96cm) groups.   
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(ii) Holland (1995) 

Holland examined 119 calcaneus/talus pairs and one unpaired calcaneus from the 

Hamann-Todd collection to evaluate whether sex and stature could be estimated from 

those bones (see section 3.3.1 for Steele’s (1976) sex estimation study).  A total of 100 

pairs, equally distributed according to sex and ancestry (American Black and White), 

were used as the modelling sample (Sample 1) with the remaining 19 pairs and one 

calcaneus allocated as a test (hold-out) group (Sample 2).  An additional control group 

(Sample 3) consisting of nine calcanei and 10 tali from an independent population of 

American war casualties was also used to explore the possibility of secular trends.  

Two calcanei and one talus measurement all had strong positive correlations with 

stature (r = 0.723 to 0.817).  Simple and multiple regression equations were provided, 

with SEE’s ranging from ±4.13cm to ±6.25cm, including sex and population specific 

models.   

Although Holland claimed that the sex and population specific models did not always 

provide the most accurate results, the least error was found when the sample was split 

according to those categories. Furthermore, different individual measurements 

produce the most accurate results for the various sex/population groupings.  For 

example, maximum talus length had the smallest error for black males (±4.69cm) 

whereas for white males it was maximum posterior calcaneus length (±5.55cm).  

Studies from South Africa have replicated this finding and demonstrated that 

population specific stature estimation equations (SEE: ±4.0cm to ±5.9cm) derived from 

calcanei from the Raymond A. Dart skeletal collection are more accurate (Bidmos and 

Asala 2005; Bidmos 2006).  When the regression formulae were tested on Samples 2 

and 3, the author reported similar levels of accuracy, with 70% to 100% of the 

samples’ stature being predicted to within one standard error of their actual stature 

(with the exception of the white female group).  The authors concluded that the 

comparable results for Sample 3 (a mix of World War II, Korean and Vietnam War 

casualties) suggest secular trends have limited influence on the dimensions of the 

calcaneus and talus.   
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3.2.2 Anthropometric Research: 20th Century 

Until the late 20th century there were few studies that applied regression analysis to 

explore the relationship between foot size and stature.  Many early European and 

American anthropologists used a simple ratio to describe the relationship, with foot 

length quantified as a percentage of stature.  Giles and Vallandigham (1991) and 

Fessler et al. (2005a) provide comprehensive summaries of those early findings.  These 

ratios tend to be on average around 15%, but it is not uncommon for values to range 

between 13.5 to 16.5%.   Even a 0.5% variation from this 15% figure can make a 

substantial difference to the predicted height.  The following section focuses on the 

research with forensic objectives in mind, and as such, tend to include statistically 

verified results.    

(i) Macdonell (1902) 

This was one of the earliest publications to quantify the relationship between foot 

length and living height and it actually had ‘forensic’ aims.  Macdonell, a criminal 

anthropometrist in the tradition of Bertillon and Lombroso (Gould 1996), accessed 

3,000 case files of adult (over 21 years) male prisoners of British descent.  The aim was 

to investigate the differences in proportions of criminals to the educated classes 

(“Cambridge Men”).  Considering linear regression analysis was a relatively recent 

development, his statistical treatment of the data was comprehensive.  Macdonell 

developed a number of stature estimation formulae, including one incorporating left 

foot length.  He found a strong positive relationship between left foot length and 

stature (r = 0.74) with the resultant linear regression equation having a probable error 

of 2.945cm.  It is uncertain however, as to whether this is equivalent to the standard 

error of the estimate.  Not only were these results comparable to Karl Pearson’s (1899) 

regression analysis for reconstructing height from the long bones, they are also similar 

to the results being published in modern forensic studies. 

(ii) Robbins (1978, 1986)  

Robbins revitalised interest in studying the human foot for forensic purposes.  Prior to 

this, much of the research was focused on examining the foot for the purpose of 

footwear design (e.g. Baba 1974; Rossi 1983).  Although she correctly perceived the 

forensic value of foot and footprint measurements, her research has been 
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controversial due to methodological flaws (see below).  Despite publishing her work 

between 1978 to 1986 in peer reviewed journals, her methods were not 

comprehensively critiqued until after she died in 1987, which ultimately resulted in 

expert testimony presented by her being overturned (Komar and Buikstra 2008).   

In an earlier publication, Robbins (1978) attempted to develop a methodology for 

linking footprints to individuals based upon the morphology of 500 prints from a range 

of subjects aged 8 to 79 years.  However, her major flaw was that she provided no 

quantifiable results to substantiate her conclusions that footprints are individualising.  

It was primarily this qualitative component of her research that attracted the most 

criticism, particularly as she was allowed to testify as an expert in high profile legal 

cases (Hansen 1993).  Whilst her observational methodology was flawed, the theory 

that footprints are individualising was not entirely radical (e.g. Qamra et al. 1980; 

Laskowski and Kyle 1988).  Recently, much more sophisticated and thorough research 

has investigated a similar premise (Kennedy et al. 2003; Kennedy 2005; Kennedy et al. 

2005).  Using principal component analysis, the authors present their results in terms 

of the probability of a chance match of a specific footprint to a random individual.  

Further discussion regarding this area of research, however, is beyond the scope of the 

present thesis. 

In regards to stature estimation, Robbins (1986) collected a number of measurements 

from over 500 bilateral footprints and outlines from subjects aged 3 to 79 years.  

When the sample is separated according to age, she uses 14 years as the subdividing 

point without further elaboration as to why.  It would be more appropriate to use an 

age where growth is most likely to have ceased.  Robbins infers that there is no 

bilateral asymmetry between left and right footprints and outlines based on the high 

correlation coefficients between the sides (r = 0.95 to 0.99), but she did not detail any 

statistical methods to justify her reasoning.  Robbins did, however, report that all heel-

toe lengths from both footprints and outlines had similarly high correlations with 

stature (r = 0.80 to 0.85). 

In what appears to be an effort to avoid conducting any comprehensive statistical 

analyses, Robbins unnecessarily simplifies her results, advocating the use of the static 

foot length/stature ratio.  In terms of an error estimate, Robbins claims that the 
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margin of variation is 2.54cm (1 inch) but neglects to explain how she formulated this 

figure, leading one to suspect that this is a guesstimate.  Perhaps the major criticism 

(Kahane and Thornton 1987) is that her failure to construct linear regression equations 

is justified by her belief that the statistics are “unduly complicated” and produce 

“superfluous” data (1986: 147).  Her estimations and approximations are certainly not 

adequate in a forensic context, particularly from a practitioner who purported to be an 

expert in a court of law.  Notwithstanding the valid criticisms her research received, 

Robbins did make some valuable contributions.  She was among the first to note that 

feet and footprints had received little attention by forensic anthropologists.  Further, 

her linear axis method (Brown and Rutty 2005) for measuring footprints has been 

widely adopted by contemporary researchers (e.g. Barker and Scheuer 1998; Krishan 

2008b; Fawzy and Kamal 2010).  Most importantly her erroneous conclusions have 

provided valuable precautions for future research in this field. 

(iii)  Giles and Vallandigham (1991) 

This seminal paper was one of the first to critique the research of Robbins (1986) and  

provide an alternative examination of foot and footprint data for a modern American 

population.  They questioned Robbins interpretation of the same source data, 

concluding that the 15% foot/stature ratio was not universally applicable as she 

implied.   

Anthropometric data from US Army surveys of 6,682 adult males (1966 survey) and 

1,330 adult females (1977 survey) were used to investigate both static ratio and linear 

regression methods for estimating stature using right (as per US Army survey 

protocols) foot length.  Whilst superficially the regression equation did not appear to 

perform much more accurately than a static ratio (in terms of the average error), when 

they investigated the data more critically, they discovered that there was actually a 

highly significant difference (P < 0.001) in comparing the variances of the estimates 

from both methods. This meant that the performance of the regression equation is 

considered preferable.  Their resultant linear regression equations have an SEE of 

±4.856cm for males and ±4.700cm for females.  The advantage of using a large military 

sample is that it is statistically robust; however the drawbacks are there is an inherent 
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bias towards young adult males that are not entirely representative of the wider 

population. 

Giles and Vallandigham also investigated the possibility of estimating stature from 

shoe and shoeprint measurements using a different dataset.   Indirect and direct 

approaches were evaluated for predicting foot length from shoes, which could in turn 

be incorporated into the stature estimation equations.  The indirect approach used 

shoe size conversion tables according to the style of the shoe and assuming either 

information regarding size was evident in a shoeprint or the actual shoe was available.  

The direct method, based upon a sample of 84 male police officers, used regression 

equations derived from actual shoe measurements to predict foot size, assuming that 

shoe length was a proxy for shoeprint length.  The results indicated that, for a given 

shoeprint length, (male) stature could be estimated within a range of ±6.35cm with 

70% confidence intervals. Adjustment factors for heeled shoes (shoe length minus 

0.25cm) were also provided to enable a more accurate comparison to flat shoes. 

Although (logically) larger shoes should be associated with larger feet (and hence taller 

individuals) they conceded that there were two major confounding issues.  Firstly, 

different shoe styles will result in variable imprints of shoes purportedly the same size, 

and secondly, shoes are rarely professionally fitted, implying that the shoe size may 

not be an accurate representation of the foot wearing it.  Furthermore, forensic 

investigators need to be aware of differences between manufacturers for particular 

size designations, including different sizing systems for different countries (Bodziak 

2000).  Whilst the estimate range is relatively large, the authors propose that this may 

be more accurate than eyewitness testimony. 

(iv)  Gordon and Buikstra (1992) 

Similar to Giles and Vallandigham (1991), Gordon and Buikstra also analysed 

anthropometric data from US Army surveys.  The authors used a smaller sample of 359 

Blacks and 477 Whites (from the 1985 Combat Boot Fit Test) to develop models for 

predicting stature from foot and boot dimensions; these were then tested on a larger 

validation sample (n = 3982) taken from the 1988 US Army Anthropometric survey.  

Sex specific models (279 males; 557 females) were also developed for both pooled and 

population specific cohorts.  The validation sample was older, more ethnically diverse 
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(including Hispanic, Pacific Islander and Native American subjects), and included 

individuals from a greater range of military occupations; hence it was an appropriate 

test of the generality of the models.   

The independent variables in the stature estimation model included (right) foot length 

and breadth, ancestry and sex.  Using the adjusted R2 value as a measure of the 

explanatory power, the preferred model was the full one that incorporated all 

independent variables (adj R2 = 0.784).  As information pertaining to sex and ancestry 

is not always attainable in a forensic setting, by comparison the model using only foot 

dimensions had a reduction in explanatory power of 4.9% (adj R2 = 0.735).  In regards 

to the validation study, the model performed more accurately for Hispanics and 

Asian/Pacific Islanders when they were coded as ‘Black’ (Hispanics: adj R2 of 0.71 vs 

0.63; Asian/Pacific Islanders: adj R2 of 0.76 vs 0.72) and for Native Americans when 

they were coded ‘White’ (adj R2 = 0.76); however the residuals were still large when 

compared to the performance of the models when used on their own corresponding 

ancestral groups.  Models that do not include ancestry and sex as variables are more 

accurate for individuals who cannot be definitively classified as White or Black.  The 

authors used 95% confidence intervals (CI) as an indicator of precision, rather than the 

SEE.  The smallest CI was associated with the full model (85 to 86mm compared to 95 

to 96mm) reiterating the notion that information on sex and population affinity is 

necessary for optimal stature estimates.  As this information is not always available, 

these stature estimation techniques may be more suitable as an exclusionary device in 

the early stages of an investigation. 

When it came to building stature estimation models using boot outsole dimensions, 

the authors found that, in terms of explanatory power and size of the confidence 

intervals (adj R2 of around 0.74, CI varied between 92-93mm), these variables 

performed nearly as well as the models developed from foot dimensions.  They did 

acknowledge, however, that their results were a best case scenario as the 

professionally fitted combat boots were all one particular style from the same 

manufacturer. 
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(v)  Barker and Scheuer (1998) 

This is the only available research (to-date) that investigated the relationship between 

foot size and stature for a modern British population.  However, due to the 

methodology employed in their study, the results are difficult to compare to other 

research.  Their sample consisted of 105 (56 males; 49 females - presumably adult) 

students and staff from a teaching hospital in London.  Ethnic affiliation was mainly 

European (73%) with the remainder identifying as either Asian (24%) or Afro-

Caribbean (3%).  In addition to measuring foot length and stature, the authors 

described a method for acquiring static and walking footprints, which were 

subsequently measured using a linear axis technique similar to Robbins (1978).  

However, instead of using these results to construct independent regression equations 

for estimating stature, they developed regression equations for predicting foot length 

from various measurements of both walking and static footprints.  The relationship 

between foot length and stature was then expressed using a static ratio calculated 

separately for left and right feet, for both the pooled data and sex specific groups.  

Using this approach, however, would compound the size of the estimation error; it 

would include the error associated with the initial foot length prediction in addition to 

the error associated with estimating stature from a ratio.   

Although the ratios appear to be larger on the right side (15.050% vs. 15.010% for 

pooled; 15.222% vs. 15.189% for males; 14.853% vs. 14.806% for females), and all 

equations are side dependent, there is no mention of any tests for bilateral 

asymmetry.  Similarly, although the sex specific foot length/stature ratios indicate that 

males are larger than females, there are no tests to establish whether this difference is 

significant.  This issue is also not considered for the foot length regression equations as 

the calculations provided are independent of sex.   

3.2.3 Anthropometric Research: 21st Century  

The 21st century has seen the literature dominated with publications by primarily 

Turkish and Indian researchers.  As modern India has one of the largest and most 

ethnically diverse populations in the world (Sen and Ghosh 2008) it presents numerous 

opportunities to study anthropometric variation, particularly genetically isolated 

indigenous groups.  Each subsequent publication has benefited from the increasing 
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body of research into the subject, so that there now generally appears to be a 

standardised format for presenting results, including quantifying sex differences and 

bilateral asymmetry and reporting on the SEE for simple and multiple linear regression 

formulae.  Furthermore, it is essential for forensic anthropological research into 

stature estimation to include the mean, standard deviation and SEE statistics so that 

confidence intervals can be correctly calculated when applying the formula to an 

isolated individual (Giles and Klepinger 1988).  As such, the following section 

concentrates on those recent publications that generally include such statistical details 

so that results can be effectively compared.   

(i) Ozden et al. (2005) 

This paper examined the relationship between foot size and stature.  The sample 

consisted of 569 adults (294 males, 275 females) from Turkey with the majority 

(27.83%) from the central region.  In addition to measuring stature, foot length and 

foot breadth the authors measured the length and breadth of the subjects’ shoes.  The 

variable with the highest correlation with stature was left foot length for males            

(r = 0.614) and right foot length for females (r = 0.500).  Both these coefficients were 

highly significant (P < 0.001).  The most interesting result was that for females, both 

left and right foot breadths were not significantly correlated with stature, yet the 

widths of the shoes were (P < 0.05), although the coefficients were low (r = 0.153; 

0.139 for left and right respectively).  Males were significantly (P < 0.001) larger than 

females for all variables except age.  Side specific formulae were provided although 

there was no mention of tests for bilateral asymmetry.  The authors detailed both 

multiple regression equations for estimating stature (SEE: ±2.935cm to ±3.161cm) and 

logistic regression equations for estimating sex (no prediction accuracy given) which 

included foot length, shoe length and shoe size as variables.  There are limits to the 

forensic applications of these equations, however, as isolated feet and shoes may not 

be definitively associated with one another.  Furthermore, shoe sizing systems may 

vary depending on where and who manufactured the footwear (Bodziak 2000). 

(ii) Sanli et al. (2005) 

This study of another Turkish population investigated the relationship between stature 

and the hands and feet.  Their sample was smaller and younger (80 males and 75 
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females, aged 17 – 23 years) than that of Ozden et al. (2005) and only included length 

measurements from the right side.  Both hand length and foot length were 

significantly correlated with stature (r = 0.699 to 0.881) across all groupings.   For foot 

length specifically, the pooled data had the highest correlation coefficient (r = 0.881), 

whereas for the simple linear regressions, the sex specific equations for females had 

the least error (SEE: ±3.545cm).  In terms of accuracy and explanatory power, the most 

accurate models were those that included both foot and hand length in the equations 

(SEE: ±3.091 to ±3.524 compared to ±3.545 to ±4.450 for foot length).  The inclusion of 

both these independent variables explained 86% of the variation in stature for the 

pooled data multiple regression model. Whilst the authors recommend using the 

multiple regression equations, in reality this may not be viable in a forensic scenario, 

particularly when an investigator is confronted with highly fragmented remains.   

(iii) Krishan and Sharma (2007) 

This study of 246 Rajputs (123 males; 123 females), an endogamous caste group of 

North India, was similar to Sanli et al. (2005) in that it investigated both hand and foot 

measurements in a young (17 – 20 years) sample.  However, Krishan and Sharma’s 

research differed because it included not only measurements from both sides, but also 

breadth dimensions of the feet and hands.  Although all right side measurements were 

larger than the left side for both sexes, this difference was only significant for hand 

breadth (P < 0.01).  Males were significantly larger (P < 0.01) than females for all 

measurements.  Left foot length had the highest correlation with stature for males      

(r = 0.741) and right foot length for females (r = 0.739) which is consistent with the 

findings of Ozden et al. (2005).  The highest correlated variables also provided the 

most accurate simple linear regression models, with an SEE of ±4.38cm for males and 

±3.50cm for females.  The authors also devised multiple regression formulae for males 

and females using left side measurements, but they did not explain their rationale for 

choosing this side in particular.  As with the findings of Sanli et al. (2005), the most 

accurate multiple regression models for both sexes are those that incorporate both 

hand and foot measurements.  The model that combined both left foot length and 

breadth did improve upon the simple linear regression equations with an SEE of 

±3.02cm for males and ±2.98cm for females.  As there was no significant bilateral 

symmetry for hand length, or foot length and breadth, Krishan and Sharma also 
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provide sex specific, linear regression equations for pooled left and right data, but they 

did not include the SEE figures, thus it is difficult to assess their accuracy and forensic 

applicability.   

(iv) Agnihotri et al. (2007) 

This study developed linear and curvilinear stature estimate models in a sample of 250 

(125 males; 125 females) medical students aged 18 to 30 years.  The sample, 

consisting of mainly Mauritians and Indians, was further separated into three different 

age groups: less than 20; 20 to 22; and over 22 years of age.  The majority (90%) of the 

sample is represented by subjects less than 22 years old.  Unusually, correlation 

coefficients are not supplied for the independent variables; a general multiple 

regression model incorporating right foot length, sex and age variables is provided.  

According to the authors, this model explains 77% (r = 0.877, R2 = 0.769) of the 

variation in stature yet they do not provide an SEE as a measure of the model’s 

accuracy.   

In developing sex specific equations, the paper outlines three types of formulae:  a 

simple linear regression, with right foot length as the most accurate predictive variable 

for both males and females, including the corresponding correlation coefficients (r = 

0.720, 0.680 respectively; P < 0.01); a multiple regression model for males only that 

includes age as a variable (r = 0.731; P < 0.01); and a curvilinear model that again 

incorporates right foot length as the principal explanatory variable.  No SEE’s are 

provided for any of these formulae, so apart from the provision of the R2 statistic, it is 

difficult to compare the performance of the models.  Furthermore, the inclusion of age 

in the multiple regression model has limited forensic utility.  There is also no mention 

of any tests for bilateral asymmetry to determine whether side specific equations are 

preferable. 

Aside from these issues, Agnihotri et al. have been criticised elsewhere (e.g. Kanchan 

et al. 2008a) on a number of points.  Their critics argue that the two major ancestries 

(Mauritian and Indian) should have been analysed separately to determine if there 

were any significant differences between the groups.  However, as Mauritian locals 

would be an admixture of a number of ancestral affiliations, with the majority (68%) 

Indo-Mauritian (CIA 2009), this additional step may be moot, particularly considering 
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the difficulties in analysing an unknown foot for ethnic markers.  As stature decreases 

are not prevalent until later in life, Kanchan et al. (2008a) did raise a valid point in 

questioning the rationale behind the age classification groups.  Furthermore, although 

Agnithotri et al. claimed to have derived linear models for each age category, these 

equations were notably absent from their paper.  The final criticism outlined by 

Kanchan et al. (2008a) was the use of coded sex variables in the models.  As the 

discussion states that there was a highly significant (P < 0.001) sex difference for all 

foot variables, it is more practical to use sex specific equations rather than quantifying 

qualitative data. 

(v) Kanchan et al. (2008b) 

Kanchan et al. published their own research on stature estimation from foot 

dimensions based on a population of 200 Gujjars (another North Indian endogamous 

caste group).  The sample was equally divided between males and females, ranging in 

age from 18 to 80 years.  This was then further classified into two groups according to 

age: 18 to 30 years, and over 30 years.  Interestingly, no significant differences were 

found between the two age groups for stature or foot measurements (foot length and 

breadth) and age was not found to have any significant correlation to stature (P > 

0.05).  Males were significantly larger (P < 0.001) than females for all dimensions.  In 

terms of bilateral asymmetry, females were found to be larger on the left side, whilst 

males were larger on the right.  This difference was only significant for male foot 

breadths (P < 0.001).  Both left and right foot lengths had the highest correlation (r = 

0.791) for the pooled data.  When the groups were separated according to sex, the 

highest correlation coefficient for males was left foot length (r = 0.764) whereas, for 

females right foot breadth was atypically the highest (r = 0.799).  The associated 

simple linear regression equations have the smallest SEE for the highest correlated 

variables (±4.157cm for the pooled data; ±3.842cm for males; ±3.077cm for females). 

It is important to note that Table 3 in the paper, which outlines the descriptive 

statistics for the two age groups, including the results of the t-tests, appears to have 

the left foot length data mixed up with the right foot breadth data for both males and 

females such that the mean left foot length falls between 9 to 10cm, whereas the 

mean right foot breadth falls between 23 to 26cm.  Based upon this error, it is 



CHAPTER THREE 

34 

probably prudent to be sceptical about the other results, especially the unusual finding 

that right foot breadth had the highest correlation to stature in females.  Multiple 

regression equations incorporating both length and breadth variables had slightly 

improved error rates compared to the simple linear equations (SEE: ±2.964cm to 

±3.997cm), however when age was included as a variable, the SEE actually marginally 

increased for the male and female groupings (±2.978cm to ±3.877cm compared to 

±2.964cm to ±3.861cm); age was not included as a variable for the pooled sex multiple 

regressions. 

(vi) Krishan (2008a) 

Krishan, in further investigating the relationship between foot size and stature, 

published his own comprehensive study of 1040 male Gujjars aged 18 to 30 years.  In 

addition to stature, the author took a total of seven bilateral foot measurements: foot 

breadth, heel breadth and the five lengths from the pternion to the most anterior 

point of each toe (T1L to T5L).  Whilst Krishan acknowledges the measurement 

definitions are a modification of Robbins linear axis footprint methodology, he 

unfortunately does not detail the instrument or technique used to obtain these 

measurements.  Tests for bilateral asymmetry revealed that T1, T2 and T5 lengths 

were significantly larger on the left side (P < 0.01).  T1 length had the highest 

correlation with stature (r = 0.86) for both sides.   

Krishan explored both static ratio and linear regression approaches for estimating 

stature.  Simple linear regression equations were developed for each independent 

variable with T1 length producing the lowest mean error for both sides (2.16 cm for 

left, 2.15cm for right).  Predictably, the largest mean error was for the heel breadth 

equations (3.57 cm for left, 3.61cm for right).  Multiple regression equations 

incorporating T1 length and foot breadth were provided for both sides, with prediction 

accuracy further enhanced (mean error of 2.09cm for left, 2.03cm for right).  There is, 

however, no explanation why this particular multiple regression equation was 

selected.  On the basis of the mean error, the author concluded that linear regression 

was a preferable method to using a static ratio, and multiple regression was preferable 

to a simple linear equation.  The high correlations and low mean errors are most likely 

attributed to the large sample size, the homogeneity of the population and the 
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youthfulness of the sample, which Krishan acknowledged.  In testing the equations on 

a mixed sample of 100 North Indian males of similar age range he found that they 

consistently underestimated the mean stature.  Whilst it would appear that the 

stature estimation equations for male Gujjars have produced a higher level of accuracy 

than any prior studies, because the mean error is actually a different statistic to the 

SEE, definitive comparisons cannot be made.   

(vii) Krishan (2008b) 

Using the same sample population as the above study, Krishan also examined the 

relationship between barefoot impressions and stature.  Although prior research into 

footprints had been limited (Robbins 1978, 1986; Barker and Scheuer 1998; Kennedy 

et al. 2003; Kennedy et al. 2005), Krishan advocated the analysis of barefoot 

impressions for developing countries such as India, where the majority of the rural 

population rarely wear shoes due to socio-economic and climatic factors.  

Furthermore, previous footprint research had been on heterogeneous populations 

rather than on a genetically isolated caste group like the Gujjars, thus minimising the 

impact of environmental and hereditary influences.  A modified Robbins (1986) 

method was again adopted; 10 bilateral measurements from footprints and eight from 

foot outlines were taken.  Consistent with data from the foot study (Krishan 2008a), T2 

and T5 footprint lengths were significantly larger on the left side (P < 0.01).  The results 

for foot outlines varied, however, with T1 and T4 lengths significantly larger on the 

left, whereas foot breadth was significantly larger on the right (P < 0.01).   

For prints and outlines, all variables were significantly correlated with stature (P < 0.01 

to 0.001), with the exception of the toe 1-5 angle of declination.  For footprints, both 

left T1 length and right T2 length had the highest correlation coefficient (r = 0.87); for 

foot outlines, T1 length was the highest for both sides (r = 0.85).  These results are 

equivalent to the findings of the foot study (Krishan 2008a).  The smallest mean error 

for the simple linear regression equations corresponded to the variables which 

reported the highest correlation coefficients: for footprints, 2.12cm for left T1 length, 

2.15cm for right T2 length; for foot outlines, 2.18cm and 2.17cm for left and right T1 

lengths respectively.  Krishan demonstrates that dimensions from footprints and foot 

outlines can be equally effective at predicting stature as measurements taken directly 
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from the feet.  However, as with his foot study, different populations may not achieve 

the same results, and without knowing the SEE, it is difficult to make any comparisons. 

(viii) Sen and Ghosh (2008) 

The authors developed stature estimation formulae using a sample of 350 ‘adult’ 

Rajbanshi (a Schedule Caste group from North Bengal), equally distributed by sex.  The 

models were then tested on a group of a 100 Meche (50 males, 50 females), a smaller 

but ethnically distinct, indigenous community from the same region.  Rajbanshi males 

were significantly larger (P < 0.05) than females for all variables.  For both sexes left 

foot measurements were found to be larger than the right, although this difference 

was only significant for foot length (P < 0.05).  Left foot length had the highest 

correlation with stature for the pooled sample (r = 0.811); for males, it was right foot 

length (r = 0.624); and for females, both left and right foot length produced the same 

coefficient (r = 0.682).  When the sample is split according to sex, age is reported to 

have a low negative correlation (r = -0.114 for males; -0.118 for females) with stature, 

yet it was not indicated if this correlation was significant.  Linear and multiple 

regression equations are provided, but there are no accompanying SEE values to 

assess the accuracy of the predictive equations.  Incorporating foot breadth into the 

equation did marginally improve the R2 values for foot length in the male (42% vs 39%) 

and pooled data (69% vs 66%) models.  Conversely, adding age into the equation only 

made a discernible difference to the female models (52% vs 48%).   

Sen and Ghosh also provide linear regression equations for predicting foot breadth 

from foot length, although their motivation for doing so is unclear.  The authors should 

be commended, however, for testing not only their own equations but equations 

derived from previous Indian research on alternative sample populations.  Equations 

developed by Kanchan et al (2008b) on a Gujjar population were less accurate when 

applied to the Rajbanshi.  It was also demonstrated that, due to large variations in 

stature estimates, the equations developed on the Rajbanshi sample population were 

inappropriate to use on the Meche test population, despite both groups originating 

from North Bengal. 
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(ix) Zeybek et al. (2008) 

This study of 249 (136 males; 113 females) Turkish born students (aged 18 to 44 years) 

was novel in its approach to stature estimation from the feet.  In addition to the usual 

foot length and breadth measurements, the authors also took two different foot 

height measurements from both sides:  medial malleol height (FMH – distance 

between the distal end of the tibial malleolus and the ground); and navicular height 

(FNH – distances between the most superiorly projecting point of the navicular bone 

and the floor).  Consistent with previous studies, the means of the male 

measurements were significantly larger (P < 0.001) than the females for all variables.  

All variables were significantly correlated with stature but right foot length had the 

strongest relationship across all groupings: pooled data (r = 0.875); males (r = 0.678); 

and females (r = 0.741).   

In regards to the regression analysis, there appears to be contradictory information 

between the results presented in their Tables 3 and 4.  Table 3 provides the r, R2, adj 

R2, and SEE statistics for a multiple regression incorporating (presumably) all variables 

for the pooled, male and female groups.  Table 4 lists the regression coefficients for 

these equations but a completely different set of SEE’s.  It is difficult to interpret why 

there are such high errors for the sex specific multiple regression equations (SEE 

±9.339-10.008cm) compared to those for the pooled data (SEE ±3.869 for the right, 

±3.996cm for the left).  This issue is also contentious in a critique published by 

Kanchan et al. (2010a).  It would have been helpful if the authors had also provided 

simple linear regression equations for each independent variable as a point of 

comparison with the multiple regression model.  In addition, a stepwise approach to 

the multiple regression analysis may have been useful for determining which variables 

were contributing most to the variation in stature.  In this regard, it would have then 

been possible to assess the validity of including the additional foot height variables 

into the stature estimation research.  Zeybek et al also developed logistic regression 

equations for the estimation of sex which will be discussed in further detail in the next 

section of this chapter. 
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(x) Atamturk and Duyar (2008) 

On observing that much of the prior research (Sanli et al. 2005; Agnihotri et al. 2007; 

Krishan and Sharma 2007; Krishan 2008a) into the relationship between foot 

measurements and stature had focused on young adults, Atamturk and Duyar 

highlighted the limitations of this approach.  Not only does it ignore the variability 

within a population, it also assumes that body proportions are the same across the 

lifespan.  As such, this study aimed to collect data from a range of residents of Ankara 

(Turkey) that varied not only in age, but in occupation and socioeconomic status.  516 

individuals (253 males; 263 females) aged 17.6 to 82.9 years were separated into five 

age sub-groups to determine whether there were any differences between the 

categories.  The authors collected foot length, breadth and heel breadth 

measurements from the left foot and its corresponding print.  

As with previous studies, the males were significantly larger than females for all 

variables (P < 0.001).  They also found that there was a significant difference between 

the age categories for stature, weight and the foot length/stature ratio (P < 0.001); and 

foot length (P < 0.05).  The authors claim that both stature and foot length steadily 

decrease with age, but as stature decreases more rapidly, the subsequent foot 

length/stature ratio increases.  However, they have not considered the impact of 

secular changes in accounting for these differences (Giles 1991).  Nevertheless, they 

raised an important point to consider the longitudinal ageing trend as a factor in 

constructing appropriate regression formulae. 

For stature, foot length had the highest correlation coefficient for the pooled                 

(r = 0.857) and female (r = 0.678) groups; whereas for males, it was footprint length     

(r = 0.734).  To develop estimation formulae, 80% of the sample (n = 406) was 

randomly assigned into a study group with the remainder 20% (n = 110) comprising 

the hold-out group, ensuring that there was equivalent distribution of males and 

females in each sub-group.  Stepwise regression analysis was used to determine the 

most appropriate models for predicting stature and weight.  For stature, the most 

accurate model incorporated foot length, footprint length, footprint breadth, sex and 

age as variables; the resultant SEE was ±4.430cm.  However, the forensic utility of 

including both foot and footprint variables in the same equation is highly questionable.  
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It would have been useful if the authors generated sex specific equations to compare 

accuracy, and in considering their original research aims, what the impact of age would 

be for this type of analysis. 

Although no simple linear regression equations were provided, a model that included 

foot length was the first stage of the stepwise multiple regression analysis (SEE 

±5.142cm).  When the equations were tested on the hold-out sample, the preferred 

stature estimation model excluded foot print breadth as a variable.  To their credit, 

Atamturk and Duyar acknowledge that the application of age-inclusive models may not 

be possible in all scenarios, however if additional data on age is available, they 

recommend using age specific formulae for obtaining the optimum estimate.  In 

reality, anthropological analysis can (at best) only estimate an age range rendering 

these formulae forensically redundant, but nonetheless, a useful statistical exercise. 

(xi) Kanchan et al. (2010b) 

In an effort to counteract the effect of the larger sample size of pooled data groups, as 

compared to sex-specific sub-samples commonly found in previous research, Kanchan 

et al further divided their sample of 100 Gujjars (50 male, 50 female) into two equally 

sized (n = 50) “Pooled Random Groups” (PRG) with equivalent distribution of males 

and females.  The results of the PRG’s regression analyses were then compared with 

those from the sex specific groups.  Measurements were limited to stature and left 

and right foot lengths.  Again, the means of stature and both foot lengths were 

significantly larger for males (P < 0.001).  There was, however, no significant bilateral 

asymmetry between left and right foot length.   

For right foot length, PRG 1 had the highest correlation (r = 0.820) and the male 

regression equation had the smallest SEE (±3.746cm).  The female sub-group had the 

smallest correlation (r = 0.558) and the largest SEE (±4.313cm).  The same pattern was 

observed for left foot length, with PRG 1 having the highest correlation (r = 0.800) but 

males having the smallest SEE (±4.024cm).  The largest error (SEE ±4.387cm) and 

lowest correlation coefficient (r = 0.536) was attributed to the female sub-sample 

again.  Overall, this paper demonstrates that the performance of the sex-specific 

regression equations is comparable to those of the pooled random groups.  Further 
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research is necessary to determine whether larger samples and different population 

groups will produce similar outcomes. 

(xii) Fawzy and Kamal (2010) 

This Egyptian study contributed to the relatively limited research into stature 

estimation from footprint measurements by examining the left and right prints of 50 

young (18 to 25 years) male medical students.  Using a modified linear axis method 

(Robbins 1986; Brown and Rutty 2005) the authors took nine bilateral footprint 

measurements.   All variables (except footprint breadth) were found to be significantly 

larger (P < 0.01) on the left side.  Unlike previous studies however, a number of 

variables were not significantly correlated with stature, including left footprint 

breadth, left and right heel breadths and all big toe measurements.  Another 

anomalous result was that right T5 length had the highest correlation (r = 0.58) with 

stature and the lowest SEE (±3.55cm) for the simple linear regression equations.  Left 

and right T1 lengths produced similarly accurate results (r = 0.54; SEE ±3.55cm for 

right, ±3.63cm for left) which was comparable to previous research.  Whilst Fawzy and 

Kamal’s research has made an important contribution to forensic anthropology 

population data in regards to stature estimation from footprints, there are limitations 

to the study including a small sample size, narrow age range and selection bias in using 

only male medical students.   

 

3.3 Studies into Sex Estimation 

3.3.1 Osteometric Research 

The proliferation of sex estimation research using foot bones is an indication of the 

importance of a sex assessment towards establishing personal identity (Bruzek and 

Murail 2006).  Much of this research has been conducted on North American skeletal 

collections, (particularly the Terry collection); however recent studies have used 

modern osteological collections originating in South Africa, Italy and Greece.  Apart 

from choosing commonly encountered bones, other important considerations for 

osteometric sex estimation include:  generating functions with the least amount of 

variables; employing easily replicated measurements; and using the guideline of 75% 
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minimum classification accuracy (Wilbur 1998).  As there has been limited 

anthropometric research into sex estimation from the foot, and none for footprints, 

the following osteometric studies demonstrate the discriminating potential of this 

anatomical region.   

(i) Steele (1976) 

This was one of the earliest studies to investigate the potential of foot osteometrics 

for sex estimation.  The author examined 120 individuals from the Terry skeletal 

collection, equally represented by sex and ancestral affiliation (American Whites and 

Blacks).   Five measurements each were taken of the left calcaneus and talus, from 

which three indices were calculated.  All measurements were significantly larger for 

males, however there was sufficient overlap in the measurement ranges so that single 

variables had little sex discriminating power, with the exception of maximum talus 

length (81% correctly classified).  A stepwise discriminant function analysis was also 

conducted, which resulted in five equations for estimating sex with a combined 

classification accuracy of 79% to 89%.  The most accurate function included maximum 

talus length, and width, and calcaneus body height.  Although these results were not 

cross-validated, this particular function achieved very high classification accuracies 

when tested on two independent Native American samples (90% for the Larson site; 

84% for the Pueblo site). 

(ii) Smith (1997)  

Using a sample of 160 individuals (40 each of American Black and White males and 

females) from the Terry and Huntington osteological collections, Smith attempted to 

develop standards using metatarsal and phalangeal measurements for estimating sex.  

The most accurate models used a combination of measurements from the metatarsals 

and the proximal and distal phalanges of the big toe.  A combined classification 

accuracy of 91% (cross-validated) was achieved for either side when applying a 

function incorporating 14 measurements from six right foot bones (metatarsal 3 

excluded), or 12 measurements from all seven left foot bones.  Other functions 

included those based only upon metatarsals or proximal phalanges (86% to 91% 

classification accuracy).  In terms of the individual variables, the head and base widths 

were more sexually dimorphic, suggesting these dimensions are indicators of 
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robustness.  Whilst the functions achieved high levels of accuracy, Smith was aware of 

the limitations of her research, in particular the large number of variables required to 

make an assessment. 

(iii)  Robling and Ubelaker (1997) 

Similar to Smith (1997), these authors examined the potential of utilising the 

metatarsals to estimate sex, however they employed a slightly different methodology.  

The study sample comprised 100 females (48 White; 52 Black) and 100 males (48 

White; 52 Black) from the Terry collection.    Two test samples were also chosen:  12 

donated cadavers from the University of Missouri (MU) and a further 25 individuals 

from the Terry collection that were not included in the study sample.  Individuals were 

selected on the basis of having a complete set of metatarsal bones.  After establishing 

that bilateral asymmetry was statistically non-significant (P > 0.05), six different 

measurements were taken from each right metatarsal.  Stepwise discriminant 

functions were then generated for individual metatarsals and for the complete set of 

30 measurements for the pooled study sample.  The authors also found that there 

were sufficient measurements that displayed significant differences (P < 0.05) 

between the ancestral groups to warrant formulating population specific functions. 

Overall, the pooled ancestry functions achieved a combined classification accuracy of 

88% to 94% (cross-validated); the population specific functions produced similar 

results (85% to 91% for Blacks; 85% to 93% for Whites).  The functions calculated from 

the complete set of metatarsal measurements achieved the highest classification 

accuracy (91% to 94%), although the function for the pooled ancestry group 

incorporated nine different variables.  Functions derived from individual metatarsals 

all achieved similar degrees of accuracy (85% to 92%). When these sex estimation 

standards were applied to the test samples, the authors reported a greater range of 

correct classifications (69% to 100% for the Terry test sample; 75% to 92% for the MU 

cadaver sample), with lower accuracies and larger sex biases (differences in 

classification rates between males and females) for a number of functions. 
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(iv) Introna et al. (1997) 

These authors examined right calcanei of 40 males and 40 females from a modern 

Southern Italian population; the age range of the sample was 25 to 80 years.  Of the 

eight different measurements taken they found that calcaneus height exhibited the 

greatest sex difference, however maximum length produced the highest sex 

classification accuracy (84%) in a univariate discriminant analysis.  Multivariate 

discriminant analysis resulted in eight functions, with sex estimation accuracy ranging 

between 76% to 85%, that incorporated a maximum of three variables.  Applying 

functions based on one skeletal element using a small amount of variables is clearly an 

advantage for case work applications. The results of this study were comparable to the 

classification accuracy of the earlier Steele (1976) study using calcanei and talar 

dimensions, thus providing further support for the sex discrimination potential of this 

anatomical region.   

 (v)  Bidmos and Asala (2003, 2004) 

These two papers investigated the sex discrimination potential of the calcaneus for 

South African Whites (2003) and Blacks (2004) from the Raymond A. Dart skeletal 

collection.  The White sample comprised 53 males and 60 females and the Black 

sample included 58 each of males and females.  Preliminary comparisons of left and 

right calcanei demonstrated no significant bilateral differences (P > 0.05).  As such, the 

left calcaneus was arbitrarily selected for measurement, except in circumstances 

where it was deemed unsuitable for inclusion.  Of the nine calcaneal measurements 

taken from each sample, all mean values were significantly larger for males than 

females (P < 0.001).  Data were then subjected to stepwise and direct discriminant 

function analyses.  The stepwise analysis selected different variables for the Black and 

White functions, reinforcing the notion of population variability.  The range of 

accuracies also differed (79% to 85% for Blacks; 81% to 91% for Whites) suggesting 

that the calcaneus may be more sexually dimorphic in the latter population.   The 

direct function incorporating all nine variables achieved the highest classification 

accuracy:  92% for Whites and 86% for Blacks.  Combined classification accuracy from a 

cross-validated analysis of the black sample was 77% to 85%. 
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(vi) Bidmos and Dayal (2003, 2004) 

For these two studies, the authors investigated the sex estimation potential of the 

talus using the R. A. Dart Collection (see above).  The 2003 paper examined a sample 

of 120 Whites and the 2004 paper 120 Blacks, each with equal representation of the 

sexes.  Nine left talar measurements were taken and the data was used to generate 

univariate, direct and stepwise discriminant functions.  The functions were then cross-

validated; the Black standards were further tested using two independent hold-out 

samples (n = 10) from the Dart collection; one Black (Sample 1) and one White (Sample 

2).    

As with the findings from the South African calcaneal studies (see above), the most 

sexually dimorphic talar dimensions were not common between population groups.  

Generally, length measurements were more discriminating for Whites, whereas height 

measurements were more discriminating for Blacks.  Different variable selection by 

the stepwise analysis also emphasised this population difference.  Combined 

classification accuracy of the stepwise and direct functions ranged from 83% to 87% 

for Blacks and 78% to 86% for Whites (both cross-validated).   When the functions 

from the Black sample were applied to the two independent test samples they were 

much more accurate for Sample 1 (70% to 90% accuracy) than for Sample 2 (40% to 

80% accuracy). 

(vii) Case and Ross (2007) 

Case and Ross were interested in the specific contribution of hand and foot bone 

lengths in discriminating sex.  Their rationale was that hand and foot bone lengths are 

not subject to the same appositional bone growth and modelling changes caused by 

lifetime activity.  Using a sample of 123 female and 136 male White Americans from 

the Terry Collection, the authors took the maximum axial length measurements of all 

metacarpals and phalanges of both hands, and all metatarsals and proximal phalanges, 

and the first distal phalanx of the right foot.  The data from the complete set of bones 

from each extremity, as well as from each bone ‘row’, were then subject to direct and 

stepwise discriminant function analysis.  Cross-validated results from the direct (82.2 

to 83.1%) and stepwise (80.0 to 85.7%) analyses of the complete sets were similarly all 

above 80% accuracy.  The direct analyses of ‘rows’, however, were not as accurate and 
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demonstrated that the left hand (79.6 to 85.7%) outperformed the right (77.9 to 

82.7%), which in turn outperformed the right foot (74.1 to 79.6%).  Interestingly, the 

most accurate direct function for the foot was the single variable equation 

incorporating the first distal phalanx (79.6%); this bone was also included in the 

stepwise generated functions (83% accuracy).  In contrast, the function incorporating 

all metatarsals was least accurate (74.1%). 

(viii) Mountrakis et al. (2010) 

This comprehensive study of a modern, Greek skeletal collection assessed a total of 

1,595 left and right metatarsals in 97 males and 89 females.  Seven measurements 

were taken from each metatarsal and the data was preliminary assessed for 

statistically significant sex differences and bilateral asymmetry.  Mean metatarsal 

values were found to be larger for males and there was sufficient bilateral asymmetry 

for the authors to deem it necessary to develop side specific functions.  A direct, 

multivariate discriminant function was then generated for each metatarsal, with a 

cross-validated combined classification accuracy of 78% to 86% for the left side and 

78% to 87% for the right.  The cross-validated results from the stepwise analysis were 

again similar for each side (79% to 88% for the left; 79% to 85% for the right).  The 

authors also generated direct functions for partial metatarsals using four variables to 

represent each half of the bone.  Combined classification accuracy from the midshaft 

and base dimensions was 75% to 89% for the left and 78% to 87% for the right side; 

midshaft and head dimensions were less accurate with 77% to 83% for the left and 

73% to 82% for the right side. 

3.3.2 Anthropometric Research 

Whilst it can be demonstrated that there has been substantial research into the sexual 

dimorphism of the foot bones there has been a comparatively limited amount of 

similar anthropometric focussed research.  Most anthropometric studies of sexual 

dimorphism of the foot have been concerned with differences in the relative 

proportion of the foot to stature. The few available studies with forensic aims have 

applied non-standard methodologies (compared to the osteometric research) thus 

making comparisons more difficult.  Therefore, this section takes a more general 
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approach to examining the available literature, rather than focussing on the individual 

studies in specific detail.   

Ashizawa et al. (1997), in an effort to delineate the morphology of the ‘prototype’ 

foot, compared three Asian populations with different shoe wearing habits:  rural East 

Javanese (barefoot), rural Filipinas (flip-flops) and urban Japanese (shoes).  Despite the 

limitations to their study, such as no age assessment for the East Javanese, no male 

data for the Filipinas, and the inclusion of sub-adults in the study, the authors found 

that foot length was significantly correlated with stature (r = 0.745 to 0.970; P < 0.01 – 

0.001) for all population groups.  In addition to differences in allometry between 

population groups, Ashizawa et al. (1997) found both Japanese and East Javanese 

males had longer feet proportionate to stature, suggesting sexual dimorphism.  

Furthermore, the pattern of sexual dimorphism was population specific; the 

magnitude of sex differences was smaller in the Japanese, and the East Javanese 

female foot was actually longer and wider than the Japanese male foot. 

Fessler et al. (2005a) found that this pattern of sexual dimorphism in proportionate 

foot length also applied to a range of existing data sets from a diverse array of 

population groups.  The authors proposed that sexual selection may be responsible for 

this universal trend, as small feet are associated with youth (fertility) and nulliparity, 

both desirable traits for males to look for in a potential mate.  Additional research 

(Fessler et al. 2005b) has demonstrated that in the majority of nine disparate cultures 

(including Western and non-Western societies), small foot size enhances female 

attractiveness but has no such effect on male attractiveness. 

Krauss et al. (2008) took an ergonomic approach to investigating sexual dimorphism in 

foot morphology.  Motivated by improving athletic footwear design, the authors took 

3D scans of 847 German subjects (423 males, 424 females) recruited from various 

athletic disciplines.  Ten different foot dimensions were derived from the scans using 

manually defined anatomical landmarks.  Rather than evaluating sex differences in 

foot length proportionate to stature, the authors examined differences in other foot 

dimensions proportionate to common foot lengths (designated as between 250mm – 

270mm for this population).  Their main finding was that females had significantly 
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smaller (P < 0.003) anatomical ball widths (foot breadths) than males within the same 

foot length grouping. 

Krauss et al. (2008) also compared differences in the mean values of other foot 

measurements when they were expressed as a percentage of foot length (% FL).  

Although they found statistically significant sex differences for all the length 

measurements and anatomical heel width, in absolute terms, these were small (0.3% 

to 0.6% FL).  However, when a cluster analysis delineated foot shapes into three 

separate types (voluminous; flat and pointed; and slender) they discovered the mean 

differences within sub-groupings were more pronounced.  Basically, shorter feet were 

more likely to be more voluminous and longer feet were likely to be more narrow and 

flat.  As the definition of long feet is sex dependent (i.e. 250mm to 270mm is 

considered short for males and long for females in their sample), this allometric 

mechanism of proportional foot change is also sex dependent. 

The latter issues may help to explain why Moudgil et al. (2008) did not find any 

statistically significant sex differences in foot index (foot breadth/foot length x 100) in 

a population of 200 Gujjars (100 males, 100 females) despite the fact that, 

independently, both foot breadth and length were significantly larger for males           

(P < 0.001).  Foot index has also been shown to be a poor indicator of sex in other 

related studies (e.g. Krishan et al. 2011; Sen et al. 2011).  Both Krishan et al. (2011) and 

Sen et al. (2011) employed a similar methodology to estimate sex utilising the same 

data taken from their stature estimation studies (refer to Section 3.2.3 (iii) and (viii)).  

Using a sectioning point analysis ((mean male value + mean female value)/2), Sen at al. 

(2011) achieved a combined classification accuracy of 82% based on a single variable 

(both left foot length and right foot breadth produced the same result) and Krishan et 

al. (2011) reported a classification accuracy of 88.5% (using left foot breadth).  

Although neither of these results were cross-validated,  Krishan et al. (2011) did 

allocate 46 subjects (23 males; 23 females) as a hold-out sample, and using the 

sectioning points derived from the study sample (n = 200), achieved a combined 

classification accuracy of 87%, also using left foot breadth.  Despite the promising 

results in regards to the sex estimation potential of anthropometric foot 

measurements, both these studies have a major flaw in that they also attempt to use 
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linear regression as a method for estimating sex.  Although Krishan et al. (2011) do not 

report on the classification accuracies derived from these models, Sen et al. (2011) 

claim improved accuracies of 84% when using a multiple regression formula.  

However, using categorical data as the dependent variable violates the assumptions of 

linear regression (Coakes and Ong 2011; De Veaux et al. 2012). 

Zeybek et al. (2008) used a more appropriate logistic regression approach to develop 

side specific models for estimating sex in a Turkish population (see Section 3.2.3 (ix) 

for details).  Using formulae incorporating all four foot measurements, they achieved a 

remarkable combined classification accuracy of 96% (not cross-validated).  Jowaheer 

and Agnihotri (2011) also developed logistic regression models using the same 

Mauritian sample population as their stature study (Agnihotri et al. 2007).  As with 

other studies, the authors found that the foot index was a poor indicator of sex, yet 

models incorporating both foot length and breadth variables were more accurate (90 

to 92% combined classification accuracy; not cross-validated). 

 

3.4 Contribution of the Present Research Thesis 

3.4.1 Human Variability – A Brief Overview 

The human phenotype is diverse and our species can vary in body size and shape, both 

between and within populations (Stinson 2000; Ruff 2002).  In general, however, these 

differences tend to be geographically patterned, with variability greater between 

populations than within (Marks 1995).  This variability is due to both genetic and 

environmental factors, many of which have been impacting our development over the 

course of human evolution (Molnar 2002).  Humans as a species are unique in that we 

can apply cultural strategies that influence our adaptations to genetic and 

environmental stresses (Stinson 2000; Schutkowski 2008).   

Whilst final adult height is primarily under genetic control (Silventoinen 2003), there 

are several environmental determinants which have the capacity to alter the growth 

curve and prevent one from achieving their ultimate height potential (Batty et al. 

2009).  The predominant impediment to attaining maximum growth velocity in 

childhood is nutrition.  Inadequate nutrition is bound up with a host of associated 
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factors, including socio-economic status and childhood disease (Silventoinen 2003; 

Ulijaszek and Komlos 2010).   

Improvement in living standards, such as more adequate nutrition, hygiene and access 

to health care, are the major reasons behind the positive secular trend in height that 

has been observed in affluent, developed countries throughout the 20th century and as 

such provide strong evidence for environmental effects on growth (Stinson 2000; 

Ulijaszek and Komlos 2010).  The positive secular trend refers to the increase in body 

size of successive generational birth cohorts that share the same population affinity 

(Silventoinen 2003; Ulijaszek and Komlos 2010).  This trend has also been observed in 

Australian populations (e.g. Meredith 1976; Blanksby 1995; Loesch et al. 2000).  

Conversely, environmental conditions that lead to detrimental living standards, such as 

drought induced famine, can result in negative secular trends (Stinson 2000). 

The physical environment can also influence long-term genetic adaptations of a 

population (Marks 1995).  Climate, altitude and latitude can all affect the body shape 

and size of individuals from specific geographical regions (Ruff 2002).  The need to 

regulate body temperature and maximise oxygen intake has resulted in allometric 

differences that reflect the underlying physiological functioning.  For example, 

variations in the ratio between body surface area and body mass have been observed 

in populations from different climates, whereby populations from hotter regions tend 

to have longer limbs and more narrow bodies (ectomorphs) to increase the ratio, and 

those from colder clines have relatively shorter limbs and wider bodies (endomorphs) 

for the opposite effect (Lasker 1969; Ruff 2002).  

These principals are originally attributed to what is commonly expressed as 

Bergmann’s and Allen’s Rules (Beall and Steegmann Jr 2000).  Bergmann’s Rule relates 

to conservation of body heat whereby endothermic animals from cold climates and, by 

extension, higher latitudes maximise their heat-producing potential by increasing body 

mass.  At the same time, these animals also minimise their heat-loss potential by 

having a relatively low body surface area.  This generally results in populations with a 

broader, shorter trunk than those from warmer climates.  Allen’s Rule extends these 

findings to limb length, whereby shorter limbs will also have less heat-loss potential, 



CHAPTER THREE 

50 

resulting in the previously described endomorphic body type of cold-adapted 

mammals (Lasker 1969).   

Increased migration that has accompanied the advances in global transportation also 

needs to be considered, as this will influence the local gene pool and exposure to a 

new cultural environment will have implications due to the plasticity of human 

adaptability (Little 2010).  For example, Mayan children (aged 5 to 12 years) born to 

Guatemalan families who immigrated to the United States between the late 1970’s 

and early 1990’s, were on average 11.5cm taller, with a proportional increase in lower 

limb length of 6.8cm, compared to children of the same birth cohort whose parents 

remained in Guatemala (Bogin et al. 2002).  These differences cannot be attributed to 

genetics, but rather are due to the environmental differences caused by moving from 

a culture of deprivation (Guatemala) to one of relative affluence (United States). 

3.4.2 Population Specific Approaches 

As demonstrated, there are a several factors that impact upon the final body size and 

shape of adult humans.  There is clearly a need for population specific approaches that 

are not only representative of the ancestral affiliations of the local population, but are 

also contemporaneous.  Australia, as a European colonised country situated in the 

Asia-Pacific region, includes a range of population groups not sufficiently represented 

in the current literature (Littleton and Kinaston 2008).  In terms of the present 

research, whilst there have been a number of studies that have investigated the 

stature and (to a lesser extent) sex estimation potential of the foot and footprints, 

there are none (to-date) that have been conducted on samples even closely 

resembling the demographic of the Western Australian population.  As such, this thesis 

aims to contribute to the available biological profiling standards (see for example: 

Ishak et al. 2012b, 2012a) that are significantly lacking for this region. 



CHAPTER FOUR 

51 

CHAPTER FOUR 

Materials and Methods 

 

4.1 Introduction 

In this chapter the sources of data for the study are outlined, including a description of 

the study sample and the anthropometrical methodology used to obtain 

measurements from the feet and their prints.  For the purposes of replication of 

measurement techniques, the methods for acquisition of anthropometrical landmarks 

are elaborated in detail.  The subsequent statistical methods for analysing and 

interpreting the data are also discussed, including the rationale for selecting specific 

statistical tests.   These include a precision test, tests for normality, and an array of 

parametric tests for assessing mean differences and for constructing stature and sex 

estimation models. 

 

4.2  Materials  

4.2.1 Study Sample 

The study sample comprised 200 adult subjects (90 male; 110 female) aged 18 to 68 

years (see Table 4.1 for age distribution).  Subjects were predominantly recruited from 

the staff and student population of the University of Western Australia and the 

enlisted and civilian staff of the Western Australian Police Service.  As juveniles 

experience variable rates of growth and development, particularly in regards to those 

parts of the lower extremities that contribute to stature (Tatarek and Sciulli 2005), 

only subjects 18 years and older were invited to participate in the study.   

Table 4.1: Age distribution (in years) for the total 

sample (individual sex). 

Sex N Min. Max. Mean SD 

Male 90 19 68 38.20 11.05 

Female 110 18 63 36.49 12.85 
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Subjects completed a questionnaire at the time of measurement in order to compile 

basic demographic data (refer to Section 4.2.2 below for ethical considerations).  As 

such, it was possible to evaluate whether the ethnic affiliations represented within the 

sample approximated that of the Western Australian population (ABS 2007).  Hence, 

despite ancestral affiliation being treated as an unknown variable in the stature and 

sex estimation models, the study sample was still considered a representative group of 

the Western Australian population (see Ishak et al. 2012b for further discussion).  Any 

subjects who displayed obvious back, foot or hand abnormalities were excluded from 

the study.  Data collection occurred between August and November 2009.   

4.2.1 Ethical Approval 

In any study involving human subjects it is necessary to consider the ethical 

implications of the research (Lindorff 2010).  Hence, a preliminary but vital component 

of the study design was obtaining ethical approval.  A combined information sheet and 

consent form (Appendix I) was created so that volunteers were able to acknowledge 

their understanding of the data collection protocols and measurement procedures.  An 

anonymous questionnaire (Appendix II) for obtaining basic demographic data (e.g. age, 

sex, ancestral affiliation) was also designed and completed by each individual.  These 

documents, along with the research proposal, were submitted to the University of 

Western Australia’s Human Research Ethics Committee (HREC) prior to the 

commencement of data collection activities.  Approval was subsequently granted by 

the UWA HREC (Project No RA/4/1/2382) in accordance with the National Health and 

Medical Research Council’s (NHMRC), National Statement on Ethical Conduct in 

Human Research (2007).   

 

4.3 Methods – Anthropometric Measurements 

4.3.1 Stature (Living Height) 

A Seca 214 portable stadiometer was initially positioned on a level surface with the 

vertical scale at right angles to the floor plate.  The subject was then asked to stand 

barefoot on the floor plate with their feet together and heels against the rear surface, 

with their buttocks and upper part of the back touching the vertical scale (Gordon et 
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al. 1988; Marfell-Jones et al. 2001).  The head was positioned in the Frankfort 

Horizontal (FH) plane by aligning the orbitale with the tragion in the same horizontal 

plane.  In this position the vertex is the most superior point of the head; it was not 

necessary for the head to be in contact with the vertical scale (Vallois 1965; Marfell-

Jones et al. 2001).  Whilst maintaining this position, the subject was then asked to take 

and hold a deep inhalation.  At the same time the movable headboard was adjusted so 

that it came into contact with the vertex, crushing the hair as much as possible.  The 

measurement was taken at the end of the subject’s inhalation. 

4.3.2 Foot Measurements 

(i) Foot Length (FL) 

Foot length (Figure 4.1) is the maximum distance between the most posterior point of 

the foot (on the back of the heel - pternion) to the most distal point, corresponding to 

the tip of the longest toe (akropodian), which can either be the first or second phalanx 

(Vallois 1965; Norton et al. 1996; Peebles and Norris 1998; Marfell-Jones et al. 2001).  

The subject was asked to stand in a relaxed stance with their weight evenly distributed 

between both feet, with the foot to be measured positioned on the osteometric board 

and the other placed a short distance apart, but at a similar level. The measurement 

was then taken with the pternion being situated at the base of the board and the 

adjustable end piece used to locate the maximum distance to akropodian.   

 

 

 

 

 

 

 

 

 

 

Figure 4.1:  Diagram indicating the measurements foot length (FL); foot breadth (FB); 

and foot heel breadth (FHB). 
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 (ii) Foot Breadth (FB) 

Foot breadth (Figure 4.1) is the distance between the most prominent point on the 

medial side of the foot (which is formed by the distal epiphysis - head of the first 

metatarsal) to the most prominent point on the lateral side (which corresponds to the 

head of the fifth metatarsal) (Vallois 1965; Kanchan et al. 2008b). The subject was 

asked to stand in the same manner as for foot length and a long jaw Mitutoyo digital 

sliding caliper (Series 700-128; stated accuracy ±0.1mm) was oriented in the vertical 

plane, oblique to the midline, and adjusted so that minimal pressure was applied to 

each of the landmarks that designate the widest part of the foot. 

(iii) (Foot) Heel Breadth (FHB) 

Foot heel breath (Figure 4.1) is the maximum distance from the most protruding point 

on the medial surface of the heel to the corresponding protrusion on the lateral 

surface of the heel (Peebles and Norris 1998; Atamturk and Duyar 2008).  With the 

subject again standing in the same manner as the preceding two measurements, the 

long jaw Mitutoyo digital sliding caliper was oriented in the horizontal plane just above 

the sole of the foot (Peebles and Norris 1998).  Ensuring again that minimal pressure 

was applied from the jaws of the calipers, the measurement was instrumentally 

determined as the widest part of the hind-foot. 

4.3.3 Footprint Measurements 

Rather than apply ink directly to the soles of subjects’ feet, the footprints were 

acquired using a ‘Podograph’ (Ruckgaber Orthopädie Service: ARU-foot imprinting 

drawing set, double); a podiatric footprinting device (Figure 4.2).  It was found that this 

procedure was more amenable for obtaining subject participation as they were not 

required to clean ink off their feet after the prints were attained. 
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The podograph is a load distribution measurement system similar to a kinetograph and 

a Harris Beath footprinting pad.  These footprinting systems utilise the deformational 

properties of rubber when subjected to a load bearing force; they are an economical 

method for producing a permanent print of the maximum foot-ground pressure (Lord 

1981).  The device consists of two plates for the left and right feet, each covered by a 

framed rubber membrane that slides and rotates on an internal hinge to allow access 

to the underlying foot plate (Figure 4.2).  The underside of the membrane is embossed 

with a metric grid pattern and the top of the membrane is smooth.  Ink is applied to 

the patterned underside and then flipped over so that the membrane is suspended 

over the paper-lined foot plate.  The podograph is designed so that the inked 

membrane would only make contact with the paper when pressure was applied to the 

smooth, top-side such as with a load-bearing foot. 

To obtain the most accurate representation of static footprints, the left and right sides 

are taken independently.  For example, to collect the left footprint, the subject is 

asked to walk to the right side of the podograph.  Using the wall as a balance, the 

subject is then asked to put their weight in their right foot (the foot not being printed) 

and then, with their left foot positioned above the membrane, shift their weight to this 

foot so that the load-bearing pressure will transfer the inked print onto the underlying 

paper.  The subject then repeats this procedure for the opposite side.  The membranes 

are then flipped over to check the quality of the prints, specifically that all the 

 

Figure 4.2: Podograph used to acquire footprints (Adapted from: 

http://www.podonorte.com). 

http://www.podonorte.com/
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necessary landmarks are present.  On occasion, if the print is not of suitable quality, 

the subject is asked to repeat the procedure.  Even after attempting a number of 

repeat prints, prints of T5 were still not visible for some subjects (and T2 for one 

subject); hence not all measurements were able to be collected for those individuals.  

After suitable prints are obtained, they are each labelled with a numbered sticker that 

matches the subject’s questionnaire number. 

Apart from the measurements that correspond to those taken from the live foot, there 

are a number of other dimensions that can be extracted from the footprint that 

provide additional predictive variables for stature and sex estimation (Figure 4.3a).   

Robbins (1978, 1986) devised a method for footprint analysis that was modified by 

Krishan (2008b) to be more suitable for contemporary forensic applications.  A similar 

methodology was employed in the present study.  However, unlike Krishan (2008b), 

the anatomical landmarks could not be recorded simultaneously with the podograph 

printing system, so a technique of defining the landmarks according to reference axis 

lines was developed (Figure 4.3b).  

 

 

 

 

 

 

 

 

 

  

 

 (a) 

(b)) 

 (b) 

Figure 4.3: Diagram of podograph images indicating measurements (a) and footprint 

landmarks (b). 
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Sections of the gridded prints are outlined with a pencil to clearly define its margins; 

this assisted in locating the relevant landmarks.  The next step in preparing the prints 

for analysis is to insert the Designated Longitudinal Axis (DLA).  The DLA (Figure 4.3a) is 

a reference line that starts from the most posterior point of the footprint at the mid-

rear heel margin (corresponding to the pternion landmark) and extends in an anterior 

direction, so that the line connects adjacent to the lateral border of the big toe print, 

and continues anterior beyond the maximum length of the foot.  Using a protractor, a 

reference baseline (BL, see Figure 4.3a) is also drawn at the rear of the heel, 

perpendicular to the DLA.  These reference lines are then used to orient the other 

measurement landmarks, including the most distal points of the toes and medial and 

lateral metatarsal points.  All measurements are taken with a Staedtler® Mars® 

reduction scale ruler that had been calibrated against the Mitutoyo digital caliper 

(Series 700-128). 

(i) Footprint Heel-Toe Lengths (FPT1L – FPT5L) 

The most distal point of each toe (d1.t – d5.t) is first located by orienting the 90º line 

of an inverted protractor on the DLA so that the base is parallel to the BL.  The 

protractor is then shifted up the DLA until the margin of the toe print furthest from the 

BL is just visible; this landmark is then inserted using a pencil and the procedure is 

repeated for the remaining toe prints.  The length measurements are then taken from 

the pternion (pte.) to the d1.t – d5.t landmarks. 

(ii) Footprint Breadth (FPB) 

The most lateral (mt.l) and the most medial (mt.m) projecting points of the margins of 

the forefoot region of the footprint correspond to the most prominent areas of the 

metatarsal-phalangeal joints.  The landmarks are located in a similar method to the 

tips of the toes.  The protractor is rotated 90º so that the base is parallel to the DLA.  

Using the guidelines of the protractor to maintain a parallel orientation to the DLA, the 

instrument is moved in a lateral direction so that the margin of the foot that is just 

visible from behind the base of the protractor is marked as the mt.l.  The process is 

repeated to locate the mt.m on the medial forefoot region.  Footprint breadth is 

measured as the distance between these two points. 
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(iii) Footprint Heel Breadth (FPHB) 

The fleshy parts of the hind-foot obscure the bony landmarks of the calcaneal tubercle 

lateral (ctu.l) and concavity medial (cc.m) such that these structures are not prominent 

in the print.  As with the corresponding measurement taken from live subjects (FHB), 

this measurement is instrumentally determined as the widest point across the ball of 

the heel. 

 

4.4 Methods – Statistical Analyses 

All data were analysed using the statistical software Statistical Package for the Social 

Sciences, version 19 (IBM SPSS 19).  A range of parametric statistical tests were 

undertaken to assess the following: differences in mean measurement values (ANOVA; 

Student’s t-tests); the strength of the (linear) association between variables (Pearson’s 

correlation); the resultant stature estimation formula derived from the linear 

modelling of the relationship between the independent and dependent variables 

(least-squares regression); and the separation of the sample into groups (male and 

female) based upon sex differences in the independent variables (discriminant 

function analysis).  Although these statistical treatments are more powerful than non-

parametric tests, their use is constrained by some provisional assumptions, including 

normal distribution of the data, equal variances (homoscedasticity) and independent, 

random samples (Townend 2003).   

Normal (or Gaussian) distribution refers to the symmetrical, bell-shaped curve that 

represents the range of values that can be attributed to natural, continuous variation.  

In this distribution, the majority of values occur around the mean (the peak in the 

centre of the distribution) with the more extreme values occurring less frequently, in 

the tails of the curve (Lucy 2005).  The normal distribution of variables can be tested 

using SPSS by examining the histograms and normal probability plots and via the 

Kolmogorov-Smirnov statistic (Coakes and Ong 2011).  Homoscedasticity is tested by 

Levene’s Test and is part of the standard SPSS output for both ANOVA and t-tests.  

Equal variances are assumed if the F ratio for Levene’s Test is non-significant (Allen 

and Bennett 2010). 
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4.4.1 Precision Test 

The determination of measurement error is an important component of any 

anthropometric study design (Ulijaszek and Lourie 1994).  Once the measurements 

had been selected, and prior to any data collection, a precision test was conducted to 

assess the magnitude of intra-observer error.   The terms ‘precision’ and ‘accuracy’ are 

often used interchangeably, but within anthropometry, precision refers to the 

consistency of repeated measures of a standardised dimension (Reynolds et al. 2008).  

The precision test was conducted by taking the anthropometric dimensions of interest 

on the same four subjects over four separate occasions, ensuring that there was at 

least 24 hours between replicate measurements to prevent recall of data from 

memory. 

(i) Technical Error of Measurement (TEM) 

The technical error of measurement (TEM) is used to quantify the proportion of 

variance attributed to measurement imprecision by calculating the standard deviation 

between repeated measurements (Goto and Mascie-Taylor 2007).  The formula used 

will depend on the number of observers and the number of replicate measures taken, 

with intra-observer TEM (the measurement error from just one observer) a similar, but 

less complicated, equation to inter-observer TEM (Ulijaszek and Kerr 1999).  For this 

study, it was only necessary to quantify intra-observer TEM using the following 

formula: 

TEM =  

 = difference between measurements 

 = number of replicates 

 = number of individuals measured 

 

(ii) Relative TEM (rTEM or %TEM) 

As the size of the TEM is dependent on the magnitude of the dimension being tested, 

with large mean values associated with a high TEM (Ulijaszek and Kerr 1999), it is 

difficult to compare the measurement error of different variables.  As such, it has 
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become standard practice to convert the absolute TEM into a percentage to facilitate 

comparison (Pederson and Gore 1996) using the following formula: 

 rTEM =  

  = variable average value 

The VAV is the overall mean of replicate values from all test subjects for a particular 

variable (Perini et al. 2005).  The smaller the value of rTEM the more precise the 

measurements are considered to be.  An rTEM of less than 5% is considered an 

acceptable threshold for precision (Reynolds et al. 2008). 

(iii) Coefficient of Reliability (R) 

The coefficient of reliability (R) is another indicator of imprecision that can be 

extrapolated from the TEM and used as a comparison value with other studies 

(Ulijaszek and Kerr 1999).  Ranging from 0 (not reliable) to 1 (complete reliability), it is 

the proportion of between-subject variance that can be attributed to measurement 

error (Ulijaszek and Lourie 1994; Reynolds et al. 2008), where: 

 R =  

  = total inter-subject variance of precision study 

As the value of R approaches 1 the amount of variance due to measurement error 

decreases.  Acceptable levels of R will depend on the variable being measured (Goto 

and Mascie-Taylor 2007), with recommended values ranging from 0.75 (Weinberg et 

al. 2005; Reynolds et al. 2008) to 0.95 (Ulijaszek and Kerr 1999). 

4.4.2 Descriptive Statistics 

Summary statistics, including the mean, maximum and minimum values, and standard 

deviations were calculated prior to more complex statistical analyses. 

4.4.3 Comparison of Means - Univariate Significance Tests  

(i) Paired Sample t-test 

A paired t-test is used to compare the mean of two samples that are related.  For this 

particular test, the null hypothesis is that the mean of the differences between the 
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two observations is equal to 0.  The null hypothesis is rejected if the t score is greater 

than the critical value for an alpha level of P < 0.05 relative to the degrees of freedom 

(df) for the sample (Madrigal 1998).  A paired t-test was used to determine if there 

was any significant bilateral asymmetry in the foot and footprint measurements; it was 

also used to determine if there were any significant differences between self-reported 

and measured stature. 

(ii) Analysis of Variance (ANOVA) 

When comparing the means of two independent samples an unpaired (or 

independent) t-test is typically sufficient.  Whilst this type of test is very similar to an 

ANOVA for determining if there is a significant difference between the means of two 

samples, it does not provide an F ratio statistic in the standard output (Dytham 2010).  

A one-way ANOVA tests the null hypothesis that the means obtained from two or 

more samples actually came from identical populations.  This is done by comparing the 

amount of variance within a sample to the variance between samples.  The resultant F 

ratio is derived from dividing the between groups variance by the within groups 

variance (Townend 2003).  The null hypothesis is rejected if the value of F is larger 

than the critical value for an alpha level of P < 0.05, relative to the df of both the 

numerator (number of groups – 1) and the denominator (total df – between groups df) 

(Madrigal 1998).  A one-way ANOVA was conducted to determine if there were any 

significant sex differences in the foot and footprint measurements.  If the F ratio is 

large enough to reject the null hypothesis, then the next stage in an ANOVA analysis 

would be to conduct comparison tests to determine which groups are significantly 

different from one another.  However, in using an ANOVA to determine sexual 

dimorphism, as there are only two groups to compare, these additional statistical 

treatments are unnecessary. 

4.4.4 Correlation and Regression Analysis 

Correlation and regression are closely related in terms of their underlying mathematics 

(Madrigal 1998) and their basic premise in assessing the linear association between 

two variables (Townend 2003).  In addition to the assumptions outlined in Section 4.4, 

regression analysis also requires that the dependent variable be continuous, not 

categorical (Coakes and Ong 2011); and the normality assumption in correlation 
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extends to requiring a bivariate normal distribution.  Although both forms of analyses 

cannot make any presumptions of causality, regression differs from correlation in that 

there is a presumption of explanation (or prediction) between covariates (Madrigal 

1998). 

(i) Correlation 

Correlation generally refers to Pearson’s product-moment correlation (Townend 2003; 

Dytham 2010) where the coefficient (r) describes the linear relationship between two 

continuous variables (covariates).  Other types of correlation exist (including non-

parametric), however, these are usually referred to by their full title (e.g. Spearman’s 

rank correlation).  Prior to performing a correlation analysis, it is important to conduct 

a preliminary check for linearity by examining the data on a scatterplot (Townend 

2003; Lucy 2005).  The value of r produced in the analysis is a measure of the strength 

of the linear relationship.  Ranging from -1 to +1, the sign represents whether the 

linear relationship is positive or negative; and the closer the absolute value is to 1, the 

stronger the relationship is.  Correlation analysis was performed to determine if there 

is a linear relationship between stature and both foot and footprint measurements.  

The significance of the correlation is tested against the critical value of r appropriate to 

the df (n -2) (Madrigal 1998).  

(ii) Simple Linear Regression 

Simple linear regression is a method for modelling the linear relationship between 

covariates: the dependent variable (stature) and a single independent variable (a foot 

or footprint dimension).  The resultant ‘line of best fit’ is obtained  by fitting a line to 

the data that has the smallest sum of squared residuals (the difference between the 

observed ( ) and predicted value ( ) of the dependent variable) – hence the 

alternative name, least squares regression (De Veaux et al. 2012).  The linear model 

can then be used as a predictive equation for estimating stature using the following 

formula: 

 

  is the estimate of the dependent variable (stature) 

  is the intercept, where the line intersects the  axis 
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 is the slope, a measure of the rate of change of  relative to  

  is the value of the independent variable (individual foot or footprint dimension) 

  is the measure of variability, usually the SEE 

 

Another statistic that is part of the linear regression analysis output is the coefficient 

of determination (R2).  This is a measure of how much variance in the data can be 

attributed to the regression model (Lucy 2005; Dytham 2010).  It is calculated by 

simply squaring the correlation coefficient (r) and is often expressed as a percentage, 

with higher values of R2 indicating that the independent variable explains a greater 

proportion of the variation for the dependent variable (Madrigal 1998). 

(iii) Multiple Linear Regression 

A multiple regression produces a linear model using two or more independent 

variables and can be performed using either a stepwise or direct approach.  The 

predictive equation takes the form: 

 

 is the estimate of the dependent variable (stature) 

  is the number of independent variables in the equation 

 is the intercept (constant), where the line intersects the  axis 

   -   are the slopes (regression coefficients) of the independent variables 

  -   are the values of the independent variables (individual foot or footprint 

dimensions) 

  is the measure of variability, usually the SEE 

 

A stepwise multiple regression analysis selects the independent variables on the basis 

of their contribution to the model so that the resultant combination of predictor 

variables and their respective coefficients are used to build a formula that represents 

the best fitting line (Dytham 2010).  In contrast, the direct approach incorporates 
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variables based upon their pre-selection, rather than their contribution, to generate 

the predictive equation.  For multiple regression, the adjusted (adj) R2 value is used 

instead of the R2 to counteract the misleading increases in R2 that occur due to adding 

extra variables to the predictive equation (Townend 2003). 

4.4.5 Discriminant Function Analysis 

Within physical anthropology, the major application of a discriminant function analysis 

(DFA) is to assign an unknown specimen to one or more groups (Pietrusewsky 2008), 

such as sex or ancestral affinity.  Prior to conducting the DFA, it is important to ensure 

that there is a statistically significant difference between the group means of the 

independent (predictor) variables (refer to Section 4.4.3 (ii)). The DFA selects the most 

discriminating independent variables to develop a predictive model of group 

membership.  This is usually carried out in a stepwise manner, so that variables are 

systematically built into the equation one step at a time, with each step an 

improvement in the discriminating power of the equation (Pietrusewsky 2008).  The 

resultant formula is a linear equation comprising of the optimal combination of these 

predictor variables multiplied against weighted (unstandardised) coefficients, and 

often added to a set constant.  The most discriminating predictor variables are given 

more weight in the formula and are multiplied with the largest coefficients (Iscan et al. 

1998).     

Part of the standard DFA output of SPSS is the provision of a sectioning point. This is 

the value that is used as a threshold for classifying an unknown specimen into a 

particular group based upon their discriminant function score.  When there are an 

equal number of cases within each group the sectioning point is zero, however when 

group numbers are different, the value is equivalent to the mean of the two group 

centroids (Patriquin et al. 2005).  In regards to sex estimation, the principle is generally 

expressed as follows: 

 

 

It is also possible to undertake direct single and multiple variable DFA’s where SPSS 

generates a formula based upon preselected predictor variables.  These can be applied 

Female < Sectioning Point < Male 
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in situations where not all the variables selected in the stepwise analysis are available 

for assessing an unknown.  In the case of direct single variable DFA, demarking points, 

rather than sectioning points, are calculated for determining the threshold for group 

membership.  Demarking points are the average of the male and female mean values 

for the predictor variable (Franklin et al. 2008). 

The effectiveness of a DFA is evaluated by the percentage of the sample that has been 

correctly classified into the appropriate group.  The power of this assessment is then 

tested by jacknife (‘leave one out’) cross-validation where one case is removed from 

the sample; the remainder are then used to develop a discriminant function and then 

the excluded case is then classified using the new equation. This process is then 

repeated for the entire sample.  Although this would be a time-consuming process if 

performed manually, SPSS has an option where this can be generated as part of the 

DFA output.  In this way it is possible to determine the percentage of correctly 

classified ‘unknowns’  (Dytham 2010).   

The strength of these ‘unknown’ assessments can be further evaluated by examining 

the posterior probabilities of those correctly classified.   The posterior probability is a 

measure of the likelihood of an individual being correctly placed in their original group.  

The further an individual’s discriminant score is from the sectioning point, the higher 

the posterior probability of correct placement for that individual (Patriquin et al. 

2005).  Finally, to fully gauge the effectiveness of the sex estimation formula 

generated by the DFA, sex bias percentages are calculated to determine whether the 

functions are more useful at classifying one sex over another.  The sex bias is simply 

the difference (male % - female %) between the cross-validated classification 

accuracies for males and females; a positive value indicates that more males were 

correctly classified (and vice versa for females). 
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CHAPTER FIVE 

Results 

5.1 Introduction 

In this chapter the results of the precision test for the stature, foot and footprint 

measurements are outlined.  The descriptive statistics are then provided for the study 

sample, including the mean, standard deviation and maximum and minimum values.  

In addition to the stature, foot and footprint measurements, descriptive statistics are 

also included for age and self-reported height; the results of the paired t-test for 

comparing stature with self-reported height are also presented in this section.  The 

validity of using parametric tests to analyse the data are justified using a series of 

normality tests.  Thereafter, the analysis of the foot and footprint measurements are 

treated separately, with stature and sex estimation standards presented for each.  As 

the results indicated that sex specific formulae are preferable to generic ones, and 

because sex could be estimated from the feet and footprints with a relatively high 

degree of expected accuracy, the pooled data results are presented separately in 

Appendix III.   

 

5.2 Precision Test  

The following sections outline the results of the precision tests.  The raw data for those 

analyses is presented in Appendix IV.  All measurements were within acceptable limits 

for the relative technical error of measurement (rTEM < 5%) and the coefficient of 

reliability (R > 0.75); with most measurements complying with the stricter threshold of 

R > 0.95 as stipulated by Ulijaszek and Kerr (1999). 

5.2.1 Stature 

The technical error of measurement (TEM) for stature was 0.328 and the rTEM was 

0.195%.  The coefficient of reliability (R) was 0.998, which is well within recommended 

limits of precision (see above). 
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5.2.2 Foot Measurements 

All foot measurements had an rTEM of < 5% and R values of > 0.75 (Table 5.1).  Foot 

heel breadth was the least precise measurement but was still within acceptable limits.  

Although the TEM for the right foot is smaller than the left, the rTEM and R values are 

comparable.   

Table 5.1:  Foot measurement error. 

Measurement Left foot  Right foot 

TEM rTEM (%) R  TEM rTEM (%) R 

Foot Length  0.944 0.379 0.988  0.798 0.320 0.992 

Foot Breadth  0.995 0.994 0.980  0.775 0.768 0.987 

Foot Heel Breadth  0.795 1.328 0.878  0.779 1.267 0.932 

 

5.2.3 Footprint Measurements 

All footprint measurements were within acceptable limits of rTEM (< 5%) and R           

(> 0.95) (Table 5.2).  Similar to foot heel breadth, footprint heel breadth had higher 

rTEM values (left: 0.697; right: 0.567) and the lowest R (left: 0.951; right: 0.959).   

Table 5.2:  Footprint measurement error. 

Measurement Left footprint  Right footprint 

TEM rTEM 

(%) 

R  TEM rTEM 

(%) 

R 

T1 Length 0.661 0.271 0.996  0.451 0.188 0.999 

T2 Length  0.650 0.267 0.997  0.559 0.231 0.999 

T3 Length 0.515 0.217 0.998  0.530 0.227 0.999 

T4 Length 0.468 0.208 0.999  0.829 0.375 0.996 

T5 Length 0.685 0.331 0.997  0.530 0.259 0.998 

Footprint Breadth 0.217 0.222 0.999  0.718 0.770 0.978 

Footprint Heel Breadth  0.375 0.697 0.951  0.306 0.567 0.959 

 

  



CHAPTER FIVE 

68 

5.3 Descriptive Statistics  

5.3.1 Stature and Self-Reported Stature 

Descriptive statistics for stature are outlined in Table 5.3.    Mean measured stature 

was 178.5cm for males and 163.7cm for females.     

Table 5.3: Measured stature (cm) for the total sample 

(individual sex). 

Sex n  Min. Max. Mean SD 

Male 90  162.4 200.5 178.47 7.08 

Female 110  149.4 191.3 163.67 7.14 

 

 

A total of 195 subjects (87 male, 108 female) provided a self-reported stature figure, 

(i.e. what they believed their height to be).  On average, both males and females over-

estimated their stature (Table 5.4); males by +1.04cm and females by +0.17cm.  The 

difference between measured and self-reported height was statistically significant for 

the males (P < 0.001). 

Table 5.4: Self-reported stature (cm) including results of the paired t-test for 

significance of difference. 

  Descriptive statistics (cm)  Paired t-test 

Sex n Min. Max. Mean SD 
 Mean 

Diff. 
t-score P-value 

Male 87 162.0 203.0 179.51 7.03  1.04 3.628 *** 

Female 108 144.0 193.0 163.74 7.87  0.17 0.608 NS 

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 

 

5.3.2 Foot Measurements 

Descriptive statistics for all foot measurements are outlined in Table 5.5.  As with 

stature, the mean values of all the measurements are larger for males than females; 

the significance of this difference is further investigated in Section 5.5.3 (i).  Across the 

sample, foot length ranged from 24.3cm to 32.9cm for males and 21.2cm to 30.4cm 

for females; foot breadth from 8.85cm to 12.75cm for males and 7.76cm to 11.86cm 

for females; and foot heel breadth from 5.72cm to 8.40cm for males and 5.14cm to 

7.81cm for females.   
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Table 5.5: Descriptive statistics for foot measurements (cm). 

Sex Measurement n Left foot  Right foot 

  Min. Max. Mean SD  Min. Max. Mean SD 

Male Foot Length 90 24.40 32.90 27.42 1.38  24.30 32.40 27.34 1.36 

 Foot Breadth  90 8.85 12.75 10.34 0.63  9.05 12.73 10.36 0.63 

 Foot Heel Breadth 90 5.75 8.40 6.79 0.49  5.72 8.24 6.75 0.49 

 

Female Foot Length 110 21.20 30.40 24.58 1.22  21.20 30.30 24.56 1.21 

 Foot Breadth  110 7.76 11.86 9.27 0.58  7.76 11.34 9.28 0.55 

 Foot Heel Breadth 110 5.14 7.64 6.01 0.46  5.19 7.81 6.03 0.45 

 

 

5.3.3 Footprint Measurements 

Descriptive statistics for footprint measurements are outlined in Table 5.6.  As with 

foot measurements, males were larger than females for all variables.  These sex 

differences are examined in more detail in Section 5.6.3 (i).  As would be expected, the 

mean of all heel-toe lengths of the footprint (males: 21.23cm to 25.48cm; females: 

19.27cm to 23.01cm) are less than the mean of actual foot length (males: 27.34cm to 

27.42cm; females: 24.56cm to 24.58cm) for all groupings.  Similarly, foot breadth and 

heel breadth are larger than the corresponding measurements taken from prints.  For 

males, footprint breadth is approximately 0.4cm less than foot breadth and for 

females the difference is around 0.3cm.  There was a much larger difference between 

heel breadths: for males the print dimension was about 1.2cm smaller and for females 

it was just under 1cm. 
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Table 5.6:  Descriptive statistics for footprint measurements (cm). 

Sex Measurement Left foot  Right foot 

 n Min. Max. Mean SD  n Min. Max. Mean SD 

Male T1 Length 90 22.50 30.70 25.48 1.33  90 22.50 30.20 25.34 1.33 

 T2 Length 90 22.70 30.80 25.46 1.34  90 22.50 30.70 25.32 1.37 

 T3 Length 90 21.50 29.30 24.49 1.32  90 21.40 29.70 24.37 1.35 

 T4 Length 90 20.50 28.25 23.15 1.27  90 20.20 28.40 23.06 1.29 

 T5 Length 84 19.10 26.00 21.29 1.16  84 18.80 26.40 21.23 1.20 

 Footprint Breadth 90 8.70 12.30 9.95 0.63  90 8.70 12.00 9.96 0.62 

 Footprint Heel Breadth 90 4.50 6.70 5.59 0.46  90 4.40 7.00 5.57 0.49 

 

Female T1 Length 110 20.20 28.40 23.01 1.17  110 20.00 28.70 22.94 1.19 

 T2 Length 110 19.90 29.30 22.87 1.23  109 19.80 28.90 22.86 1.18 

 T3 Length 110 18.90 28.10 22.07 1.16  110 19.10 27.70 22.05 1.13 

 T4 Length 110 17.50 26.10 20.89 1.05  110 18.00 25.70 20.90 1.03 

 T5 Length 108 16.70 23.40 19.30 0.94  107 17.00 23.60 19.27 0.96 

 Footprint Breadth 110 7.60 10.80 8.97 0.57  110 7.60 10.90 9.00 0.54 

 Footprint Heel Breadth 110 4.10 6.40 5.06 0.46  110 4.00 6.50 5.11 0.44 
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5.4 Normality Tests 

The Kolmogorov-Smirnov test for normality was applied to the data.  This tests the null 

hypothesis that the distribution of a particular variable is normal.  The null hypothesis 

is rejected if the critical value of the Kolmogorov-Smirnov  statistic is significant         

(P < 0.05).  If this score is not statistically significant then it can be concluded that the 

data is normally distributed. 

5.4.1 Stature and Self-Reported Stature 

From Table 5.7 it is evident that both stature and self-reported stature are normally 

distributed for males and females.   

Table 5.7: Kolmogorov-Smirnov test for normality of stature 
and self-reported stature. 

Sex Measurement n K-S 

statistic 

P-value 

Male Stature 90 0.852 NS 

 Self-Reported Stature 87 0.972 NS 
     

Female Stature 110 0.570 NS 

 Self-Reported Stature 108 0.966 NS 
     

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 

 

 

5.4.2 Foot and Footprint Measurements 

All foot (Table 5.8) and footprint (Table 5.9) measurements are normally distributed, 

indicating that it was appropriate to do further statistical analyses with these variables 

using parametric tests. 
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Table 5.8: Kolmogorov-Smirnov test for normality of foot measurements. 

Sex Measurement n Left foot  Right Foot 

   K-S 

statistic 

P-value  K-S 

statistic 

P-value 

Male Foot length 90 0.846 NS  0.864 NS 

 Foot breadth 90 0.914 NS  0.930 NS 

 Foot heel breadth 90 0.668 NS  0.636 NS 
        

Female Foot length 110 0.640 NS  0.734 NS 

 Foot breadth 110 0.630 NS  0.593 NS 

 Foot heel breadth 110 0.530 NS  0.718 NS 
        

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 

 

 

Table 5.9: Kolmogorov-Smirnov test for normality of footprint measurements. 

Sex Measurement Left foot  Right Foot 

  n K-S 

statistic 

P-value  n K-S 

statistic 

P-value 

Male T1 length 90 0.895 NS  90 0.800 NS 

 T2 length 90 0.806 NS  90 0.823 NS 

 T3 length 90 0.688 NS  90 0.565 NS 

 T4 length 90 0.826 NS  90 0.796 NS 

 T5 length 84 0.804 NS  84 0.834 NS 

 Footprint breadth 90 0.868 NS  90 0.747 NS 

 Footprint heel breadth 90 0.660 NS  90 0.807 NS 
         

Female T1 length 110 0.662 NS  110 0.749 NS 

 T2 length 110 0.840 NS  109 0.849 NS 

 T3 length 110 0.865 NS  110 0.844 NS 

 T4 length 110 0.734 NS  110 0.887 NS 

 T5 length 108 0.636 NS  107 0.603 NS 

 Footprint breadth 110 0.926 NS  110 0.893 NS 

 Footprint heel breadth 110 1.063 NS  110 1.306 NS 
         

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 

 

5.5 Analyses of Foot Measurements 

5.5.1 Bilateral Asymmetry 

Bilateral asymmetry was evaluated using a paired sample t-test (Table 5.10).    Left foot 

length (LFL) and heel breadth (LFHB) were found to be significantly larger than the 

right side (P < 0.01 and < 0.05 respectively) in males.   In practical terms, however, the 

average left/right differences are less than 1mm. 
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Table 5.10:  Analyses of bilateral asymmetry in foot measurements of 
males and females. 

Paired Variable 

Males  Females 

Mean 
difference 
(cm)  

t-score   Mean 
difference 
(cm)  

t-score 

LFL-RFL 0.081 2.710**   0.019 0.674NS 

LFB-RFB -0.012 -0.625NS   -0.011 -0.621NS 

LFHB-RFHB 0.043 2.558*   -0.012 -0.854NS 

Key: LFL = Left Foot Length, RFL = Right Foot Length, LFB = Left Foot Breadth,  RFB = 
 Right Foot Breadth, LFHB = Left Foot Heel Breadth, RFHB = Right Foot Heel 
 Breadth 
Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 

 

5.5.2 Stature Estimation 

(i) Correlation Coefficients 

Pearson correlation coefficients (r) for all foot variables are presented in Table 5.11 

with their corresponding simple linear regression equations (see Section 5.5.2 (ii)).  All 

foot measurements were highly significantly correlated with stature (P < 0.001) with 

left foot length having the highest correlation for the male (r = 0.703) and female (r = 

0.746) samples (Figure 5.1).  As anticipated, right foot length had the next highest 

correlation across all groupings (male: 0.697; female: 0.738).  Right heel breadth had 

the lowest correlation with stature for males (r = 0.395) and for females it was left heel 

breadth (r = 0.355).  The results of the correlation analysis indicated that the 

relationship between foot measurements and stature was linear (refer to scatter plot 

matrices in Appendix V). 
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Figure 5.1:  Scatter plot showing relationship between stature and LFL for males and females 

with regression lines. 

 

 
Table 5.11:  Linear regression equations from foot measurements for stature (cm) 

estimation in males and females. 

Sex n Variable Equation SEE  
(± cm) 

r R2 

Males 90 LFL S = 79.839 + 3.597(LFL) 5.065 0.703 0.494 
 90 RFL S = 78.913 + 3.642(RFL) 5.105 0.697 0.486 
 90 LFB S = 129.442 + 4.739(LFB) 6.453 0.423 0.179 
 90 RFB S = 131.858 + 4.500(RFB) 6.524 0.401 0.161 
 90 LFHB S = 138.145 + 5.938(LFHB) 6.488 0.412 0.170 
 90 RFHB S = 140.198 + 5.672(RFHB) 6.543 0.395 0.156 
       

Females 110 LFL S = 56.375 + 4.365(LFL) 4.777 0.746 0.552 
 110 RFL S = 56.476 + 4.364(RFL) 4.841 0.738 0.544 
 110 LFB S = 115.292 + 5.218(LFB) 6.495 0.424 0.179 
 110 RFB S = 117.865 + 4.935(RFB) 6.631 0.380 0.145 
 110 LFHB S = 130.283 + 5.551(LFHB) 6.703 0.355 0.126 
 110 RFHB S = 127.823 + 5.949(RFHB) 6.651 0.373 0.139 
       

Key: S = Stature, LFL = Left Foot Length, RFL = Right Foot Length, LFB = Left Foot Breadth, RFB = Right Foot Breadth, 
 LFHB = Left Foot Heel Breadth, RFHB = Right Foot Heel Breadth 
Significance:   all equations are significant at P < 0.001 
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(ii) Simple Linear Regression 

In addition to having the highest correlations, left foot length also displayed the 

smallest standard error of the estimate (SEE) in the simple linear regression equations 

(males: ±5.065cm; females: ±4.777cm).  This variable also explained the highest 

proportion of variation (R2) within the stature estimation models across all groupings 

(males: 49%; females: 55%).  Right foot length was the next most accurate variable for 

estimating stature, with the SEE and R2 from the regression equations similar to left 

foot length (Table 5.11).   Foot heel breadth was the least accurate variable for 

estimating stature with the largest SEE (±6.703cm for left heel breadth in females).  A 

similar range of accuracies was observed for the male (±5.065 to ±6.543cm) and 

female (±4.777 to ±6.651cm) regressions. 

 (iii)  Multiple Regression – Stepwise  

A stepwise multiple regression analysis was performed to determine the most 

accurate models for predicting stature (Table 5.12).  The inclusion of heel breadth 

marginally reduced the SEE of the left side equations for females (±4.655cm).  The 

explanatory power of this multiple regression model improved upon the simple linear 

regression of left foot length by 1% (Adj R2 = 0.574).  No other variable improved upon 

the predictive power of foot length for the right side. 

 

Table 5.12: Stepwise multiple regression equations from foot measurements for stature 
(cm) estimation in males and females. 

Sex Foot Equation SEE  
(± cm) 

R R2 Adj 
R2 

Males Left  S = 79.839 + 3.597(LFL***) 5.065 0.703 0.494 0.489 
 Right  S = 78.913 + 3.642(RFL***) 5.105 0.697 0.486 0.480 
 

Females Left  S = 56.375 + 4.365(LFL***)  4.777 0.746 0.556 0.552 
  S = 56.738 + 5.158(LFL***)         

– 3.302(LFHB*) 
4.655 0.763 0.582 0.574 

 Right  S = 56.476 + 4.364(RFL***) 4.841 0.738 0.544 0.540 
 

Key: S = Stature, LFL = Left Foot Length, RFL = Right Foot Length, LFB = Left Foot Breadth, RFB = Right Foot Breadth, 
 LFHB = Left Foot Heel Breadth, RFHB = Right Foot Heel Breadth;  
Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 
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 (iv)  Multiple Regression – Direct  

The multiple regression permutations for foot measurements (with the exception of 

those included in the stepwise output) are presented in Table 5.13.   

For males, only left heel breadth improved upon the single variable of left foot length 

by a small margin (SEE: ±5.064cm) and did not improve upon the explanatory power of 

49%.  For the right side, adding either right foot breadth or heel breadth marginally 

improved upon the accuracy of right foot length for estimating stature (SEE: ±5.095cm; 

±5.099cm respectively).  Again, the explanatory power remained constant at 48%.  

Equations that incorporated both breadth dimensions were the least accurate for both 

sides (left: ±6.367cm; right: ±6.421cm) with the lowest coefficients of determination 

(left: Adj R2 = 0.192; right: Adj R2 = 0.178). 

For females, no direct multiple regression equations improved upon the stepwise 

selected combination of left foot length and heel breadth (SEE: ±4.655cm; Adj R2 = 

0.574).  For the right side, adding heel breadth to foot length produced the most 

accurate model (SEE: ±4.813cm) but had little effect on the explanatory power (Adj R2 

= 0.545).  Incorporating both foot breadth and heel breadth into the equation 

improved upon the accuracy (SEE: ±4.836cm) of right foot length but was not as 

accurate as the aforementioned two variable model.  As with the male equations, the 

models that included both breadth measurements were the least accurate for both 

sides (left: ±6.421cm; right: ±6.549cm). 

It is important to note that, despite some of the direct multiple regression equations 

being more accurate (in terms of the SEE) than the stepwise selected models, not all 

the regression coefficients of the variables selected were statistically significant as 

indicated in Table 5.13.  In contrast, all regression coefficients for the variables 

selected in the stepwise multiple regressions were statistically significant (P < 0.05). 
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Table 5.13:  Direct multiple regression equations from foot measurements for stature (cm) estimation in males and females.  

Sex Foot Equation SEE  
(± cm) 

r R2 Adj R2 

Males Left  S = 81.099 + 4.031(LFL***) – 0.443(LFB) – 1.263(LFHB) 5.089 0.708 0.501 0.484 
  S = 81.549 + 3.849(LFL***) – 0.833(LFB) 5.078 0.705 0.497 0.486 
  S = 80.254 + 3.952(LFL***) – 1.493(LFHB) 5.064 0.707 0.500 0.489 
  S = 124.592 + 2.991(LFB*) + 3.378(LFHB) 6.367 0.458 0.210 0.192 
 Right  S = 81.099 + 4.257(RFL***) – 1.057(RFB) – 1.193(RFHB) 5.106 0.705 0.498 0.480 
  S = 81.376 + 4.062(RFL***) – 1.348(RFB) 5.095 0.703 0.494 0.483 
  S = 79.254 + 4.025(RFL***) – 1.602(RFHB) 5.099 0.702 0.493 0.482 
  S = 125.708 + 2.859(RFB*) + 3.431(RFHB) 6.421 0.443 0.197 0.178 
 

Females Left  S = 55.726 + 5.081(LFL***) + 0.521(LFB) – 3.623(LFHB*) 4.673 0.764 0.583 0.571 
  S = 57.994 + 4.603(LFL***) – 0.805(LFB) 4.785 0.747 0.559 0.550 
  S = 113.345 + 4.188(LFB**) + 1.911(LFHB) 6.494 0.433 0.187 0.172 
 Right  S = 57.532 + 4.814(RFL***) – 0.060(RFB) – 1.918(RFHB) 4.836 0.744 0.554 0.541 
  S = 58.615 + 4.553(RFL***) – 0.730(RFB) 4.852 0.739 0.546 0.538 
  S = 57.373 + 4.806(RFL***) – 1.952(RFHB) 4.813 0.744 0.554 0.545 
  S = 113.623 + 3.110(RFB*) + 3.514(RFHB) 6.549 0.416 0.173 0.158 
 

Key: S = Stature, LFL = Left Foot Length, RFL = Right Foot Length, LFB = Left Foot Breadth, RFB = Right Foot Breadth, LFHB = Left Foot Heel Breadth, RFHB = Right Foot Heel Breadth; 
Significance:  *** P < 0.001, ** P < 0.01, *P < 0.05.  All other regression  coefficients not significant. 
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5.5.3 Sex Estimation 

(i) Assessment of Sex Differences 

To assess sex differences within the sample, the mean of each anthropometric 

measurement was compared using a one-way ANOVA (Table 5.14).  Males were 

significantly larger (P < 0.001) than females for all variables (Figure 5.2) including 

stature (F-ratio: 214.303).  There was, however, no significant difference in the mean 

ages of males and females (F-ratio < 0; P > 0.05).  Foot length had the largest F-ratio 

for both sides (left: 236.984; right: 233.999) and sex also explained a similar proportion 

of variance for this variable (54%).  Foot breadth was the only variable that had a 

larger F-ratio on the right side (left:  156.554; right: 165.359).  Heel breadth was the 

least discriminating variable between the sexes with the smallest F-ratio (left: 133.474; 

right: 117.184) and R2 (left: 0.403; right: 0.372). 

 

 

Figure 5.2: Comparison of mean of foot measurements (in cm) between the male and 

female subjects. 

Key: LFL = Left Foot Length, RFL = Right Foot Length, LFB = Left Foot Breadth, RFB = Right Foot Breadth, 
LFHB = Left Foot Heel Breadth, RFHB = Right Foot Heel Breadth 
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Table 5.14:  Assessment of sex differences of foot measurements using one-way ANOVA. 

  Male (n = 90)  Female (n = 110)  Mean 

Diff F-ratio R2 

P-

value Foot Measurement Mean SD Range  Mean  SD Range  

Left Foot length 27.42 1.38 24.40 – 32.90  24.58 1.22 21.20 – 30.40  2.84 236.984 0.545 *** 

 Foot breadth 10.34 0.63 8.85 – 12.75  9.27 0.58 7.76 – 11.86  1.07 156.554 0.442 *** 

 Foot heel breadth 6.79 0.49 5.75 – 8.40  6.01 0.46 5.14 – 7.64  0.78 133.474 0.403 *** 
              

Right Foot length 27.34 1.36 24.30 – 32.40  24.56 1.21 21.20 – 30.30  2.78 233.999 0.542 *** 

 Foot breadth 10.36 0.63 9.05 – 12.73  9.28 0.55 7.76 – 11.34  1.08 165.359 0.455 *** 

 Foot heel breadth 6.75 0.49 5.72 – 8.24  6.03 0.45 5.19 – 7.81  0.72 117.184 0.372 *** 
              

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 
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(ii) Discriminant Function Analysis – Direct Single Variable 

A series of demarking points were calculated for estimating sex from a single foot 

measurement (Table 5.15).  Single variables classified sex with a combined cross-

validated accuracy ranging from 81.5 to 90.5%.  As anticipated from the ANOVA 

results, foot length (FL) was the most accurate variable for estimating sex (left: 90.5%; 

right: 90.0%).  However, the sex bias for the right side was considerably larger than the 

left (left: -2.9%; right: -8.0%).  Overall, all variables on the left side had acceptable 

levels of sex bias (< ±5%) whereas on the right side, only foot breadth was within this 

range (3.1%).  Right foot breadth was also more accurate than left foot breadth at 

estimating sex (left: 83.5%; right 85.0%). 

 

Table 5.15:  Demarking points (in cm) for estimating sex and cross-validated classification accuracy. 

Foot Measurement Demarking points Correctly assigned Combined, 

cross-

validated 

accuracy 

Sex 

bias 

Left Foot length ♀ < 26.00 < ♂ ♂ 88.9%; ♀ 91.8% 90.5% -2.9% 

 Foot breadth ♀ < 9.81 < ♂ ♂ 81.1%; ♀ 85.5%   83.5% -4.4% 

 Foot heel breadth ♀ < 6.40 < ♂ ♂ 80.0%; ♀ 83.6% 82.0% -3.6% 

      

Right Foot length ♀ < 25.95 < ♂ ♂ 85.6%; ♀ 93.6%      90.0% -8.0% 

 Foot breadth ♀ < 9.82 < ♂ ♂ 83.3%; ♀ 86.4% 85.0% -3.1% 

 Foot heel breadth ♀ < 6.39 < ♂ ♂ 77.8%; ♀ 84.5% 81.5% -6.7% 

 

 

Posterior probabilities were calculated (Table 5.16) and for all foot variables, over half 

of the correctly classified individuals (51% to 82%) were assigned to their respective 

sex with no less than 80% certainty.  No subject was correctly classified with less than 

40% certainty.  In addition to having the highest cross-validated classification accuracy, 

foot length had the largest proportion (74 to 82%) of correctly classified individuals at 

80% and above certainty.  Conversely, heel breadth had the largest proportion (9 to 

13%) correctly classified with only 40 to 59% certainty.  
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Table 5.16: Percentage of posterior probability intervals of correct sex classification (cross-
validated) from foot demarking points. 

Posterior 
probability 
intervals 

Left  Right 

Males  Females  Males  Females 

n %  n %  n %  n % 

Foot length            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 5 6.2  7 6.9  1 1.3  10 9.7 
0.60 – 0.79 16 20.0  17 16.8  13 16.9  16 15.5 
0.80 – 1.00 59 73.8  77 76.3  63 81.8  77 74.8 
            

Foot breadth            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 2 2.7  6 6.4  7 9.3  9 9.5 
0.60 – 0.79 29 39.7  25 26.6  20 26.7  21 22.1 
0.80 – 1.00 42 57.6  63 67.0  48 64.0  65 68.4 
            

Foot heel breadth            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 9 12.5  12 13.0  6 8.6  10 10.8 
0.60 – 0.79 21 29.2  22 23.9  28 40.0  30 32.2 
0.80 – 1.00 42 58.3  58 63.1  36 51.4  53 57.0 
            

 

(iii) Discriminant Function Analysis – Stepwise  

A stepwise discriminant function analysis was performed to determine the most 

accurate models for estimating sex.  Foot length and breadth were selected as the 

most discriminating variables for both the left (Table 5.17) and right (Table 5.18) sides.  

With a combined cross-validated classification accuracy of 91.5%, the left foot function 

(LFL and LFB) was 1% more accurate than using the left foot length demarking point, 

but had a much higher sex bias (-6.7%). 

Table 5.17: Cross-validated stepwise discriminant function analysis of left foot variables. 
Step Variables Unstandard- 

ised 
Coefficient 

Standard- 
ised 

Coefficient 

Wilks’ 
Lambda 

Structure 
Point 

Group  
Centroids 

Sectioning  
Point 

Correctly 
Assigned 

Sex  
Bias 

1 
2 
 

LFL 
LFB 

constant 
 

0.613 
0.470 

-20.423 

0.794 
0.284 

0.455 
0.443 

0.976 
0.793 

♂ 1.233 
♀ -1.009 

0.112 91.5% 
♂ 87.8% 
♀ 94.5% 

-6.7% 
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For the right foot, the stepwise function showed no improvement in either 

classification accuracy (90.0%) or sex bias (-8.0%) compared to using the single variable 

demarking point for right foot length.   

Table 5.18: Cross-validated stepwise discriminant function analysis of right foot variables. 
Step Variables Unstandard- 

ised 
Coefficient 

Standard- 
ised 

Coefficient 

Wilks’ 
Lambda 

Structure 
Point 

Group  
Centroids 

Sectioning  
Point 

Correctly 
Assigned 

Sex  
Bias 

1 
2 
 

RFL 
RFB 

constant 
 

0.587 
0.587 

-20.879 

0.749 
0.345 

0.458 
0.440 

0.963 
0.809 

♂ 1.242 
♀-1.016  

0.113 90.0% 
♂ 85.6% 
♀ 93.6% 

-8.0% 

 

The stepwise functions resulted in between 74 to 82% of male and female individuals 

being correctly classified at 80% and above certainty (Table 5.19).  The stepwise 

functions also had a smaller proportion (3 to 5%) of individuals in the 40% to 59% 

posterior probability interval. 

Table 5.19: Percentage of posterior probability intervals of correct sex classifications (cross-
validated) for stepwise foot functions. 

Posterior 
probability 
intervals 

Left  Right 

Males  Females  Males  Females 

n %  n %  n %  n % 

Stepwise foot             
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 3 3.8  5 4.8  2 2.6  3 2.9 
0.60 – 0.79 16 20.3  22 21.2  12 15.6  23 22.3 
0.80 – 1.00 60 75.9  77 74.0  63 81.8  77 74.8 
            

 

(iv) Discriminant Function Analysis – Direct Multiple Variables 

All combinations of foot variables not selected by the stepwise analysis were entered 

into a direct discriminant function analysis.  For the left foot (Table 5.20), Function 1 

(all variables) had the highest combined cross-validated classification accuracy (90.5%) 

of the direct functions.  Although this function was less accurate than the stepwise 

selected model using left foot length and breadth, the sex bias (-4.9%) was just within 

the acceptable range of < ±5%.  This, however, was still larger than the sex bias (-2.9%) 

from using the single variable demarking point of left foot length, but with the same 

accuracy (90.5%).  The function incorporating the two breadths (LFB and LFHB) had the 

lowest combined cross-validated accuracy (85.5%) and the largest sex bias (-5.1%). 
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Table 5.20: Cross-validated direct discriminant function analysis of left foot variables. 
Function Variables Unstandardised 

Coefficient 
Standardised 

Coefficient 
Structure 

Point 
Group  

Centroids 
Sectioning  

Point 
Correctly 
Assigned 

Sex  
Bias 

1 LFL 
LFB 

LFHB 
constant 

 

0.599 
0.437 
0.096 

-20.366 

0.776 
0.264 
0.045 

0.976 
0.793 
0.732 

♂ 1.234 
♀-1.009  

0.113 90.5% 
♂ 87.8% 
♀ 92.7% 

-4.9% 

2 LFL 
LFHB 

constant 
 

0.682 
0.351 

-19.860 

0.883 
0.166 

0.992 
0.745 

♂ 1.213 
♀-0.992  

0.111 89.5% 
♂ 87.8% 
♀ 90.9% 

-3.1% 

3 LFB 
LFHB 

constant 
 

0.915 
1.086 

-16.416 

0.432 
0.656 

0.948 
0.875 

♂ 1.032 
♀-0.844  

0.094 85.5% 
♂ 82.2% 
♀ 87.3% 

-5.1% 

 

For the right foot direct functions (Table 5.21), both Function 1 (all variables) and 

Function 2 (RFL and RFHB) had the same combined cross-validated accuracy (90.0%).  

Function 1, similar to the stepwise right foot function, showed no improvement on the 

demarking point for right foot length.  Function 2, however, had an improvement in 

sex bias (-6.0%).  Function 3, the model incorporating both breadths (RFB and RFHB), 

was the least accurate (84.5%). 

Table 5.21:  Cross-validated direct discriminant function analysis of right foot variables. 
Function Variables Unstandardised 

Coefficient 
Standardised 

Coefficient 
Structure 

Point 
Group  

Centroids 
Sectioning  

Point 
Correctly 
Assigned 

Sex  
Bias 

1 RFL 
RFB 

RFHB 
constant 

 

0.592 
0.598 
-0.037 

-20.892 

0.756 
0.351 
-0.017 

0.963 
0.809 
0.681 

♂ 1.242 
♀-1.016 

0.113 90.0% 
♂ 85.6% 
♀ 93.6% 

-8.0% 

2 RFL 
RFHB 

constant 
 

0.719 
0.262 

-20.229 

0.918 
0.123 

0.995 
0.704 

♂ 1.201 
♀-0.983 

0.109 90.0% 
♂ 86.7% 
♀ 92.7% 

-6.0% 

3 RFB 
RFHB 

constant 
 

1.274 
0.732 

-17.092 

0.749 
0.343 

0.963 
0.811 

♂ 1.043 
♀-0.854 

0.095 84.5% 
♂ 81.1% 
♀ 87.3% 

-6.2% 

 

The posterior probability values for the direct functions are outlined in Table 5.22.  

Between 64 to 82% of individuals were correctly assigned by sex at 80% or above 

certainty.  No individuals had a posterior probability value below 40%. 
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Table 5.22: Percentage of posterior probability intervals of correct sex classification (cross-
validated) for direct multiple variable foot functions. 

Posterior 
probability 
intervals 

Left  Right 

Males  Females  Males  Females 

n %  n %  n %  n % 

Function 1            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 3 3.8  3 2.9  2 2.6  3 2.9 
0.60 – 0.79 16 20.3  21 20.6  12 15.6  23 22.3 
0.80 – 1.00 60 75.9  78 76.5  63 81.8  77 74.8 
            

Function 2            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 3 3.8  5 5.0  3 3.8  8 7.8 
0.60 – 0.79 15 19.0  16 16.0  15 19.2  16 15.7 
0.80 – 1.00 61 77.2  79 79.0  60 77.0  78 76.5 
            

Function 3            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 5 6.8  8 8.3  1 1.4  6 6.2 
0.60 – 0.79 18 24.3  27 28.1  20 27.4  26 27.1 
0.80 – 1.00 51 68.9  61 63.6  52 71.2  64 66.7 
            

 

 

5.6 Analyses of Footprint Measurements 

5.6.1 Bilateral Asymmetry 

Bilateral differences in footprint dimensions are outlined in Table 5.23.  For males, all 

heel-toe lengths (T1PFL – T5FPL) were significantly larger (P < 0.05 to P < 0.001) on the 

left side, although this difference translates to less than 2mm.  For females, left T1 

length and right heel breadth were significantly larger (P < 0.05; P < 0.01 respectively).   
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Table 5.23:  Analyses of bilateral asymmetry in footprint measurements 
of males and females. 

Paired Variable 

Males  Females 

Mean 
difference 
(cm) 

t-score   Mean 
difference 
(cm) 

t-score 

LFPT1L- RFPT1L 0.146 3.394**   0.070 2.002* 

LFPT2L- RFPT2L 0.139 3.940***   0.014 0.497NS 

LFPT3L- RFPT3L 0.121 3.434**   0.016 0.618NS 

LFPT4L- RFPT4L 0.096 3.020**   -0.008 -0.346NS 

LFPT5L- RFPT5L 0.084 2.220*   0.016 0.571NS 

LFPB – RFPB -0.004 -0.163NS   -0.031 -1.190NS 

LFPHB-RFPHB 0.024 1.008NS   -0.046 -2.691** 

Key: LFPT1L = Left Footprint T1 Length, RFPT1L = Right Footprint T1 Length, LFPT2L = Left 
 Footprint T2 Length, RFPT2L = Right Footprint T2 Length, LFPT3L = Left Footprint T3 
 Length, RFPT3L = Right Footprint T3, LFPT4L = Left Footprint T4 Length, RFPT4L = Right 
 Footprint T4 Length, LFPT5L = Left Footprint T5 Length, RFPT5L = Right Footprint T5 
 Length, LFPB = Left Footprint Breadth, RFPB = Right Footprint Breadth, LFPHB = Left 
 Footprint Heel Breadth, RFPHB = Right Footprint Heel Breadth 
Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 

 

5.6.2 Stature Estimation 

(i) Correlation coefficients 

The correlation coefficient (r) for all footprint measurements to stature are listed in 

Table 5.24 adjacent to their accompanying simple linear regression equations (refer to 

Section 5.6.2 (ii)).  All variables were statistically significantly (P < 0.01 to < 0.001) 

correlated with stature (refer to scatter plot matrices in Appendix V).  For males, left 

T2 length had the highest correlation with stature (r = 0.728); for females it was right 

T1 length (r = 0.716) (see Figure 5.3 for respective scatter plots).  Generally, all heel-

toe lengths (T1FPL to T5FPL) had similarly high correlation coefficients (males: 0.652 to 

0.728; females: 0.643 to 0.716).  For males, right heel breadth had the lowest 

correlation with stature (r = 0.427; 0.542 respectively), whereas for females it was left 

heel breadth (r = 0.259).  Also, for the male sample, correlation coefficients were 

larger for the left side, except for footprint breadth.   
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Figure 5.3:  Scatter plots showing relationship between stature and (a) LFPT2L for males; 
and (b) RFPT1L for females, with regression lines. 

(a) 

(b) 
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Table 5.24: Linear regression equations from footprint measurements for stature (cm) estimation in males and females. 

 Left footprint  Right footprint 

Sex n Equation SEE  
(± cm) 

r R2  n Equation SEE  
(± cm) 

r R2 

Males 90 S = 82.720 + 3.757(LFPT1L***) 5.044 0.706 0.498  90 S = 87.054 + 3.608(RFPT1L***) 5.232 0.678 0.460 
 90 S = 80.282 + 3.856(LFPT2L***) 4.885 0.728 0.530  90 S = 91.069 + 3.451(RFPT2L***) 5.297 0.668 0.447 
 90 S = 85.752 + 3.785(LFPT3L***) 5.064 0.703 0.494  90 S = 93.394 + 3.491(RFPT3L***) 5.315 0.666 0.443 
 90 S = 84.905 +4.041(LFPT4L***) 4.920 0.723 0.523  90 S = 91.824 + 3.758(RFPT4L***) 5.198 0.684 0.467 
 84 S = 90.398 + 4.137(LFPT5L***) 5.235 0.678 0.460  84 S = 96.762 + 3.848(RFPT5L***) 5.404 0.652 0.425 
 90 S = 129.565 + 4.913(LFPB***) 6.414 0.435 0.189  90 S = 127.787 + 5.089(RFPB***) 6.380 0.444 0.197 
 90 S = 135.222 + 7.737(LFPHB***) 6.140 0.507 0.257  90 S = 143.849 + 6.220(RFPHB***) 6.439 0.427 0.183 
 

Females 110 S = 66.030 + 4.243(LFPT1L***) 5.161 0.694 0.482  110 S = 64.985 + 4.302(RFPT1L***) 5.006 0.716 0.512 
 110 S = 76.440 + 3.813(LFPT2L***) 5.391 0.659 0.435  109 S = 74.144 + 3.916(RFPT2L***) 5.473 0.646 0.417 
 110 S = 73.841 + 4.071(LFPT3L***) 5.374 0.662 0.438  110 S = 74.050 + 4.064(RFPT3L***) 5.489 0.643 0.414 
 110 S = 66.870 + 4.633(LFPT4L***) 5.229 0.684 0.468  110 S = 69.484 + 4.506(RFPT4L***) 5.447 0.650 0.423 
 108 S = 63.792 + 5.174(LFPT5L***) 5.232 0.684 0.468  107 S = 63.345 + 5.205(RFPT5L***) 5.115 0.701 0.491 
 110 S = 120.797 + 4.779(LFPB***) 6.617 0.385 0.148  110 S = 126.847 + 4.091(RFPB**) 6.822 0.307 0.095 
 110 S = 143.358 + 4.014(LFPHB**) 6.926 0.259 0.067  110 S = 139.344 + 4.764(RFPHB**) 6.849 0.296 0.087 
 
Key: S = Stature, LFPT1L = Left Footprint T1 Length, RFPT1L = Right Footprint T1 Length, LFPT2L = Left Footprint T2 Length, RFPT2L = Right Footprint T2 Length, LFPT3L = Left Footprint T3 Length, 
RFPT3L = Right  Footprint T3, LFPT4L = Left Footprint T4 Length, RFPT4L = Right Footprint T4 Length, LFPT5L = Left Footprint T5 Length, RFPT5L = Right Footprint T5 Length, LFPB = Left Footprint 
Breadth, RFPB = Right Footprint  Breadth, LFPHB = Left Footprint Heel Breadth, RFPHB = Right Footprint Heel Breadth 
Significance:  *** P < 0.001, **P < 0.01, *P < 0.05 
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(ii) Simple Linear Regression 

Table 5.24 outlines all the simple linear regression equations for estimating stature 

using footprint measurements.  The variables that had the highest correlation with 

stature had the lowest SEE’s for the associated simple linear regression equations.  The 

most accurate variable for estimating stature differed across the sex groupings (see 

below). 

For males, left T2 length was the most accurate for estimating stature (SEE: ±4.885cm; 

R2 = 0.530).  Overall, left T1 – T4 heel-toe lengths were more accurate (SEE: ±4.885 to 

±5.064cm) and explained a greater proportion of the variation in stature (R2 = 0.494 to 

0.530) than any of the right heel-toe lengths (SEE: ±5.198 to ±5.404cm; R2 =0.425 to 

0.467).  The most accurate right side measurement for estimating stature was T4 heel-

toe length (SEE: ±5.198cm; R2 = 0.467).  The least accurate measurement for predicting 

stature was right heel breadth (SEE: ±6.439cm). 

For females, right T1 length had the smallest error (SEE: ±5.006cm) and the largest 

coefficient of determination (R2 = 0.512).  The next most accurate variable for 

predicting stature was right T5 length (SEE: ±5.115cm; R2 = 0.491).  T1 length was the 

most accurate variable for the left side (SEE: ±5.161cm; R2 = 0.482).  Left heel breadth 

was the least accurate variable for estimating stature for females (SEE: ±6.926cm; R2 = 

0.067). 

(iii)  Multiple Regression - Stepwise 

A stepwise multiple regression analysis was undertaken to determine the optimum 

combination of variables for estimating stature.   All footprint measurements were 

entered and the resultant stature estimation models are outlined in Table 5.25.  For 

males, no additional variables improved upon the simple linear regression equations 

for left T2 length and right T4 length. 

For females, there were two stepwise models that improved upon the simple linear 

regression models for the left side.  Including left T5 length with T1 length reduced the 

SEE to ±5.042cm and increased the explanatory power by almost 2% (Adj R2 = 0.501).  

The addition of heel breadth to left T1 and T5 lengths further enhanced the accuracy 

of the model (SEE: ±4.954cm; Adj R2 = 0.518).  For the right side, there were three 
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additional steps that improved upon the accuracy of the simple linear regressions, with 

the final model incorporating right T1, T2 and T5 lengths and heel breadth.  This 

equation was the most accurate across all the groupings (SEE: ±4.716cm) and 

explained 56% of the variation in stature (Adj R2 = 0.563).  

(iv)  Multiple Regression – Direct 

Direct multiple regression equations for left and right footprint measurements are 

outlined in Tables 5.26 and 5.27 respectively.  For each sex grouping, five models were 

selected: all footprint variables; all heel-toe lengths; and the remaining three chosen 

on the basis of having the lowest SEE.  Not all regression coefficients, however, were 

statistically significant in the resultant equations.   

a) Left Footprint (Table 5.26). 

For the males, three models marginally improved upon the accuracy of the stepwise 

single variable models.  These included the all variables equation (SEE: ±4.880cm), the 

all heel-toe length equation (SEE: ±4.846cm) and an equation that included T1 and T2 

lengths (SEE: ±4.882cm).  R2 values for all these models, however, are all lower than 

the single variable equations. 

For females, no direct multiple regression models were more accurate than the 

stepwise selected equation.  The equation including all footprint measurements was 

the most accurate of the direct models (SEE: ±4.979cm) with a 0.5% reduction in the 

adjusted R2 value. 

b) Right Footprint (Table 5.27). 

For the right side, it was only possible to generate a direct multiple regression 

equation for the female sub-sample that was more accurate than the stepwise 

selected model.  The equation incorporating all variables was marginally more 

accurate (SEE: ±4.709cm) than the four variable model (as outlined in Section 5.6.2 

(iii)) but explained the same proportion (56%) of the variation in stature. 
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Table 5.25:  Stepwise multiple regression equations from footprint measurements for stature (cm) estimation in males and females. 

Sex Footprint Equation SEE  

(± cm) 

r R2 Adj R2 

Males Left  S = 80.282 + 3.856(LFPT2L***) 4.887 0.728 0.530 0.524 
 

 Right  S = 91.824 + 3.758(RFPT4L***) 5.200 0.684 0.467 0.461 
 

Females Left  S = 66.030 + 4.243(LFPT1L***) 5.161 0.694 0.482 0.477 

  S = 57.805 + 2.492(LFPT1L**) + 2.513(LFPT5L**) 5.042 0.714 0.510 0.501 

  S = 57.886 + 2.982(LFPT1L**) + 2.634(LFPT5L**) – 2.703(LFPHB**) 4.954 0.729 0.532 0.518 
 

 Right  S = 64.985 + 4.302(RFPT1L***) 5.007 0.716 0.512 0.508 

  S = 65.084 + 5.0129(RFPT1L***) – 3.208(RFPHB**) 4.897 0.734 0.538 0.529 

  S = 57.969 + 3.373(RFPT1L***) – 3.082(RFPHB**) + 2.286(RFPT5L**) 4.798 0.749 0.561 0.548 

  S = 58.114 + 4.707(RFPT1L***) – 2.418(RFPHB) + 3.862(RFPT5L**) – 2.822(RFPT2L**) 4.716 0.762 0.580 0.563 
 

Key: S = Stature, LFPT1L = Left Footprint T1 Length, RFPT1L = Right Footprint T1 Length, LFPT2L = Left Footprint T2 Length, RFPT2L = Right Footprint T2 Length, LFPT3L = Left Footprint T3 Length, 
 RFPT3L = Right Footprint T3, LFPT4L = Left Footprint T4 Length, RFPT4L = Right Footprint T4 Length, LFPT5L = Left Footprint T5 Length, RFPT5L = Right Footprint T5 Length, LFPB = Left Footprint 
 Breadth, RFPB = Right Footprint Breadth, LFPHB = Left Footprint Heel Breadth, RFPHB = Right Footprint Heel Breadth 
Significance:  *** P < 0.001, **P < 0.01, *P < 0.05 
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Table 5.26:  Direct multiple regression equations from left footprint measurements for stature (cm) estimation in males and females. 

Sex Equation SEE  

(± cm) 

r R2 Adj R2 

Males S = 82.654 +0.977(LFPT1L) + 3.223(LFPT2L) -2.743(LFPT3L) + 4.878(LFPT4L*) – 2.544(LFPT5L) – 

0.951(LFPB) + 1.197(LFPHB) 

4.880 0.752 0.565 0.525 

 S = 79.530 + 1.139(LFPT1L) + 3.009(LFPT2L) – 2.683(LFPT3L) + 4.514(LFPT4L*) – 2.138(LFPT5L) 4.846 0.746 0.560 0.532 
 S = 78.175 + 1.129(LFPT1L) + 2.809(LFPT2L*) 4.882 0.732 0.536 0.525 

 S = 78.295 + 1.068(LFPT1L) + 3.428(LFPT2L) – 0.585(LFPT3L) 4.907 0.732 0.536 0.520 
 S = 78.411 + 1.065(LFPT1L) + 2.732(LFPT2L*) + 0.603(LFPHB) 4.905 0.732 0.536 0.520 
 

Females S = 52.239 + 2.905(LFPT1L**) + 0.691(LFPT2L) – 2.199(LFPT3L) + 1.671(LFPT4L) + 2.321(LFPT5L) + 

1.633(LFPB) – 3.369(LFPHB*)  

4.979 0.738 0.545 0.513 

 S = 56.195 + 2.810(LFPT1L*) + 0.260(LFPT2L) – 2.761(LFPT3L) + 2.917(LFPT4L) + 1.908(LFPT5L) 5.070 0.720 0.519 0.495 

 S = 65.569 + 3.451(LFPT1L**) + 0.817(LFPT2L) 5.169 0.696 0.485 0.475 

 S = 64.188 + 3.324(LFPT1L**) – 0.489(LFPT2L) + 1.549(LFPT3L) 5.176 0.699 0.489 0.474 

 S = 65.814 + 3.616(LFPT1L**) + 1.271(LFPT2L) – 2.849(LFPHB*) 5.076 0.713 0.508 0.494 
 

Key: S = Stature, LFPT1L = Left Footprint T1 Length,, LFPT2L = Left Footprint T2 Length, LFPT3L = Left Footprint T3 Length, LFPT4L = Left Footprint T4 Length, LFPT5L = Left Footprint T5 Length, LFPB = 
 Left Footprint Breadth, LFPHB = Left Footprint Heel Breadth. 
Significance:  *** P < 0.001, **P < 0.01, *P < 0.05 
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Table 5.27:  Direct multiple regression equations from right footprint measurements for stature (cm) estimation in males and females.  

Sex Equation SEE  

(± cm) 

r R2 Adj R2 

Males S = 86.985 + 2.311(RFPT1L) – 0.088(RFPT2L) – 0.601(RFPT3L) + 3.435(RFPT4L) – 0.912(RFPT5L) – 

0.807(RFPB) – 0.358(RFPHB)  

5.276 0.701 0.492 0.445 

 S = 85.649 + 2.267(RFPT1L) – 0.259(RFPT2L) – 0.637(RFPT3L) + 3.354(RFPT4L) – 0.935(RFPT5L) 5.225 0.699 0.489 0.456 

 S = 86.158 + 2.320(RFPT1L) + 1.324(RFPT2L) 5.228 0.684 0.467 0.455 
 S = 85.988 + 2.307(RFPT1L) – 0.070(RFPT2L) + 1.468(RFPT3L) 5.237 0.687 0.472 0.453 
 S = 91.595 + 3.534(RFPT4L*) + 0.254(RFPT5L) 5.232 0.684 0.468 0.454 
 

Females S = 53.050 + 4.693(RFPT1L***) – 2.536(RFPT2L) + 0.698(RFPT3L) – 2.553(RFPT4L) + 5.276(RFPT5L**) 

+ 1.568(RFPB) – 3.309(RFPHB*) 

4.709 0.771 0.594 0.565 

 S = 59.453 + 4.462(RFPT1L***) – 3.397(RFPT2L) + 1.454(RFPT3L) – 2.608(RFPT4L) + 5.291(RFPT5L**) 4.784 0.756 0.572 0.551 

 S = 66.291 + 4.969(RFPT1L***) – 0.727(RFPT2L) 5.020 0.717 0.514 0.505 

 S = 64.718 + 5.041(RFPT1L***) – 2.891(RFPT2L) + 2.241(RFPT3L) 5.012 0.721 0.521 0.507 

 S = 65.641 + 5.283(RFPT1L***) – 0.311(RFPT2L) – 3.145(RFPHB*) 4.917 0.734 0.538 0.525 
 

Key: S = Stature, RFPT1L = Right Footprint T1 Length, RFPT2L = Right Footprint T2 Length, RFPT3L = Right Footprint T3, RFPT4L = Right Footprint T4 Length, RFPT5L = Right Footprint T5 Length, RFPB = 
 Right Footprint Breadth, RFPHB = Right Footprint Heel Breadth 
Significance:  *** P < 0.001, **P < 0.01, *P < 0.05 
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5.6.3 Sex Estimation 

(i) Assessment of Sex Differences 

As illustrated in Figure 5.4, all mean footprint measurements were larger for males 

than females.  An ANOVA was performed to assess the significance of this sex 

difference (Table 5.28) and all F-ratios were found to be highly significant (P < 0.001).  

The most sexually dimorphic footprint measurement was left T2 length (F-ratio: 

201.951; R2 =0.505).  T2 length was also the most sexually dimorphic on the right side 

(F-ratio: 185.496, R2 = 0.485). However, Left T1 – T4 lengths all had larger F-ratios 

(189.220 to 201.951) and sex explained a greater proportion of variation within these 

variables (R2 = 0.489 to 0.505).  Heel breadth was the least sexually dimorphic 

measurement (Table 5.28). 

 

Figure 5.4:  Comparison of mean of footprint measurements (in cm) between the male 
and female subjects. 

Key: LFPT1L = Left Footprint T1 Length, RFPT1L = Right Footprint T1 Length, LFPT2L = Left Footprint T2 Length, RFPT2L 
= Right Footprint T2 Length, LFPT3L = Left Footprint T3 Length, RFPT3L = Right Footprint T3, LFPT4L = Left 
Footprint T4 Length,  RFPT4L = Right Footprint T4 Length, LFPT5L = Left Footprint T5 Length, RFPT5L = Right 
Footprint T5 Length, LFPB = Left  Footprint Breadth, RFPB = Right Footprint Breadth, LFPHB = Left Footprint Heel 
Breadth, RFPHB = Right Footprint Heel Breadth. 



CHAPTER FIVE 

94 

Table 5.28:  Assessment of sex differences of footprint measurements using one-way ANOVA. 

Footprint Measurement 
Male  Female  Mean 

Diff 
F-ratio R2 P-

value N Mean SD Range  n Mean SD Range  

Left T1 length 90 25.48 1.33 22.50 – 30.70  110 23.01 1.17 20.20 – 28.40  2.47 195.534 0.497 *** 

 T2 length 90 25.46 1.34 22.70 – 30.80  110 22.87 1.23 19.90 – 29.30  2.59 201.951 0.505 *** 

 T3 length 90 24.49 1.32 21.50 – 29.30  110 22.07 1.16 18.90 – 28.10  2.42 191.808 0.492 *** 

 T4 length 90 23.15 1.27 20.50 – 28.25  110 20.89 1.05 17.50 – 26.10  2.26 189.220 0.489 *** 

 T5 length 84 21.29 1.16 19.10 – 26.00  108 19.30 0.94 16.70 – 23.40  1.99 170.462 0.473 *** 
 Footprint breadth 90 9.95 0.63 8.70 – 12.30  110 8.97 0.57 7.60 – 10.80  0.98 133.489 0.403 *** 
 Footprint heel breadth 90 5.59 0.46 4.50 – 6.70  110 5.06 0.46 4.10 – 6.40  0.53 65.207 0.248 *** 
                

Right T1 length 90 25.34 1.33 22.50 – 30.20  110 22.94 1.19 20.00 – 28.70  2.40 180.667 0.477 *** 

 T2 length 90 25.32 1.37 22.50 – 30.70  109 22.86 1.18 19.80 – 28.90  2.46 185.496 0.485 *** 

 T3 length 90 24.37 1.35 21.40 – 29.70  110 22.05 1.13 19.10 – 27.70  2.32 175.254 0.470 *** 

 T4 length 90 23.06 1.29 20.20 – 28.40  110 20.90 1.03 18.00 – 25.70  2.16 172.560 0.466 *** 

 T5 length 84 21.23 1.20 18.80 – 26.40  107 19.27 0.96 17.00 – 23.60  1.96 157.529 0.455 *** 
 Footprint breadth 90 9.96 0.62 8.70 – 12.00  110 9.00 0.54 7.60 – 10.90  0.96 137.194 0.409 *** 
 Footprint heel breadth 90 5.57 0.49 4.40 – 7.00  110 5.11 0.44 4.00 – 6.50  0.46 48.865 0.198 *** 
                
Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 
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(ii) Discriminant Function Analysis – Direct Single Variable 

A series of demarking points were calculated for estimating sex from a single variable 

(Table 5.29).  It was found that single footprint measurements can be used to estimate 

sex with cross-validated accuracies between 71.0% to 89.5%.  Left T3 length had the 

highest cross-validated accuracy (89.5%) with a sex bias of -5.1%.  For the right side, T4 

length was the most accurate (88.5%), however the sex bias was large at -7.4%.  Of all 

the footprint measurements, however, only left T2 and T5 lengths and footprint 

breadths on both sides had sex biases less than ±5% (-1.1% to -4.7%).  Although 

footprint breadth was the second least accurate variable, it had the lowest sex bias of 

each side (left: -1.1%; right: -3.4%).  Heel breadth on both sides had the lowest cross-

validated accuracy, with right footprint heel breadth the least effective variable for 

estimating sex (71.0% accuracy; -16.0% sex bias). 

Table 5.29:  Demarking points (in cm) for estimating sex and cross-validated classification 
accuracy. 

Footprint Measurement Demarking 

points 

Correctly assigned Combined, 

cross-

validated 

accuracy 

Sex bias 

Left T1 length ♀ < 24.25 < ♂ ♂ 82.2%; ♀ 90.9%  87.0% -8.7% 

 T2 length ♀ < 24.17 < ♂ ♂ 84.4%; ♀ 89.1% 87.0% -4.7% 

 T3 length ♀ < 23.28 < ♂ ♂ 86.7%; ♀ 91.8% 89.5% -5.1% 

 T4 length  ♀ < 22.02 < ♂ ♂ 85.6%; ♀ 90.9%  88.5% -5.3% 

 T5 length ♀ < 20.30 < ♂ ♂ 84.5%; ♀ 87.0% 85.9% -2.5% 
 Footprint breadth ♀ < 9.46 < ♂ ♂ 78.9%; ♀ 80.0% 79.5% -1.1% 
 Footprint heel breadth ♀ < 5.33 < ♂ ♂ 71.1%; ♀ 79.1% 75.5% -8.0% 
      
Right T1 length ♀ < 24.14 < ♂ ♂ 82.2%; ♀ 90.0% 86.5% -7.8% 

 T2 length ♀ < 24.09 < ♂ ♂ 85.6%; ♀ 90.8% 88.4% -5.2% 

 T3 length ♀ < 23.21 < ♂ ♂ 80.0%; ♀ 91.8% 86.5% -11.8% 

 T4 length ♀ < 21.98 < ♂ ♂ 84.4%; ♀ 91.8%  88.5% -7.4% 

 T5 length ♀ < 20.25 < ♂ ♂ 82.1%; ♀ 88.8% 85.9% -6.7% 
 Footprint breadth ♀ < 9.48 < ♂ ♂ 81.1%; ♀ 84.5% 83.0% -3.4% 
 Footprint heel breadth ♀ < 5.34 < ♂ ♂ 62.2%; ♀ 78.2% 71.0% -16.0% 

 

 

Posterior probabilities for correctly assigned individuals are summarised in Table 5.30.  

With the exception of heel breadth (FPHB), more than half of those correctly classified 

were assigned to their respective sex with ≥80% certainty.  No individual was correctly 

classified with less than 40% certainty.   
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Table 5.30: Percentage of posterior probability intervals of correct sex classification (cross-
validated) from footprint demarking points. 

Posterior probability 
intervals 

Left  Right 

Males  Females  Males  Females 

n %  n %  n %  n % 

T1 length            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 3 4.1  10 10.0  3 4.1  9 9.1 
0.60 – 0.79 18 24.3  23 23.0  22 29.7  25 25.2 
0.80 – 1.00 53 71.6  67 67.0  49 66.2  65 65.7 
            

T2 length            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 3 3.9  4 4.1  5 6.5  5 5.1 
0.60 – 0.79 16 21.1  23 23.5  21 27.3  32 32.3 
0.80 – 1.00 57 75.0  71 72.4  51 66.2  62 62.6 
            

T3 length            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 14 17.9  6 5.9  6 8.3  7 6.9 
0.60 – 0.79 11 14.1  25 24.8  15 20.8  36 35.6 
0.80 – 1.00 53 68.0  70 69.3  51 70.9  58 57.5 
            

T4 length            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 7 9.1  6 6.0  9 11.8  10 9.9 
0.60 – 0.79 23 29.9  23 23.0  18 23.7  28 27.7 
0.80 – 1.00 47 61.0  71 71.0  49 64.5  63 62.4 
            

T5 length            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 5 7.0  6 6.4  6 8.7  6 6.3 
0.60 – 0.79 23 32.4  20 21.3  18 26.1  29 30.5 
0.80 – 1.00 43 60.6  68 72.3  45 65.2  60 63.2 
            

Footprint breadth            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 12 16.9  5 5.7  9 12.3  13 14.0 
0.60 – 0.79 15 21.1  29 32.9  22 30.1  31 33.3 
0.80 – 1.00 44 62.0  54 61.4  42 57.6  49 52.7 
            

Footprint heel breadth            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 11 17.2  17 19.6  13 23.2  24 27.9 
0.60 – 0.79 28 43.7  47 54.0  23 41.1  47 54.7 
0.80 – 1.00 25 39.1  23 26.4  20 35.7  15 17.4 
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Left T2 length had the largest proportion (males: 75.0%; females: 72.4%) of correctly 

assigned individuals with the highest posterior probability (80% to 100%) and, 

conversely, the lowest proportion (males: 3.9%: females: 4.1%) within the 40% to 59% 

certainty interval.  Right heel breadth, had the lowest proportion (males: 35.7%; 

females: 17.4%) of individuals whose sex was correctly assigned with 80% or more 

certainty and the largest proportion (males: 23.2%; females: 27.9%) within the 40% to 

59% posterior probability interval.  

(iii) Discriminant Function Analysis - Stepwise 

A series of stepwise discriminant functions for left (Table 5.31) and right (Table 5.32) 

footprints were performed.  It is evident that the two variable model for the left 

footprint is actually 0.5% less accurate than using the single variable demarking point 

for T3 length.  The three variable model for right footprints is more accurate (90.0%) 

than using any single variable demarking points, however, the sex bias is -8.0%. 

Table 5.31:  Cross-validated stepwise discriminant function analysis of left footprint variables. 
Step Variables Unstandardised 

Coefficient 
Standardised 

Coefficient 
Wilks’ 

Lambda 
Structure 

Point 
Group  

Centroids 
Sectioning  

Point 
Correctly 
Assigned 

Sex  
Bias 

1 
2 
 

LFPT2L 
LFPB 

constant 
 

0.606 
0.533 

-19.544 

0.781 
0.320 

0.500 
0.482 

0.965 
0.771 

♂ 1.170 
♀ -0.910 

0.130 89.0% 
♂ 85.6% 
♀ 91.8% 

-6.2% 

 

 

Table 5.32:  Cross-validated stepwise discriminant function analysis of right footprint 
variables. 

Step Variables Unstandardised 
Coefficient 

Standardised 
Coefficient 

Wilks’ 
Lambda 

Structure 
Point 

Group  
Centroids 

Sectioning  
Point 

Correctly 
Assigned 

Sex  
Bias 

1 
2 
3 

RFPB 
RFPHB 
RFPT1L 

constant 
 

0.861 
-0.828 
0.694 

-20.373 

0.495 
-0.383 
0.878 

0.509 
0.498 
0.597 

0.772 
0.475 
0.911 

♂ 1.188 
♀-0.942 

0.123 90.0% 
♂ 85.6% 
♀ 93.6% 

-8.0% 

 

Posterior probabilities for the stepwise functions are outlined in Table 5.33.  Between 

72% to 78% of individuals had their sex correctly classified at 80% and above certainty.  
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Table 5.33: Percentage of posterior probability intervals of correct sex classification (cross-
validated) for stepwise footprint functions. 

Posterior 
probability 
intervals 

Left  Right 

Males  Females  Males  Females 

n %  n %  n %  n % 

Stepwise footprint            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 6 7.8  7 6.9  6 7.8  6 5.8 
0.60 – 0.79 15 19.5  18 17.8  11 14.3  23 22.3 
0.80 – 1.00 56 72.7  76 75.3  60 77.9  74 71.9 
            

 

(iv) Discriminant Function Analysis - Direct Multiple Variable 

Left and right footprint multiple variable discriminant function analyses are presented 

in Tables 5.34 and 5.35 respectively.  Functions 1 to 3 for both sides include all 

variables, all heel-toe lengths, and all breadths respectively.  The remaining functions 

(Function 4 & 5) were selected on the basis of high accuracy and low sex bias.  Cross-

validated accuracy for all functions ranged from 80.5% to 90.5%. 

For the left side (Table 5.34), the function incorporating all footprint variables was less 

accurate (87.5%) than the stepwise model, but the sex bias was smaller (-5.3%).  Direct 

Function 5, which included T4 and T5 lengths and footprint breadth was marginally 

more accurate, with a combined cross-validated accuracy of 89.6%.  This function also 

has a lower sex bias (-4.8%).  Function 4, which incorporated T1 length and footprint 

breadth, had the lowest sex bias of the direct functions (-4.2%) and a relatively high 

degree of accuracy (89.0%). 
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Table 5.34:  Cross-validated direct discriminant function analysis of left footprint variables. 
Function Variables Unstandardised 

Coefficient 
Standardised 

Coefficient 
Structure 

Point 
Group  

Centroids 
Sectioning  

Point 
Correctly 
Assigned 

Sex  
Bias 

1 
(all 

variables) 

LFPT1L 
LFPT2L 
LFPT3L 
LFPT4L 
LFPT5L 
LFPB 

LFPHB 
constant 

 

0.318 
0.484 
-0.174 
-0.179 
0.282 
0.680 
-0.547 

-20.530 

0.396 
0.624 
-0.215 
-0.207 
0.294 
0.408 
-0.249 

0.924 
0.935 
0.910 
0.905 
0.885 
0.746 
0.524 

♂ 1.208 
♀-0.939  

0.135 87.5% 
♂ 84.5% 
♀ 89.8% 

-5.3% 

2 
(all heel- 

toe 
lengths) 

LFPT1L 
LFPT2L 
LFPT3L 
LFPT4L 
LFPT5L 

constant 
 

0.318 
0.471 
-0.165 
0.109 
0.096 

-19.470 

0.396 
0.607 
-0.204 
0.126 
0.100 

0.973 
0.984 
0.958 
0.953 
0.931 

♂ 1.147 
♀-0.892 

0.255 86.5% 
♂ 83.3% 
♀ 88.9% 

-5.6% 

3 
(all 

breadths) 

LFPB 
LFPHB 

constant 
 

1.484 
0.377 

-15.963 

0.889 
0.174 

0.990 
0.692 

♂ 0.912 
♀-0.746 

0.083 80.5% 
♂ 77.8% 
♀ 82.7% 

-4.9% 

4 LFPT1L 
LFPB 

constant 
 

0.594 
0.647 

-20.416 

0.738 
0.388 

0.945 
0.780 

♂ 1.157 
♀ -0.947 

0.105 89.0% 
♂ 86.7% 
♀ 90.9% 

-4.2% 

5 LFPT4L 
LFPT5L 
LFPB 

constant 
 

0.349 
0.338 
0.606 

-20.150 

0.405 
0.353 
0.364 

0.953 
0.932 
0.786 

♂ 1.147 
♀ -0.892 

0.128 89.6% 
♂ 86.9% 
♀ 91.7% 

-4.8% 

 

For the right footprints (Table 5.35), Function 1 had a marginally higher (0.5%) cross-

validated accuracy than the stepwise generated function (90.0%), but with a larger sex 

bias (-10.0%).  Generally, the right side direct functions had larger sex biases than the 

left side.  The only function that had a sex bias ≤ ±5% was Function 3 (-4.5%), however, 

this had the lowest accuracy (82.5%).  Function 4 was only 0.6% less accurate than 

Function 1 but had a sex bias (-6.0%) that was almost 5% lower.  This was also smaller 

than the sex bias for the stepwise selected function (-8.0%), which was only 0.1% more 

accurate, thus suggesting that Function 4 may be the ‘equation of choice’ for the right 

side.  
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Table 5.35:  Cross-validated direct discriminant function analysis of right footprint variables. 
Function Variables Unstandardised 

Coefficient 
Standardised 

Coefficient 
Structure 

Point 
Group  

Centroids 
Sectioning  

Point 
Correctly 
Assigned 

Sex  
Bias 

1 
(all 

variables) 

RFPT1L 
RFPT2L 
RFPT3L 
RFPT4L 
RFPT5L 
RLFPB 
RFPHB 

constant 
 

0.438 
0.366 
-0.094 
-0.161 
0.172 
0.837 
-0.844 

-20.460 

0.554 
0.466 
-0.116 
-0.186 
0.185 
0.481 
-0.390 

0.903 
0.910 
0.886 
0.881 
0.852 
0.765 
0.471 

 

♂ 1.199 
♀-0.950 

0.125 90.5% 
♂ 84.5% 
♀ 95.3% 

-10.8% 

2 
(all heel- 

toe 
lengths) 

RFPT1L 
RFPT2L 
RFPT3L 
RFPT4L 
RFPT5L 

constant 
 

0.360 
0.435 
-0.079 
0.194 
-0.113 

-19.214 

0.456 
0.554 
-0.098 
0.224 
-0.122 

0.978 
0.986 
0.960 
0.954 
0.923 

♂ 1.107 
♀-0.877 

0.115 88.4% 
♂ 84.5% 
♀ 91.5% 

-7.0% 

3 
(all 

breadths) 

RFPB 
RFPHB 

constant 
 

1.715 
0.052 

-16.453 

0.986 
0.024 

1.000 
0.597 

♂ 0.916 
♀-0.749 

0.084 82.5% 
♂ 80.0% 
♀ 84.5% 

-4.5% 

4 RFPT1L 
RFPT2L 
RFPT3L 
RFPB 

constant 
 

0.280 
0.470 
-0.179 
0.676 

-20.222 

0.352 
0.596 
-0.222 
0.389 

0.926 
0.942 
0.912 
0.809 

♂ 1.128 
♀-0.931 

0.099 89.9% 
♂ 86.7% 
♀ 92.7% 

-6.0% 

5 RFPT4L 
RFPT5L 
RFPHB 

constant 
 

0.554 
0.120 
0.732 

-19.167 

0.638 
0.129 
0.344 

0.958 
0.926 
0.783 

♂ 1.107 
♀-0.869 

0.119 86.9% 
♂ 83.3% 
♀ 89.7% 

-6.4% 

 

Posterior probabilities for the direct discriminant functions are summarised in Table 

5.36.  For all functions, more than half (54.8% to 78.9%) of the male and female 

individuals were correctly classified at 80% and above certainty.   For both sides, 

Function 3 had the lowest proportion of correctly classified individuals with a posterior 

probability of 80% to 100% (54.8% to 61.5%).  These functions were also the least 

accurate for both sides. 
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Table 5.36: Percentage of posterior probability intervals of correct sex classification (cross-
validated) for direct multiple variable footprint functions. 

Posterior 
probability 
intervals 

Left  Right 

Males  Females  Males  Females 

n %  n %  n %  n % 

Function 1            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 3 4.2  5 5.2  5 7.0  7 6.9 
0.60 – 0.79 15 21.1  21 21.6  10 14.1  22 21.8 
0.80 – 1.00 53 74.7  71 73.2  56 78.9  72 71.3 
            

Function 2            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 4 5.7  4 4.2  4 5.6  9 9.3 
0.60 – 0.79 13 18.6  23 23.9  17 24.0  23 23.7 
0.80 – 1.00 53 75.7  69 71.9  50 70.4  65 67.0 
            

Function 3            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 7 10.0  8 8.8  8 11.1  13 14.0 
0.60 – 0.79 22 31.4  27 29.7  22 30.6  29 31.2 
0.80 – 1.00 41 58.6  56 61.5  42 58.3  51 54.8 
            

Function 4            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 6 7.7  6 6.0  10 12.8  3 3.0 
0.60 – 0.79 14 17.9  20 20.0  13 16.7  29 28.7 
0.80 – 1.00 58 74.4  74 74.0  55 70.5  69 68.3 
            

Function 5            
0.00 – 0.19 0 0  0 0  0 0  0 0 
0.20 – 0.39 0 0  0 0  0 0  0 0 
0.40 – 0.59 12 16.4  7 7.1  8 11.4  7 7.3 
0.60 – 0.79 14 19.2  23 23.2  12 17.2  24 25.0 
0.80 – 1.00 47 64.4  69 69.7  50 71.4  65 67.7 
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CHAPTER SIX 

Discussion and Conclusions 

 

6.1 Introduction 

The primary aim of this project was to develop stature and sex estimation standards 

for a contemporary Western Australian population using anthropometry of their feet 

and footprints. A prerequisite to data collection and analysis was ensuring that 

measurement error was within acceptable limits and the results of this component of 

the research project are discussed briefly.  An ancillary outcome of the research was 

the comparison of self-reported height with measured stature, the implications of 

which are also considered.   To facilitate the development of the stature and sex 

estimation models, it was necessary to determine whether feet and footprints were 

bilaterally symmetrical and also if they were sexually dimorphic. The resultant sex and 

side specific formulae are then discussed in relation to comparable research, and the 

subsequent examination informs the final conclusions of the thesis, including 

limitations and future research. 

 

6.2 Discussion 

6.2.1 Precision Test 

All foot and footprint measurements were within acceptable standards for the relative 

technical error of measurement (rTEM) of < 5%.  The coefficient of reliability (R) values 

of both foot length and foot breadth were well above the 0.95 threshold 

recommended by Ulijaszek and Kerr (1999).  The R for foot heel breadth was less than 

this value but considerably greater than the 0.75 suggested by both Weinberg et al. 

(2005) and Reynolds et al. (2008).  This specific measurement was instrumentally 

determined as the fleshy parts of the hind-foot inhibited the location of underlying 

bony landmarks by palpation.  This may account for the lower, but still acceptable, R 

values and the comparatively larger rTEM percentages.   
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The R values for all footprint measurements were greater than 0.95, however footprint 

heel breadth recorded the lowest R values (left: 0.951; right: 0.959).  Similar to heel 

breadth, the measurement for footprint heel breadth was instrumentally determined 

as the widest part across the ball of the heel.  This supports the suggestion that 

instrumentally determined measurements are more prone to variation due to 

measurement error.  In an overview of the sources of measurement error, Harris and 

Smith (2009) proposed that ambiguities in landmark identification can be a major 

contributor to measurement variation.    

6.2.2 Self-Reported Height vs. Measured Stature 

Although not included in the original research aims, the opportunity to analyse the 

difference between self-reported height and measured stature was an interesting 

outcome of the data collection procedure.  In the questionnaire, subjects were given 

the option of providing an answer to what they believed their height was.  Completing 

this component of the questionnaire was not enforced and subjects only supplied an 

answer if they were comfortable doing so.  Of these subjects (87 male; 108 female), 

both sexes over-reported their actual stature (males: 1.08cm; females: 0.17cm), 

however, only the males significantly (P < 0.001) overestimated their measured 

stature. 

Determining the reliability of self-reported height data is important forensically 

because often the only available source for missing person reports is information 

obtained from government or medical records (Ousley 1995).  As such, forensic 

researchers are interested in whether it is possible to accurately account for 

differences between self-reported and measured stature (Giles and Hutchinson 1991).  

Aside from the forensic implications, a number of public health researchers have also 

examined the accuracy of self-reported height and weight measures due to the 

potential impact it has on BMI (body mass index) reporting (Gorber et al. 2007). 

The results of the present study replicated the findings of other research, where both 

males and females over-report their stature, but males by a greater degree.  On 

examining 8,000 US military personnel, Giles and Hutchinson (1991) found that, on 

average, males overestimated their stature by 2.5cm and females by 1cm.  Spencer et 

al. (2002) reported similar results in their study of 4,808 British subjects, where males 
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over-reported by 1.23cm and females by 0.6cm.  However, on reviewing 64 citations 

examining the relationship between self-reported height and weight and their 

measured counterparts, Gorber et al. (2007) cautioned against making generalisations 

about over-reporting.  For example, Krul et al. (2011) in examining self-reported 

measures of individuals from North America, Italy and the Netherlands found that 

overall, males overestimated their height by 1.7cm and females by 1.1cm.  Yet when 

they looked at the population groups individually, they found that the Italian sub-

group had the largest amount of over-reporting, and that within this group, females 

actually overestimated their height more than men.  Conversely, a Scottish study 

found that both males and females underestimated their height; males by 1.3cm and 

females by 1.7cm (Bolton-Smith et al. 2000).   

Thus, trends in self-reported height depend on a host of factors, including age (Giles 

and Hutchinson 1991; Spencer et al. 2002), population affinity (van Valkengoed et al. 

2011), actual height and even self-perceptions of masculinity (Bogaert and McCreary 

2011).   Clearly, the results of the present study have provided further support that 

self-reported height data needs to be approached cautiously, although in many 

instances, the confidence interval of a stature prediction will make sufficient provision 

for the magnitude of correction needed (Ousley 1995). 

6.2.3 Bilateral Asymmetry  

Assessment of bilateral asymmetry of the feet and footprints was necessary to 

determine whether generic stature and sex estimation standards would be preferable 

to side specific formulae.  Whilst gross asymmetries are rare, most humans display 

minor differences between their left and right limbs (Dangerfield 1994).  It has been 

suggested that the typical pattern of bilateral asymmetry is what is referred to as 

‘crossed symmetry’, where upper limbs are larger on the right side and lower limbs are 

larger on the left (Dangerfield 1994; Auerbach and Ruff 2006; Krishan et al. 2010).  In 

investigating limb bilateral asymmetry of 967 (right-handed) male Gujjars, Krishan 

(2011) attributed the significant asymmetry in both upper and lower limb dimensions 

to the occupational stresses of manual labour of a largely agricultural community.  His 

results, however, supported the crossed symmetry proposition, where the upper limbs 
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were larger on the right and lower limbs larger on the left.  To what extent this pattern 

manifests in the morphology of the foot depends on the population being studied.   

(i) Foot Measurements 

In the present study, males were found to have significant (P < 0.01 to 0.05) bilateral 

asymmetry for foot length and heel breadth, with the left side being larger than the 

right; whereas for females there was no significant asymmetry.  Subsequently, side 

specific equations were generated across all groupings.  For comparative purposes, the 

results of the present study are directly contrasted to a selection of Indian studies 

(Table 6.1).   

Table 6.1: Comparison of bilateral asymmetry of foot measurements from different 
populations. 

Population Measurement Male  Female 

n Asymmetry P-value  n Asymmetry P-value 

W. Australian 
(present study) 

FL 
FB 

FHB 

90 L > R 
R > L 
L > R 

** 
NS 
* 

 110 L > R 
R > L 
R > L 

NS 
NS 
NS 

N. Indian
1 

(Rajput) 
FL 
FB 

123 R > L 
R > L 

NS 
NS 

 123 R > L 
R > L 

NS 
NS 

N. Indian
2 

(Gujjars) 
FL 
FB 

100 R > L 
R > L 

NS 
*** 

 100 L > R 
L > R 

NS 
NS 

N. Indian
3 

(Gujjars) 
FT1L 
FT2L 
FT3L 
FT4L 
FT5L 
FB 

FHB 

1,040 L > R 
L > R 
R > L 
L > R 
L > R 
R > L 
R > L 

** 
** 
NS 
NS 
** 
NS 
NS 

 ND 

N. Bengal
4 

(Rajbanshi) 
FL 
FB 

175 L > R 
L > R 

* 
NS 

 175 L > R 
L > R 

* 
NS 

Key: L = Left, R = Right, FL = Foot Length, FB = Foot Breadth, FHB = Foot Heel Breadth, FT1L = Heel to Toe 1 Length, 
 FT2L = Heel to Toe 2 Length, FT3L = Heel to Toe 3 Length, FT4L = Heel to Toe 4 Length, FT5L = Heel to Toe 5 
 Length, ND = No Data 
Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 
 
1 Krishan and Sharma (2007); 2 Kanchan et al. (2008b); 3 Krishan (2008a); 4 Sen and Ghosh (2008) 
 

 

As demonstrated, the pattern of asymmetry is not consistent across all population 

groups.  For example, Krishan and Sharma (2007) found no significant asymmetry for 

either male or female groups, whereas Kanchan et al. (2008b) reported that male foot 

breadth for Gujjars was significantly (P < 0.001) larger on the right side.  This is 

inconsistent with Krishan’s (2008a) study of male Gujjars where, although foot breadth 

was larger on the right, the difference was not significant.  Conversely, a number of 
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length measurements were significantly (P < 0.01) larger on the left.  Similar to other 

studies (Krishan and Sharma 2007; Kanchan et al. 2008b) was the finding that females 

displayed no significant bilateral asymmetry.  However, Sen and Ghosh (2008) found 

that both males and females had significantly (P < 0.05) longer left foot lengths. 

(ii) Footprint Measurements 

In the present study, there was sufficient significant (P < 0.001 to 0.05) bilateral 

asymmetry across all groupings to warrant side specific equations for all footprint 

analyses.  Again, males displayed greater asymmetry, particularly because all lengths 

were larger on the left side.  For the females, only left T1 length was significantly 

larger, whereas footprint heel breadth was significantly larger on the right.  Table 6.2 

compares the results of the present study with the only two relevant papers currently 

available; only male data was presented in these studies.   The Egyptian study (Fawzy 

and Kamal 2010) is consistent with the present study, in that all length measurements, 

in addition to footprint heel breadth, are significantly (P < 0.001) larger on the left side.  

A study of North Indian Gujjars (Krishan 2008b) reports that T2 and T5 lengths are also 

significantly (P < 0.01) larger on the left side.   

Although neither of the aforementioned studies extended their investigations to 

females, other research has reported a similar finding to the present study in that 

females exhibit less bilateral asymmetry.  Using elliptic Fourier analysis to quantify 

shape differences in left and right footprints of 74 young, healthy adults from Northern 

Italy, Sforza et al. (1998) found that, on average, females were relatively more 

symmetrical than males.  As discussed in the previous section (see 6.2.3i above), most 

female foot measurements were symmetrical, with only the Rajbanshi displaying 

significant bilateral asymmetry.  More research is required to determine whether this 

trend is consistent across population groupings, however, it may contribute to the 

explanation as to why both foot and footprint measurements are more sexually 

dimorphic on the left side (see Section 6.2.5), with the exception of foot breadth. 
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Table 6.2: Comparison of bilateral asymmetry of footprint measurements from 
different populations. 

Population Measurement Male  Female 

n Asymmetry P-
value 

 n Asymmetry P-
value 

W. Australian 
(present 
study) 

FPT1L 
FPT2L 
FPT3L 
FPT4L 
FPT5L 
FPB 
FPHB 

90 
90 
90 
90 
84 
90 
90 

L > R 
L > R 
L > R 
L > R 
L > R 
R > L 
L > R 

** 
*** 
** 
** 
* 

NS 
NS 

 110 
109 
110 
110 
107 
110 
110 

L > R 
L > R 
L > R 
R > L 
L > R 
R > L 
R  > L 

* 
NS 
NS 
NS 
NS 
NS 
** 

N. Indian
1 

(Gujjars) 
FPT1L 
FPT2L 
FPT3L 
FPT4L 
FPT5L 
FPB 
FPHB 

1,040 R > L 
L > R 
R > L 
L > R 
L > R 
R > L 
L > R 

NS 
** 
NS 
NS 
** 
NS 
NS 

 ND 

Egyptian
2 

 
FPT1L 
FPT2L 
FPT3L 
FPT4L 
FPT5L 
FPB 
FPHB 

50 L > R 
L > R 
L > R 
L > R 
L > R 
L > R 
L > R 

*** 
*** 
*** 
*** 
*** 
NS 
*** 

 ND 

Key: L = Left, R = Right, FPT1L = Footprint T1 Length, FPT2L = Footprint T2 Length, FPT3L = Footprint T3 Length, 
 FPT4L = Footprint T4 Length, FPT5L = Footprint T5 Length, FPB = Footprint Breadth, FPHB = Footprint Heel 
 Breadth, ND = No Data 
Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 
 
1 Krishan (2008b); 2 Fawzy and Kamal (2010) 
 

 

6.2.4 Stature Estimation Standards 

Average stature between different population groups can vary by more than 30cm 

(Stinson 2000).  Final adult stature is influenced by complex interactions between 

genetic and environmental factors (Ruff 2002; Silventoinen 2003).  As such, where 

possible, application of contemporary population specific standards are preferable to 

generic ones.  Populations are dynamic and stature estimation standards need to be 

constantly revised to obtain the most relevant and accurate estimations. (Wilson et al. 

2010; Baines et al. 2011).  Additionally, as sexual dimorphism in humans can manifest 

in relative body proportions, as well as overall size (Wells 2007), sex specific standards 

are often more accurate (Gordon and Buikstra 1992).  In the present study, both foot 

and footprint measurements were sufficiently dimorphic such that it was possible to 

estimate sex with a relatively high degree of expected accuracy.  As a result, sex 

specific standards for stature estimation were presented (Appendix III provides the 
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results of the pooled sex data).  Discussion of the sex estimation analyses are provided 

below (see Section 6.2.5). 

 (i) Foot Measurements 

All foot measurements were found to be significantly correlated (P < 0.001) with 

stature; left foot length had the strongest correlation for both males and females (see 

Table 5.11).  Left foot length was also found to be the most accurate single variable for 

estimating stature in both males (SEE: ±5.065cm) and females (SEE: ±4.777).  With the 

exception of the left side female equations, foot length was selected as the optimum 

variable for estimating stature in the stepwise multiple regression analyses.  Whilst 

heel breadth was the least accurate individual variable used in the simple linear 

regressions, left heel breadth actually improved upon the accuracy of left foot length 

in the stepwise multiple regressions for females (see Table 5.12).  Although direct 

multiple regression formulae did not improve upon the accuracy of the stepwise 

selected equations for the left side, the inclusion of one or more breadth variables 

with foot length marginally improved the accuracy of the right side equations.  These 

equations, however, did not improve upon the explanatory power of the stepwise 

models and, furthermore, not all regression coefficients were significant (see Table 

5.13). 

Table 6.3 is a summary of the results from comparable research on various population 

groups.  Correlation coefficients from the present study (foot length: r = 0.697 to 

0.746; foot breadth: r = 0.380 to 0.424) are within the range of r-values from similar 

studies.  As anticipated, the stature estimation formulae from the present study are 

not as accurate as the Turkish and Indian studies for which comparative SEE’s are 

available; the standards from these studies were developed on genetically 

homogenous populations, including endogamous caste groups of North India.  

However, the results of the present study are more similar to Giles and Vallandigham’s 

(1991) investigation of US military personnel, which found that right foot length 

estimated stature with a prediction accuracy of ±4.856cm for males and ±4.700cm for 

females. Although conducted on a much larger scale, the sample population would 

have a similar ethnic diversity as the Western Australian population examined in this 

project.   
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With the exception of female Gujjars (Kanchan et al. 2008b), the present study 

replicated the finding that foot length consistently had the largest correlation 

coefficient and smallest SEE when compared to foot breadth.  There may be grounds, 

however, to question the statistics for female Gujjars based on data discrepancies in 

the tables published in the original journal article (see Section 3.2.2 (v) for further 

details). 

Table 6.3: Comparison of r and SEE values for simple linear regression models based on foot 
measurements from different populations. 

Population Measurement Side Male  Female 

n r SEE 
(±cm) 

 n R SEE 
(±cm) 

W. Australian 
(present study) 

FL 
 
FB 

L 
R 
L 
R 

90 0.703 
0.697 
0.423 
0.401 

5.065 
5.105 
6.453 
6.524 

 110 0.746 
0.738 
0.424 
0.380 

4.777 
4.841 
6.495 
6.631 

US Military
1 

 
FL R 6,682 0.678 4.856  1,330 0.693 4.700 

Turkish
2 

 
FL 
 
FB 

L 
R 
L 
R 

294 0.614 
0.579 
0.165 
0.161 

ND  275 0.490 
0.500 
0.086 
0.101 

ND 

Turkish
3 

 
FL R 80 0.716 4.304  75 0.699 3.545 

Turkish
4 

 
FL 
FB 

L 253 0.713 
0.408 

ND  263 0.678 
0.254 

ND 

N. Indian
5 

(Rajput) 
 

FL 
 
FB 

L 
R 
L 
R 

123 0.741 
0.732 
0.324 
0.315 

4.38 
4.44 
6.17 
6.19 

 123 0.734 
0.739 
0.323 
0.294 

3.53 
3.50 
4.92 
4.97 

N. Indian
6 

(Gujjars) 
 

FL 
 
FB 

L 
R 
L 
R 

100 0.764 
0.759 
0.406 
0.411 

3.842 
3.878 
5.440 
5.426 

 100 0.502 
0.512 
0.688 
0.799 

4.427 
4.398 
3.714 
3.077 

N. Bengal
7 

(Rajbanshi) 
 

FL 
 
FB 
 

L 
R 
L 
R 

175 0.623 
0.624 
0.532 
0.506 

ND  175 0.682 
0.682 
0.387 
0.349 

ND 

Mauritian
8 

 
FL R 125 0.720 ND  125 0.608 ND 

Key: FL = Foot Length, FB = Foot Breadth, ND = No Data 
 
1 Giles and Vallandigham (1991); 2 Ozden et al. (2005); 3 Sanli et al. (2005); 4 Atamturk and Duyar (2008); 5 Krishan and Sharma 
(2007); 6 Kanchan et al. (2008b); 7 Sen and Ghosh (2008); 8 Agnihotri et al. (2007) 
 

 

In regards to multiple regression equations, a number of the aforementioned studies 

combined foot measurements with hand measurements or foot measurements with 

footprint measurements.  As such, they are not particularly useful for comparison 
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purposes.  Notable exceptions include the Krishan and Sharma (2007) study of Rajputs, 

which provide multiple regression formulae incorporating left foot length and breadth.  

These equations have a considerable effect on accuracy with an SEE of ±3.02cm for 

males and ±2.98cm for females.  In addition, the Kanchan et al. (2008b) study of 

Gujjars also provides multiple regression equations exclusively for the feet.  In this 

instance, however, equations that combine both length and breadth measurements 

show only a small improvement (±0.017 to ± 0.165cm) over single variable equations, 

and in one instance (male left side equation), accuracy actually decreases by 

±0.018cm. 

Compared to osteometric research, the prediction accuracy of the Western Australian 

standards (SEE: ±4.655cm to ±6.703cm) were equivalent to those developed using 

metatarsal (SEE: ±3.99cm to ±7.60cm) (Byers et al. 1989), and calcaneus and talus 

measurements (SEE: ±4.13cm to ±6.25cm) (Holland 1995).  Both studies were based on 

samples of African and European American skeletons, where the most accurate 

equations were ancestry specific.  When ancestry was pooled, but sex known, error 

rates increased to ±5.48cm to ±7.38cm for the metatarsal standards and ±4.72cm to 

±6.07cm for the calcaneus/talus.  This again demonstrates that the more definitive an 

investigator can be regarding ancestral affiliation, the more accurate they are likely to 

be in their estimations of other biological characteristics.  Unfortunately, in a culturally 

diverse society such as Australia, it is doubtful that standards will be developed at the 

sub-population group level, particularly for anatomical regions that are unlikely to 

reveal ancestral affiliation. 

(ii) Footprint Measurements 

As with foot measurements, all footprint dimensions were significantly (P < 0.001 to 

0.01) correlated with stature; the heel-toe lengths had the strongest correlation           

(r = 0.643 to 0.728) across all groupings (Table 5.24).  Unlike foot measurements, 

however, there was no one particular variable that consistently displayed the largest 

correlation coefficient.  For males, left T2 length was the most accurate single variable 

(r = 0.728; SEE: ±4.885) and for females it was right T1 length (r = 0.716; SEE: ±5.006). 

Overall, the simple linear regression equations had an SEE that ranged from ±4.885 to 
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±6.926cm.  Heel-toe lengths were more accurate (SEE: ±4.885 to ±5.489cm) than any 

of the breadths (SEE: ±6.140 to ±6.926cm).   

Stepwise multiple regression analysis indicated that no additional variables improved 

upon the accuracy of the single variable equations for males, but did however, 

improve the accuracy (SEE: ±4.716 to ±5.042cm) of the female simple linear 

regressions (Table 5.25). The most accurate (SEE: ±4.716) equation included right T1, 

T2 and T5 lengths and heel breadth. Some direct multiple regression equations (Table 

5.26 and 5.27) marginally improved the accuracy of the stepwise selected models but 

had little effect on their explanatory power.  Furthermore, not all regression 

coefficients were statistically significant. 

Table 6.4 compares the results of the present research with two similar studies; only 

male subjects were used in both.  Whilst it is difficult to compare accuracy with the 

North Indian (Gujjar) study (Krishan 2008b) as the mean error is a different statistic to 

the SEE, the correlations with stature are higher than for the Western Australian 

sample.  Conversely, the Egyptian study (Fawzy and Kamal 2010) has lower correlation 

coefficients, but was more accurate (SEE: ±3.55 to 4.16cm).  Again, both Gujjars and 

Egyptian medical students are more likely to be more genetically homogenous groups 

than the Western Australian sample.  
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Table 6.4: Comparison of r and SEE values for simple linear regression models based on 
footprint measurements from different populations. 

Population Measurement Side Male  Female 

n r SEE 
(±cm) 

 n R SEE 
(±cm) 

W. Australian 
(present 
study) 

FPT1L 
 
FPT2L 
 
FPT3L 
 
FPT4L 
 
FPT5L 
 
FPB 
 
FPHB 
 

L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 

90 
 
 
 
 
 
 
 
84 
 
90 

0.706 
0.678 
0.728 
0.668 
0.703 
0.666 
0.723 
0.684 
0.678 
0.652 
0.435 
0.444 
0.507 
0.427 

5.044 
5.232 
4.885 
5.297 
5.064 
5.315 
4.920 
5.198 
5.235 
5.404 
6.414 
6.380 
6.140 
6.439 

 110 
 
 
109 
110 
 
 
 
108 
107 
110 
 
 

0.694 
0.716 
0.659 
0.646 
0.662 
0.643 
0.684 
0.650 
0.684 
0.701 
0.385 
0.307 
0.259 
0.296 

5.161 
5.006 
5.391 
5.473 
5.374 
5.489 
5.229 
5.447 
5.232 
5.115 
6.617 
6.822 
6.926 
6.849 

N. Indian1 

(Gujjars) 
 

FPT1L 
 
FPT2L 
 
FPT3L 
 
FPT4L 
 
FPT5L 
 
FPB 
 
FPHB 
 

L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 

1,040 0.87 
0.86 
0.85 
0.87 
0.86 
0.85 
0.85 
0.84 
0.82 
0.82 
0.66 
0.64 
0.57 
0.55 

2.12* 
2.16* 
2.16* 
2.15* 
2.27* 
2.30* 
2.33* 
2.32* 
2.35* 
2.31* 
3.11* 
3.17* 
3.64* 
3.68* 

 ND 

Egyptian2 FPT1L 
 
FPT2L 
 
FPT3L 
 
FPT4L 
 
FPT5L 
 
FPB 
 
FPHB 
 

L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 

50 0.54 
0.54 
0.43 
0.40 
0.40 
0.42 
0.41 
0.44 
0.52 
0.58 
0.31 
0.25 
0.16 
0.14 

3.63 
3.55 
4.03 
3.92 
4.00 
3.86 
3.96 
3.86 
3.67 
3.52 
4.16 
4.14 
4.39 
4.48 

 ND 

Key: FPT1L = Footprint T1 Length, FPT2L = Footprint T2 Length, FPT3L = Footprint T3 Length, FPT4L = Footprint T4 Length, 
 FPT5L = Footprint T5 Length, FPB = Footprint Breadth, FPHB = Footprint Heel Breadth, * = mean error; ND = No Data 
 
1 Krishan (2008b); 2 Fawzy and Kamal (2010) 
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6.2.5 Sex Estimation Standards 

Humans are known to be the least sexually dimorphic primates and modern humans 

have evolved to be less dimorphic than our hominin ancestors (Frayer and Wolpoff 

1985; Braz 2009).  Nevertheless there are sufficiently measurable morphological 

differences.  As with stature, the manifestation of sex differences in a given population 

is influenced by the complex interplay of environmental and genetic factors (Stinson 

2000; Wells 2007).  Furthermore, the magnitude of sexual dimorphism of a given 

anatomical component will vary within and between populations (France 1998; Braz 

2009).  Hence the first step in assessing the sex estimation potential of feet and 

footprints was to determine whether there was significant sexual dimorphism in these 

anatomical regions. 

(i) Foot Measurements 

There were significant (P < 0.001) sex differences for all foot measurements (Table 

5.14) with left foot length being the most sexually dimorphic variable (F-ratio: 

236.984).  Right foot length, however, had the next largest F-ratio (233.999).  

Conversely, right heel breadth was the least sexually dimorphic variable (F-ratio: 

117.184).  Single variables classified sex with a combined, cross-validated accuracy of 

81.5% to 90.5%; left foot length was the most discriminating variable with the lowest 

sex bias (Table 5.15).  Over half of the correctly assigned subjects had a posterior 

probability of 80% and above certainty (Table 5.16).  The stepwise generated function 

incorporating left foot length and breadth increased the cross-validated classification 

accuracy to 91.5% but also increased the sex bias (Table 5.17).  The right sided 

stepwise function (Table 5.18) showed no improvement over using the single variable 

function for foot length (cross-validated classification accuracy of 90.0%; sex bias of      

-8.0%).  Direct discriminant functions were no more accurate than the stepwise 

functions but did offer some reduction in sex bias (Tables 5.20 and 5.21). 

Table 6.5 compares osteometric and anthropometric research on sex estimation from 

the foot with the present study.  In regards to the anthropometric research, the 

highest reported accuracy was achieved using different measurements and 

methodologies.  Zeybek et al. (2008) used a combination of four foot variables in a 

logistic regression analysis to obtain an extremely high accuracy of 96% (not cross-
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validated).  Jowaheer and Agnihotri (2011) also applied logistic regression and 

provided models for foot length and breadth combined, and for foot index.  The 

equation that incorporated right foot length and breadth had the highest reported 

accuracy of 92% (not cross-validated).  However, the foot index models performed 

poorly, with accuracies of only 56%.  The sectioning point analyses of both Sen et al. 

(2011) and Krishan et al. (2011) also concluded that foot index was an inadequate 

estimator of sex.  In contrast, Sen et al. (2011) reported that both left foot length and 

right foot breadth were the most accurate single variables for predicting sex (82.3%, 

not cross-validated), whereas Krishan et al. (2011) found that it was left foot breadth 

(88.5%, not cross-validated).  It is important to note, however, that non-cross-

validated results are likely over-inflated and their general applicability to their broader 

population is not justified. 

The above clearly demonstrates that the same foot measurements are not necessarily 

the most sexually dimorphic across population groups, providing further support for 

population specific approaches.  Although none of the studies summarised in Table 6.5 

applied exactly the same methodology (DFA using anthropometric measurements), it 

is evident that they report levels of classification accuracy comparable to the present 

study.  On the basis of this, the present study demonstrates that sex estimation using 

anthropometry of the foot is a reliable method for the Western Australian population. 
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Table 6.5: Comparison of sex estimation methods and accuracies from different population 
based on foot measurements (osteometric and anthropometric). 

Population n Method Correctly Assigned 

W. Australian 
(present study) 

♂ 90 
♀ 110 

DFA using anthropometric 
foot measurements 

81.5% - 91.5% (cross-
validated) 

African-American &  
 
European American1 

♂ 30 
♀ 30 
♂ 30 
♀ 30 

DFA using calcaneal and 
talar measurements 

79% - 89% (pooled ancestry 
sample) 

African-American  
&  
European American2  

♂ 40 
♀ 40 
♂ 40 
♀ 40 

DFA using metatarsal and 
phalangeal measurements 

84.3% - 91.2% (cross-
validated, pooled ancestry 
sample) 

African-American &  
 
European American3  

♂ 52 
♀ 52 
♂ 48 
♀ 48 

DFA using metatarsal 
measurements 

85% - 91% (cross-validated) 
 
85% - 93% (cross-validated) 

European American4 
 

♂ 136 
♀ 123 

DFA using metatarsal and 
phalangeal measurements 

74.1% - 83.4% (cross-
validated) 

Southern Italian5 ♂ 40 
♀ 40 

DFA using calcaneal 
measurements 

76% - 85% 

South African ‘whites’6 
& 
South African ‘blacks’7 

♂ 53 
♀ 60 
♂ 58 
♀ 58 

DFA using calcaneal 
measurements 

81% - 91% 
 
77% - 85% (cross-validated) 

South African ‘whites’8  
& 
South African ‘blacks’9 

♂ 60 
♀ 60 
♂ 60 
♀ 60 

DFA using talar 
measurements 

78% - 86% (cross-validated) 
 
83% - 87% (cross-validated) 

Modern Greek10 ♂ 97 
♀ 89 

DFA using metatarsal 
measurements 

78% - 88% (cross-validated) 

N. Bengal11 

(Rajbanshi) 
(Sen et al) 

♂ 97 
♀ 89 

Multiple regression & 
Sectioning Point Analysis 
using anthropometric foot 
measurements 

83.7% - 84.3% 
57.8% - 82.3% 

N. Indian12 

(Rajput) 
♂ 100 
♀ 100 

Sectioning Point Analysis 
using anthropometric foot 
measurements 

55.5% - 88.5% 

Turkish13 ♂ 136 
♀ 113 

Logistic regression using 
anthropometric foot 
measurements 

95.6% - 96.4% 

Mauritian14 ♂ 125 
♀ 125 

Logistic regression using 
anthropometric foot 
measurements 

90% - 92% (not including foot 
index) 

Key: DFA = Discriminant Function Analysis; ♂ = male; ♀ = female.   
 
1 Steele (1976); 2 Smith (1997); 3 Robling and Ubelaker (1997); 4 Case and Ross (2007); 5 Introna et al. (1997); 6 Bidmos and Asala 
(2003); 7 Bidmos and Asala (2004); 8 Bidmos and Dayal (2003); 9 Bidmos and Dayal (2004); 10 Mountrakis et al. (2010); 11 Sen et al. 
(2011); 12 Krishan et al. (2011); 13 Zeybek et al. (2008); 14 Jowaheer and Agnihotri (2011) 
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(ii) Footprint Measurements 

Despite all footprint measurements being significantly (P < 0.001) larger for males 

(Table 5.28), the left side displayed greater sexual dimorphism.  All left heel-toe 

lengths (except T5 length) were more dimorphic than any right footprint 

measurements.  Combined, cross-validated accuracy using single variable demarking 

points ranged from 71.0% to 89.5%.  Left T3 length was the most accurate single 

variable but had a sex bias of -5.1%.   In fact, only four variables (left T2 and T5 lengths, 

and both left and right footprint breadth), had sex biases within acceptable limits 

(Table 5.29).  With the exception of footprint breadth, more than half the subjects had 

their sex correctly assigned using single variables with 80% and above certainty (Table 

5.30).   

Both left and right sided stepwise functions (Tables 5.31 and 5.32) had high sex biases 

(-6.2% and -8.0% respectively) with accuracy only improving for the right side (90.0%).  

The selected direct functions also had little effect on accuracy (Tables 5.34 and 5.35); 

however, certain permutations improved the sex bias on the left side. For example, 

Function 5 (incorporating left T4 length, T5 length and breadth) marginally improved 

(89.6%) upon the single variable of left T3 length and also brought the sex bias to 

within acceptable limits.  Overall, the results of the present study suggest that the left 

footprint is more sexually discriminating than the right and if possible, should be used 

preferentially for sex estimation within the Western Australian population. 

As footprints are a proxy for foot size, it is not unexpected that sex estimation from 

footprint measurements would result in accuracies comparable to foot measurements.  

However, prints are still an imperfect representation of the actual foot due to issues 

such as differential pressure and morphological factors affecting the foot to contact 

surface ratio.  This may help to explain some of the lower accuracies and higher sex 

biases for the single variable functions, particularly for footprint heel breadth.  

Regardless, sex estimation from footprints has considerable potential for the biological 

profiling of suspects on the basis of trace evidence recovered from a crime scene. A 

comprehensive literature search has identified this component of the present study as 

novel and as such, is a promising area for future research. 
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6.3 Forensic Applications 

This research project demonstrated that it is possible to estimate the sex and stature 

of Western Australians using foot and footprint measurements with a relatively high 

degree of expected accuracy.  A recurrent theme encountered throughout the project 

is the notion that human morphology and allometry will vary between population 

groups (Stinson 2000; Ruff 2002; Iscan 2005; Bittles and Black 2010).  Thus the most 

reliable and accurate standards for developing a biological profile are those tailored to 

the local population. 

There is presently a paucity of anthropological standards for Australians (Littleton and 

Kinaston 2008; Donlon 2009), and particularly Western Australians.  As discussed in 

detail in Chapter Three, there have been a number of studies that have investigated 

the possibility of estimating sex and stature from the feet.  A few of those studies have 

developed stature estimation standards from footprints (Krishan 2008b; e.g. Fawzy 

and Kamal 2010) but none (at the time of writing) explore the potential of that data for 

the estimation of sex.  Furthermore, all the aforementioned research was conducted 

on populations other than Australians.  In this regard, the present study is novel.  Sex 

and stature estimation standards developed on a contemporary Western Australian 

population have the potential to contribute to developing the biological profile of an 

unknown victim, or suspect, in forensic investigations. 

This research has also highlighted the lack of comparative studies on biological 

profiling from footprint measurements.  Although the stature and sex estimation 

standards in the present study were developed on footprints collected in a controlled 

setting, they still have the potential to supplement any eyewitness testimony 

regarding the descriptive features of potential victims or perpetrators (Ishak et al. 

2012b, 2012a).  Unlike eyewitness accounts, estimations obtained from the application 

of these types of standards are statistically quantified and are less subject to bias 

(Cutler et al. 1987; Lee and Geiselman 1994) making them preferential for court 

admissibility. 
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6.4 Limitations 

Resource constraints (time and budget) limited data collection to a sample of 200 

subjects who were recruited primarily from UWA staff and students and civilian and 

enlisted personnel from the WA Police service.   As such, the sample may not be truly 

representative of the Western Australian population at large.  Although modern 

policing involves a more diverse array of specialisations (and hence a more diverse 

workforce) there still may be a tendency to recruit larger males of European ancestry.  

Individuals from higher socio-economic statuses will be over-represented in the 

student population, which may have some impact on body size.  In an affluent society 

such as Australia, however, this disparity will be minimal (Silventoinen 2003). The 

student population also has a tendency to be more transient than the wider 

population, with some students only resident in Western Australia for the duration of 

their studies.  For this reason, further testing in the wider Western Australian 

population is recommended (see below).    

 

6.5 Future Research 

As discussed in the previous section, there may be unintentional biases due to the 

sampling selection procedure.  These may be overcome by replicating the research on 

a larger, more diverse representation of the Western Australian population.  

Furthermore, a larger scale project may be facilitated by using more sophisticated 

technologies, such as inkless footprinting paper (Kennedy et al. 2005); or the utilisation 

of digital podiatric devices for more efficient data collection, such as DigiPED electronic 

foot measurement systems (Schein Orthopädie Service, Germany).  In this regard, it 

may be expedient to work collaboratively with forensic podiatrists, whose specialist 

knowledge of foot anatomy and physiology would be a distinct advantage in all phases 

of the experimental design.  Forensic podiatry is an emerging discipline, particularly 

within the realm of human identification sciences (Vernon 2006; DiMaggio and Vernon 

2011).  Future collaborations with forensic anthropologists would be mutually 

beneficial and have the potential to make considerable contributions to the field.   

Other technological advances include utilising 3D geometric morphometric imaging 

techniques to enable a more accurate representation of foot morphology 
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(Pietrusewsky 2008; Krauss et al. 2011).  Accompanying these advanced methods of 

shape analysis would be the application of multivariate statistical techniques (e.g. 

principal component analysis and canonical variate analysis) to interpret the landmark 

coordinate data (Ross and Kimmerle 2009).  Although the technique has primarily been 

used for craniofacial interpretation there are potential applications for other 

anatomical regions, both skeletal and fleshed. 

 

6.6 Conclusions 

Stature and sex estimation are two of the “four pillars” of biological profiling (Ross and 

Kimmerle 2009) and hence it is essential that methods used to obtain these 

estimations are as accurate as possible.  This thesis has demonstrated the utility and 

reliability of stature and sex estimation standards developed from foot and footprint 

measurements in a Western Australian population.  A series of statistically quantified 

stature estimation standards are outlined with accuracies ranging from ± 4.655cm to 

±6.926cm; cross-validated accuracies for sex estimation range from 71.0% to 91.5%.  

The impetus for this research is due to an ongoing project by the Centre for Forensic 

Science at the University of Western Australia to develop biological profiling protocols 

for a Western Australian population without the need to rely on large, documented 

skeletal collections.  Anthropometry, along with virtual imaging technologies (CT scans, 

radiographs) are all part of an innovative approach to expanding forensic 

anthropological research into realms that are applicable to a contemporary Australian 

population. 
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APPENDIX I:  Information Sheet and Consent Form 

 

 
 

   Centre for Forensic Science 
   Faculty of Life and Physical Sciences 
   M420, 35 Stirling Highway, Crawley, WA  6009 
   Telephone +61 8 6488 7286 
   Facsimile +61 8 6488 7285 
   Email         forensic@uwa.edu.au 
   http://www.forensicscience.uwa.edu.au 

 
Dear Participant 
 
Thank you for agreeing to take part in this research project. 
 
Measurements obtained from modern living people can be invaluable for 
creating population specific models to profile individuals in medico-legal 
investigations. 
 
In this study we aim to investigate whether living height can be estimated using 
measurements taken from hands/handprints or feet/footprints. 
 
It is anticipated that this research will then be applied to forensic scenarios, 
such as disaster victim identification or for profiling suspects where handprints 
and footprints are recovered from a crime scene. 
 
The data we need to collect must be as accurate as possible and we appreciate 
your patience while we take the required measurements. 
 
We also require certain demographic information from you to improve the 
reliability of our mathematical models.  However, all data and information 
collected from you will be kept confidential. 
 
Please confirm your willingness to participate by signing below: 

 
 
 
 
Name ______________________ Signature ____________________ 

(Please print) 

 
Once again, we greatly appreciate your contribution to our research project. 
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APPENDIX II: Questionnaire 

 
Date: _____________      Questionnaire No. (attach sticker) 

 
Personal Details 
 
Year of Birth: _____________ (dd/mm/yy)  Sex:  Male / Female (Please Circle) 
 
Year of arrival in Australia: ________________________________ (dd/mm/yy) 
(only participants who were not born in Australia) 
 
Current occupation: _______________________________________________________  
Previous occupation(s): ____________________________________________________ 
 
Self reported height: _____________ (cm)  Shoe Size: ______________ 
 
Handedness:   Left / Right / Both (Please Circle)     
 
Do you participate in any leisure activities (e.g. sports, playing musical instruments, gardening etc)? If 
YES, please specify the activities and complete the table below: 
 

Activity Hours  
per week 

Number of years  
participation 

1.   

2.   

3.   

 
Ethnicity 
 
Your Country of Birth: _____________________ 
 
Ethnicity (Please Circle)   
 
1. European Australian 4. European 7. Middle Eastern 

2. Asian Australian 5. South-East & North-East Asian 8. African 

3. Aboriginal Australian 6. Southern & Central Asian 9. Other (Please indicate)  

 
Mother’s Country of Birth: _____________________ 
 
Maternal Ethnicity (Please Circle)  
 
1. European Australian 4. European 7. Middle Eastern 

2. Asian Australian 5. South-East & North-East Asian 8. African 

3. Aboriginal Australian 6. Southern & Central Asian 9. Other (Please indicate)  

 
Father’s Country of Birth: _____________________ 
 
Paternal Ethnicity (Please Circle) 
 
1. European Australian 4. European 7. Middle Eastern 

2. Asian Australian 5. South-East & North-East Asian 8. African 

3. Aboriginal Australian 6. Southern & Central Asian 9. Other (Please indicate)  

 
- END OF QUESTIONNAIRE - 

- THANK YOU FOR YOUR PARTICIPATION –
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APPENDIX III: Results - Pooled Sex Data  

 

Table AIII.1: Descriptive statistics for foot measurements (cm) for pooled sex. 

Measurement n Left foot  Right foot 

 Min. Max. Mean SD  Min. Max. Mean SD 

Foot Length 200 21.20 32.90 25.86 1.92  21.20 32.40 25.81 1.88 

Foot Breadth  200 7.76 12.75 9.75 0.81  7.76 12.73 9.77 0.79 

Foot Heel Breadth 200 5.14 8.40 6.36 0.61  5.19 8.24 6.35 0.59 

 

 

 

Table AIII.2:  Descriptive statistics for footprint measurements (cm) for pooled sex. 

Measurement Left Foot  Right Foot 

  n Min. Max. Mean SD  n Min. Max. Mean SD 

T1 Length 200 20.20 30.70 24.12 1.75  200 20.00 30.20 24.02 1.73 

T2 Length 200 19.90 30.80 24.04 1.82  199 19.80 30.70 23.98 1.76 

T3 Length 200 18.90 29.30 23.16 1.73  200 19.10 29.70 23.09 1.69 

T4 Length 200 17.50 28.25 21.91 1.61  200 18.00 28.40 21.87 1.57 

T5 Length 192 16.70 26.00 20.17 1.43  191 17.00 26.40 20.14 1.45 

Footprint Breadth 200 7.60 12.30 9.41 0.77  200 7.60 12.00 9.43 0.75 

Footprint Heel Breadth 200 4.10 6.70 5.30 0.53  200 4.00 7.00 5.31 0.52 

 

 

 

 

 



APPENDIX III 

141 

Table AIII.3:  Analyses of bilateral 
asymmetry in foot measurements for 

pooled sex. 

Paired Variable Mean 
difference 
(cm)  

t-score   

LFL-RFL 0.047 2.274*   

LFB-RFB -0.011 -0.881   

LFHB-RFHB 0.013 1.202   

Key: S = Stature, LFL = Left Foot Length, RFL = Right Foot 
Length, LFB = Left Foot Breadth, RFB = Right Foot 
Breadth, LFHB = Left Foot Heel Breadth, RFHB = 
Right Foot Heel Breadth 

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05 
 

Table AIII.4:  Linear regression equations for stature (cm) estimation for pooled 
sex. 

n Variable Equation SEE  
(± cm) 

r R2 

200 LFL S = 50.069 + 4.651(LFL) 5.052 0.870 0.758 
200 RFL S = 48.449 + 4.722(RFL) 5.114 0.867 0.752 
200 LFB S = 83.843 +8.866(LFB) 7.348 0.698 0.487 
200 RFB S = 84.060 + 8.834(RFB) 7.473 0.685 0.470 
200 LFHB S = 99.647 + 11.108(LFHB) 7.695 0.662 0.438 
200 RFHB S = 98.702 + 11.279(RFHB) 7.800 0.650 0.422 
       

Key: S = Stature, LFL = Left Foot Length, RFL = Right Foot Length, LFB = Left Foot Breadth, RFB = Right Foot 
Breadth, LFHB = Left Foot Heel Breadth, RFHB = Right Foot Heel Breadth 

Significance:   all equations are significant at P < 0.001 

 

 

 

Table AIII.5: Stepwise multiple regression equations from foot measurements for 
stature (cm) estimation for pooled sex. 

Foot Equation SEE  
(± cm) 

r R2 Adj 
R2 

Left  S = 50.069 + 4.651(LFL***) 5.052 0.870 0.758 0.757 
 S = 49.430 + 5.195(LFL***) – 2.111(LFHB*) 5.007 0.874 0.763 0.761 
Right  S = 48.449 + 4.722(RFL***) 5.114 0.867 0.752 0.750 
 

Key: S = Stature, LFL = Left Foot Length, RFL = Right Foot Length, LFB = Left Foot Breadth, RFB = Right Foot Breadth, 
LFHB = Left Foot Heel Breadth, RFHB = Right Foot Heel Breadth;  

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05, NS = not significant 



APPENDIX III 

142 

 

 

 

 

 

 

 

 

 

 

Table AIII.6:  Direct multiple regression equations from foot measurements for stature (cm) estimation for 
pooled sex. 

Foot Equation SEE  
(± cm) 

r R2 Adj R2 

Left  S = 48.990 + 5.117(LFL***) + 0.409(LFB) – 2.351(LFHB*) 5.017 0.874 0.763 0.760 
 S = 50.424 + 4.786(LFL***) – 0.394(LFB) 5.061 0.871 0.758 0.756 
 S = 82.096 + 5.993(LFB***) + 4.680(LFHB**) 7.174 0.717 0.514 0.509 
Right  S = 48.427 + 5.118(RFL***) – 0.041(RFB) – 1.542(RFHB) 5.109 0.869 0.755 0.751 
 S = 48.936 + 4.893(RFL***) – 0.501(RFB) 5.122 0.867 0.752 0.750 
 S = 48.386 + 5.109(RFL***) – 1.563(RFHB) 5.096 0.869 0.755 0.752 
 S = 80.373 + 5.869(RFB***) + 5.141(RFHB***) 7.241 0.710 0.505 0.500 
 

Key: S = Stature, LFL = Left Foot Length, RFL = Right Foot Length, LFB = Left Foot Breadth, RFB = Right Foot Breadth, LFHB = Left Foot Heel Breadth, RFHB 
= Right Foot Heel Breadth; 

Significance:  *** P < 0.001, ** P < 0.01, *P < 0.05. 
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Table AIII.7:  Analyses of bilateral 
asymmetry in footprint measurements for 

pooled sex. 

Paired Variable 
Mean 
difference 
(cm) 

t-score 

LFPT1L- RFPT1L 0.104 3.806*** 

LFPT2L- RFPT2L 0.071 3.105** 

LFPT3L- RFPT3L 0.064 2.913** 

LFPT4L- RFPT4L 0.039 1.974 

LFPT5L- RFPT5L 0.045 2.001* 

LFPB – RFPB -0.019 -1.009 

LFPHB-RFPHB -0.015 -1.008 

Key: S = Stature, LFPT1L = Left Footprint T1 Length, RFPT1L = 
Right Footprint T1 Length, LFPT2L = Left Footprint T2 
Length, RFPT2L = Right Footprint T2 Length, LFPT3L = 
Left Footprint T3 Length, RFPT3L = Right Footprint T3, 
LFPT4L = Left Footprint T4 Length, RFPT4L = Right 
Footprint T4 Length, LFPT5L = Left Footprint T5 Length, 
RFPT5L = Right Footprint T5 Length, LFPB = Left 
Footprint Breadth, RFPB = Right Footprint Breadth, 
LFPHB = Left Footprint Heel Breadth, RFPHB = Right 
Footprint Heel Breadth 

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05 
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Table AIII.8: Linear regression equations from footprint measurements for stature (cm) estimation for pooled sex. 

Left footprint  Right footprint 

n Equation SEE  
(± 
cm) 

r R2  n Equation SEE  
(± 
cm) 

r R2 

200 S = 50.100 + 4.984(LFPT1L***) 5.383 0.851 0.725  200 S = 49.955 + 5.012(RFPT1L***) 5.454 0.847 0.718 
200 S = 55.278 + 4.786(LFPT2L***) 5.422 0.849 0.721  199 S = 55.114 + 4.806(RFPT2L***) 5.757 0.828 0.685 
200 S = 54.662 + 4.995(LFPT3L***) 5.542 0.842 0.708  200 S = 55.200 + 4.985(RFPT3L***) 5.833 0.823 0.677 
200 S = 51.828 + 5.408(LFPT4L***) 5.391 0.851 0.724  200 S = 52.575 + 5.384(RFPT4L***) 5.761 0.828 0.685 
192 S = 50.012 + 5.965(LFPT5L***) 5.637 0.836 0.698  191 S = 52.097 + 5.872(RFPT5L***) 5.715 0.831 0.690 
200 S = 86.043 + 8.954(LFPB***) 7.563 0.676 0.457  200 S = 84.938 + 9.053(RFPB***) 7.713 0.660 0.435 
200 S = 110.940 + 

11.209(LFPHB***) 
8.351 0.581 0.338  200 S = 113.124 + 

10.767(RFPHB***) 
8.622 0.542 0.294 

 

Key: S = Stature, LFPT1L = Left Footprint T1 Length, RFPT1L = Right Footprint T1 Length, LFPT2L = Left Footprint T2 Length, RFPT2L = Right Footprint T2 Length, LFPT3L = Left Footprint T3 
Length, RFPT3L = Right Footprint T3, LFPT4L = Left Footprint T4 Length, RFPT4L = Right Footprint T4 Length, LFPT5L = Left Footprint T5 Length, RFPT5L = Right Footprint T5 Length, 
LFPB = Left Footprint Breadth, RFPB = Right Footprint Breadth, LFPHB = Left Footprint Heel Breadth, RFPHB = Right Footprint Heel Breadth 

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05 
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Table AIII.9:  Stepwise multiple regression equations from footprint measurements for stature (cm) estimation for pooled 
sex. 

Footprint Equation SEE  

(± cm) 

r R2 Adj R2 

Left  S = 50.100 + 4.984(LFPT1L***) 5.384 0.851 0.725 0.723 

 S = 47.586 + 2.587(LFPT1L***) + 2.754(LFPT4L***) 5.198 0.863 0.745 0.742 
 

Right  S = 49.955 + 5.012(RFPT1L***) 5.455 0.847 0.718 0.716 

 S = 50.385 + 5.616(RFPT1L***) – 2.812(RFPHB**) 5.375 0.853 0.727 0.724 

 S = 48.004 + 3.984(RFPT1L***) – 2.943(RFPHB**) + 2.099(RFPT5L**) 5.295 0.858 0.737 0.732 
 

Key: S = Stature, LFPT1L = Left Footprint T1 Length, RFPT1L = Right Footprint T1 Length, LFPT2L = Left Footprint T2 Length, RFPT2L = Right Footprint T2 Length, LFPT3L = Left 
Footprint T3 Length, RFPT3L = Right Footprint T3, LFPT4L = Left Footprint T4 Length, RFPT4L = Right Footprint T4 Length, LFPT5L = Left Footprint T5 Length, RFPT5L = Right 
Footprint T5 Length, LFPB = Left Footprint Breadth, RFPB = Right Footprint Breadth, LFPHB = Left Footprint Heel Breadth, RFPHB = Right Footprint Heel Breadth 

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05 
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Table AIII.10:  Direct multiple regression equations from left footprint measurements for stature (cm) estimation for pooled sex. 

Equation SEE  

(± cm) 

r R2 Adj R2 

S = 46.362 + 2.483(LFPT1L**) + 1.691(LFPT2L) – 2.410(LFPT3L) + 3.402(LFPT4L*) + 0.220(LFPT5L)  

+ 1.217(LFPB) – 2.111(LFPHB) 

5.178 0.868 0.754 0.744 

S = 48.238 + 2.376(LFPT1L**) + 1.635(LFPT2L) – 2.566(LFPT3L) + 4.035(LFPT4L*) – 0.174(LFPT5L) 5.211 0.865 0.748 0.741 

S = 50.248(LFPT1L**) + 2.268(LFPT2L**) 5.278 0.858 0.737 0.734 

S = 48.977 + 2.697(LFPT1L**) + 2.022(LFPT2L*) + 0.818(LFPB) 5.275 0.859 0.738 0.734 

S = 50.370 + 2.850(LFPT1L***) + 2.502(LFPT2L**) – 1.687(LFPHB) 5.255 0.861 0.741 0.737 
 

Key: S = Stature, LFPT1L = Left Footprint T1 Length,, LFPT2L = Left Footprint T2 Length, LFPT3L = Left Footprint T3 Length, LFPT4L = Left Footprint T4 Length, LFPT5L = Left Footprint T5 Length, 
LFPB = Left Footprint Breadth, LFPHB = Left Footprint Heel Breadth. 

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05 
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Table AIII.11:  Direct multiple regression equations from right footprint measurements for stature (cm) estimation for pooled sex.  

Equation SEE  

(± cm) 

r R2 Adj R2 

S = 45.244 + 4.219(RFPT1L***) – 1.092(RFPT2L) – 0.049(RFPT3L) + 0.331(RFPT4L) + 2.381(RFPT5L)  

+ 1.541(RFPB) – 3.505(RFPHB**) 

5.302 0.861 0.742 0.732 

S = 47.005 + 3.783(RFPT1L***) – 1.082(RFPT2L) – 0.108(RFPT3L) + 1.174(RFPT4L) + 1.749(RFPT5L) 5.415 0.853 0.728 0.720 

S = 49.699 + 4.219(RFPT1L***) + 0.805(RFPT2L) 5.456 0.848 0.719 0.716 

S = 48.969 + 4.242(RFPT1L***) – 0.713(RFPT2L) + 1.583(RFPT3L) 5.451 0.849 0.721 0.716 

S = 50.086 + 4.666(RFPT1L***) + 0.985(RFPT2L) – 2.910(RFPHB**) 5.369 0.854 0.729 0.725 
 

Key: S = Stature, RFPT1L = Right Footprint T1 Length, RFPT2L = Right Footprint T2 Length, RFPT3L = Right Footprint T3, RFPT4L = Right Footprint T4 Length, RFPT5L = Right Footprint T5 Length, 
RFPB = Right Footprint Breadth, RFPHB = Right Footprint Heel Breadth 

Significance:  *** P < 0.001, **P < 0.01, *P < 0.05 
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APPENDIX IV: Precision Test Raw Data 

AIV.1 Foot Measurements and Stature  

 

Table AIV.1:  Foot measurements and stature taken from four subjects over four non-
consecutive days for the assessment of intra-observer error. 

  Measurements (cm) 

Subject Variable Day 1  Day 2  Day 3  Day 4 

  Left Right  Left Right  Left Right  Left Right 

A FL 24.5 24.4  24.8 24.5  24.8 24.6  24.6 24.5 
 FB 9.48 9.93  9.86 9.90  9.66 9.82  9.70 10.70 
 FHB 5.54 5.77  5.56 5.65  5.84 5.77  5.57 57.0 
 Stature 163.9  163.2  163.3  164.35 

B FL 24.4 24.6  24.6 24.8  24.6 24.8  24.5 24.8 
 FB 9.94 9.96  10.09 10.13  9.98 10.14  10.01 10.11 
 FHB 6.08 6.13  6.05 6.19  6.10 6.35  6.10 6.44 
 Stature 159.6  159.8  160.1  160.25 

C FL 26.4 26.5  26.2 26.3  26.2 26.4  26.3 26.4 
 FB 11.14 11.14  11.00 11.04  11.29 11.07  11.15 11.26 
 FHB 6.28 6.49  6.20 6.47  6.37 6.61  6.15 6.59 
 Stature 176.9  176.6  177.2  176.95 

D FL 23.9 23.95  24.0 24.2  24.1 24.1  24.0 24.1 
 FB 9.14 9.23  9.24 9.35  9.35 9.21  9.22 9.21 
 FHB 59.3 60.0  60.0 60.2  60.7 61.3  59.6 60.9 
 Stature 172.75  173.15  173.0  172.3 

Key: S = Stature, FL = Foot Length, FB = Foot Breadth, FHB = Foot Heel Breadth 

 

Table AIV.2:  Variable Average Values (cm) and Inter-
subject Variance for foot measurements and stature. 

Side Variable Variable 
Average 
Value  
(VAV) 

Inter-
subject 
Variance 
(S2) 

Left Foot Length 24.869 0.722 
 Foot Breadth 10.009 0.485 
 Foot Heel Breadth 59.875 0.052 
 

Right Foot Length 24.934 0.772 
 Foot Breadth 10.098 0.452 
 Foot Heel Breadth 6.150 0.090 
 

Stature 168.334 46.407 
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AIV.2 Footprint Measurements  

 

Table AIV.3:  Footprint measurements taken from four subjects over four non-consecutive 
days for the assessment of intra-observer error. 

  Measurements (cm) 

Subject Variable Day 1  Day 2  Day 3  Day 4 

  Left Right  Left Right  Left Right  Left Right 

A FPT1L 25.0 24.4  24.9 24.3  24.9 24.3  24.9 24.3 
 FPT2L 24.7 24.7  24.6 24.6  24.5 24.6  24.5 24.6 
 FPT3L 24.1 23.7  24.0 23.7  24.0 23.7  24.0 23.7 
 FPT4L 23.1 22.9  23.1 22.8  23.0 22.8  23.0 22.8 
 FPT5L 21.8 21.5  21.7 21.4  21.7 21.5  21.7 21.5 
 FPB 9.9 9.6  9.9 9.4  9.9 9.5  9.9 9.4 
 FPHB 5.6 5.6  5.5 5.6  5.5 5.6  5.5 5.6 

B FPT1L 23.8 23.6  23.6 23.7  23.7 23.7  23.6 23.7 
 FPT2L 23.5 23.6  23.4 23.5  23.5 23.5  23.4 23.5 
 FPT3L 23.0 22.9  22.9 22.7  22.9 22.7  22.9 22.7 
 FPT4L 21.2 21.4  21.1 21.2  21.2 21.2  21.2 21.1 
 FPT5L 19.4 19.5  19.3 19.4  19.5 19.5  19.4 19.4 
 FPB 9.2 9.3  9.2 9.0  9.2 9.1  9.2 9.1 
 FPHB 5.2 5.4  5.2 5.3  5.2 5.3  5.2 5.3 

C FPT1L 23.2 22.2  23.0 22.1  23.1 22.2  23.0 22.2 
 FPT2L 23.1 22.4  22.9 22.3  23.0 22.4  23.0 22.4 
 FPT3L 22.4 21.6  22.2 21.5  22.4 21.6  22.3 21.6 
 FPT4L 21.0 20.7  20.9 20.5  21.0 20.7  20.9 20.6 
 FPT5L 19.5 19.2  19.3 19.0  19.5 19.1  19.3 19.1 
 FPB 9.0 8.7  9.0 8.7  9.0 8.7  9.0 8.7 
 FPHB 5.2 5.2  5.3 5.2  5.2 5.2  5.2 5.2 

D FPT1L 25.8 25.7  25.7 25.7  25.8 25.8  25.8 25.8 
 FPT2L 26.4 26.2  26.3 26.4  26.4 26.3  26.3 26.4 
 FPT3L 25.7 25.3  25.7 25.3  25.7 25.3  25.7 25.4 
 FPT4L 24.6 23.8  24.5 23.7  24.6 23.7  24.6 23.9 
 FPT5L 22.4 21.9  22.3 21.9  22.3 21.9  22.3 22.0 
 FPB 10.9 10.1  10.8 10.0  10.9 10.0  10.9 10.0 
 FPHB 5.6 5.5  5.5 5.4  5.6 5.5  5.6 5.5 

Key: FPT1L = Footprint T1 Length, FPT2L = Footprint T2 Length, FPT3L = Footprint T3 Length, FPT4L = Footprint T4 Length, 
 FPT5L = Footprint T5 Length, FPB = Footprint Breadth, FPHB = Footprint Heel Breadth 
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Table AIV.4:  Variable Average Values (cm) and Inter-
subject Variance for footprint measurements. 

Side Variable Variable 
Average 
Value  
(VAV) 

Inter-
subject 
Variance 
(S2) 

Left Footprint T1 Length 24.363 1.110 
 Footprint T2 Length 24.344 1.671 
 Footprint T3 Length 23.744 1.647 
 Footprint T4 Length 22.438 2.188 
 Footprint T5 Length 20.713 1.768 
 Footprint Breadth 9.744 0.538 
 Footprint Heel Breadth 5.381 0.029 
 

Right Footprint T1 Length 23.981 1.651 
 Footprint T2 Length 24.213 2.120 
 Footprint T3 Length 23.338 1.883 
 Footprint T4 Length 22.113 1.568 
 Footprint T5 Length 20.488 1.511 
 Footprint Breadth 9.331 0.236 
 Footprint Heel Breadth 5.400 0.023 
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APPENDIX V: Scatter Plot Matrices 

 

 

 

 

 

 

Figure AV.1: Scatter plot matrix for stature and foot measurements for males 
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Figure AV.2: Scatter plot matrix for stature and foot measurements for females 
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Figure AV.1: Scatter plot matrix for stature and footprint measurements for males 
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Figure AV.1: Scatter plot matrix for stature and footprint measurements for females 


