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Abstract 

The population on which forensic juvenile skeletal age estimation methods are applied 

has not been critically considered. Previous research suggests that child victims of 

homicide tend to be from socioeconomically disadvantaged contexts, and that these 

contexts impair growth. Thus, juvenile skeletal remains examined by forensic 

anthropologists may be short for age.  

Cadaver lengths were obtained from records of autopsies of 1256 individuals, aged birth 

to eighteen years at death, conducted between 2000 and 2015 in Australia, New Zealand, 

New Mexico, New York City, and Cuyahoga County. Growth status of the forensic 

population, represented by homicide victims, and general population, represented by 

accident victims, were compared using height for age Z-scores and independent sample t-

tests. Cadaver lengths of the accident victims were evaluated against growth references 

using one sample t-tests to evaluate whether accident victims reflect the general 

population. 

Homicide victims are shorter for age than accident victims in samples from the United 

States, but not in Australia and New Zealand. Accident victims are more representative of 

the general population in Australia and New Zealand. Different results in Australia and 

New Zealand as opposed to the United States may be linked to higher socioeconomic 

inequality in the United States.  

 These results suggest that physical anthropologists should critically select reference 

samples when devising forensic juvenile skeletal age estimation methods. Children 

examined in forensic investigations may be short for age, and thus methods developed on 

normal healthy children may yield inaccurate results. 

Keywords:  Forensic anthropology; linear growth; juvenile; skeletal age; age 
estimation methods 
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Chapter 1. Introduction 

In the last thirty years, physical anthropologists have acknowledged that the ways 

in which skeletal estimation methods are developed influence their performance. Large-

scale forensic anthropology operations following civil conflict in the former Yugoslavia, 

Rwanda, and Latin America have forced researchers to confront the large spectrum of 

modern human variation and its implication for forensic identification (Komar 2003). 

Research regarding the validity of inter- population application of age, sex, and stature 

estimation methods has increased (e.g., Đurić et al. 2005, Kimmerle et al. 2008, Galić et 

al. 2011), as has the development of new, population-specific methods (e.g., Prince and 

Koningsberg 2008). Throughout this discussion of methods and their performance, three 

main issues are at play: the reference sample to be used, the statistics employed in 

developing the method, and both intra- and inter-population variation. 

1.1. Problems with skeletal estimation methods 

There is a general consensus that the reference sample on which methods are 

developed should be critically selected to reflect the full range of normal human skeletal 

variation. Many of the classic methods employed in forensic anthropology were 

developed using skeletal collections amassed in the 20th century, such as the Terry or 

Hamann-Todd collections, which include a large proportion of indigent individuals. 

Critical examinations of these samples suggest that they are not demographically 

representative of the American population (Ericksen 1982, Komar and Grivas 2008), and 

thus may not fully represent the range of biological variation expressed in the United 

States (Hunt and Albanese 2005). This potentially affects the performance of age, sex, 

stature and ancestry estimation methods developed from these collections. Additionally, 

the collection of indigent individuals means that demographic information, such as age, 

could be estimated rather than known (Meindl et al. 1990), affecting the validity of age 
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estimation methods. Although these issues do not preclude the use of skeletal collections 

in method development, they do prescribe informed and mindful selection of individuals 

for inclusion in reference samples. 

Statistical modeling has become a hot topic as increasingly sophisticated methods 

become available, and courts of law require increasingly data-driven over professional 

experience-driven testimony (Dirkmaat et al. 2008, Holobinko 2010). Bayesian analysis 

is employed by some (e.g.: Koningsberg et al. 1998, Kimmerle et al. 2008, Prince and 

Koningsberg 2008, Langley-Shirley and Jantz 2010, Ferrante et al. 2015) because it 

acknowledges the prior assumption inherent in all estimation models, namely that the 

target individual fits within the distribution of the reference sample (Koningsberg et al. 

1998). From simple linear regression to complicated multivariate adaptive regression 

splines (e.g., Liversidge and Molleson 1999, Robbins Shug et al. 2013, Stull et al. 2014), 

regression methods are more commonly employed by physical anthropologists. Although 

linear regression is the simplest and most common of these methods, debates still occur 

about proper model calibration (Koningsberg et al. 1994, Aykroyd et al. 1997, Cardoso 

2014) and appropriate reporting of descriptive statistics, including information to 

calculate 95% prediction ranges (Soyer and Hogarth 2012, Stull et al. 2014). Linear 

regression analysis is a tool with its own oft-ignored limitations, and not a foolproof 

prediction method (Palmer and O’Connell 2009, Taleb and Goldstein 2012). Increasingly 

complicated statistical techniques are dubiously advantageous: although they produce 

high explanations of variation and perform well within the test samples, they may be 

over-fitting the data. This can result in poor performance outside the original reference 

population (Armstrong 2012), which is especially problematic in physical anthropology 

due to the introduction of inter-population variation.  

While fully representing normal human variation in reference samples can be a 

challenge for developing estimation methods, the application of these methods outside of 

the reference population is further complicated by inter-population variation (Jackes 

2000, Kemkes-Grottenthaler 2002). Without understanding the specific factors affecting 

both the reference sample and target individual or population, the cross-population 

application of estimation methods can yield inaccurate results. Physical anthropologists 
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now recommend the use of “appropriate” skeletal standards, meaning methods developed 

on reference samples similar to the target individual or sample (Saunders 2000, Cunha et 

al. 2009, Franklin 2010). 

Skeletal estimation methods are inherently problematic, as they aim to use a 

known sample to estimate the biological parameters of an unknown individual or 

population. For some parameters, such as non-metric sex indicators, inter-population 

variation can have less impact, as trait expression is more obvious (Koningsberg and 

Frankenberg 1994). Differences between populations are more important for age 

estimation, and especially so in the case of juveniles, as age is the only biological 

parameter which can reliably be estimated. 

1.2. Inter-population variation and juvenile skeletal estimation 
methods 

Juveniles are still developing many or all of the skeletal and dental characteristics 

readily observed in adult individuals. For this reason, the biological parameters which can 

be estimated from the skeleton are currently more limited. While some attempts have 

been made to estimate sex from the juvenile skeleton (e.g.: Weaver 1980, Hunt 1990, 

Mittler and Sheridan 1992, Schutkowski 1993), these methods have not yielded 

consistently high accuracy rates. Ancestry is not estimated for juveniles, although some 

dental morphological variants may suggest a particular ethnic origin (Lewis and Rutty 

2003). There is limited research concerning stature estimation (e.g.: Feldesman 1992, 

Smith 2007, Robbins Schug et al. 2013), however doubts are expressed about the 

usefulness of this parameter in comparison against missing persons lists, considering that 

stature changes so quickly during childhood. The most useful and securely estimated 

juvenile biological parameter is age (Lewis and Rutty 2003). 

As opposed to adults, where age is estimated based on the degeneration of skeletal 

or dental elements, juvenile age is estimated based on their growth and development. The 

more predictable nature of development over degeneration leads to higher precision and 

accuracy in estimating age from juvenile skeletal remains. Because this estimation is 



 

4 

based on development rather than degeneration, however, physical anthropologists are 

essentially assessing growth and development (skeletal age, SA, or dental age, DA), to 

estimate chronological age (CA).  

Although growth is more stable and predictable than degeneration, it remains 

variable. At the individual level, growth is both biologically determined (Klebanoff et al. 

1997, Behrman et al. 2009, Towne et al. 2012, Martorell and Zongrone 2012) and 

environmentally influenced (Schell et al. 2009). At the population level, individual 

biological effects are obscured by environmental factors (Steckel 2012). Environmental 

factors that affect growth are linked to socioeconomic status (SES) (Schmeling et al. 

2000), and include: nutrition, disease, access to health care, poverty, housing, neglect and 

abuse, and chronic psychosocial stress (Skuse 1989, Bradley and Corwyn 2002, Fernald 

and Grantham-McGregor 2002, Block and Krebs 2005, Chilton et al. 2007, Gilbert et al. 

2009, Norgan et al. 2012).  On both the intra- and inter-population levels, growth can be 

quite variable, which ultimately complicates age estimation from juvenile skeletal 

remains.  

Variability in growth leads to an incongruence between skeletal age and 

chronological age for every individual in a population, which produces a range of skeletal 

ages for the same chronological age within a population (Lampl and Johnston 1996). 

When aggregating individuals in one sample, some individual variation is obscured, and 

the resulting group reflects the growth status of the group as a whole (Steckel 2012). This 

status may not be the same for two populations with different growth environments, 

however, even when biology is held relatively constant (Cole 2003, Hermanussen et al. 

2010). Thus, when physical anthropologists use a method based on the growth of one 

population to estimate age in another population, consideration must be given to the 

growth environments of both populations. 

Skeletal and dental growth are differentially impacted by environmental effects. 

Although research shows that dental development is more strongly biologically 

determined than skeletal development, it is not wholly insulated from the impact of 

environmental effects (Saunders 2000, Cardoso 2007, Conceição and Cardoso 2011). As 
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much as possible, it is therefore preferable to estimate age from the development of the 

dentition. Forensic anthropologists, however, cannot discount the study of skeletal 

growth and maturation as age estimators, as dental elements may not always be recovered 

in practice.  

1.3. Research goals 

Inter-population variation in skeletal growth has been recognized as a problem 

when estimating age of archaeological juvenile skeletal remains. Researchers have 

developed regionally or temporally specific methods to compensate for this effect (Pfau 

and Sciulli 1994, Facchini and Veschi 2004, Rissech et al. 2008, 2013, Danforth et al. 

2009, Boccone et al. 2010, López-Costas et al. 2012, Primeau et al. 2012, 2016, Stull et 

al. 2014). However, little consideration has been given to the target population on which 

forensic anthropologists must employ juvenile skeletal age estimations methods. These 

unidentified skeletal remains represent a small group of children who died clandestinely 

and whose remains were undiscovered for some time, and are generally victims of 

homicide (Snow and Luke 1970, Cattaneo 2007, Simmons 2007, Ross 2011). They will 

be referred to as the forensic population throughout the rest of this study.   

Little is known about the forensic population, the group of children whose deaths 

are under investigation by the forensic anthropologist, but the victims of juvenile 

homicide in general are relatively well understood. Juvenile homicide victims tend to 

come from very specific, disadvantaged socioeconomic contexts, and thus the quality of 

their growth environment is likely to differ from that of the average population. Their 

growth and development may be compromised in relation to their more 

socioeconomically privileged peers. The traditional methods (Maresh 1943, 1955, 1970) 

employed to estimate skeletal age of the forensic population are generally developed on 

healthy children. If they are applied to a population which is comparatively growth 

compromised, they may be yielding inaccurate age estimates, which could in turn slow or 

prevent victim identification.  
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Given the difference in socioeconomic makeup between the reference and target 

populations, and considering the impact that socioeconomic status can have on linear 

growth, a difference in growth status can be expected between the reference and target 

populations. The aim of this study is to determine whether children who may become part 

of the forensic population (as represented by homicide victims) differ in growth status 

from average children (as represented by accident victims), and in turn to better 

understand the nature of the juvenile forensic population. Thus, the first research question 

is: do differences in growth occur between accident victims, which are meant to 

represent the normal population, and homicide victims, which are meant to 

represent the target population? 

Extrapolation from the comparison between accidental death victims and 

homicide victims to the differences between the forensic and general populations is 

premised on the appropriateness of the accident victims as proxies for the general 

population. However, fatal accidents are not evenly distributed across the population; 

they tend to disproportionately impact the lower end of the socioeconomic spectrum 

(UCL Institute for Health Equity 2015). Thus, the second research question is: does the 

accidental death sample accurately represent the normal population? 

What follows is an investigation of these questions using retrospective collection 

of cadaver length from autopsy records obtained from coronial bodies in the United 

States, Australia, and New Zealand 
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Chapter 2. Literature Review 

A review of existing knowledge provides the basis for this study. In order to be 

accurate, age estimation methods should be derived from a sample population that is 

appropriate for the individuals it is applied to. Thus, methods to estimate age from long 

bones available to forensic anthropologists are examined to better understand the samples 

on which they are developed. Then, the group of children on which these methods may 

be used is tentatively described by examining the socioeconomic and demographic 

characteristics of homicide victims. While the composition of the forensic sample is 

poorly understood, it generally represents a subset of the larger, better-understood group 

of child homicide victims. The forensic population is likely composed of a greater 

proportion of children from lower socioeconomic backgrounds, who have grown up in 

potentially adverse growth environments. Thus, studies of differences in growth across 

socioeconomic status groups are considered in order to reflect on whether growth 

differences can be expected between the target and reference populations. 

2.1. Reference sample: available juvenile skeletal age estimation 
methods 

Skeletal age estimation methods are constrained by the availability of reference 

material, which is scarce. They are generally based on the following sources: longitudinal 

growth studies of the living, known age skeletal collections, or known age forensic or 

clinical samples.  

2.1.1. Longitudinal Studies 

The main obstacle to creating juvenile skeletal age estimation methods is the 

rarity of reference material, especially dry bone collections. Longitudinal studies of 
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growth were conducted throughout the United States in the early and middle 1900s and 

many of these studies included radiographs of various long bones. These radiographs 

were then used to measure the long bones, and typical long bone lengths for age charts 

were published throughout the second half of the 20th century. These were originally 

designed to assess growth in clinical settings, not for age estimation, but they have been 

used as such by physical anthropologists. Because the data from these studies stems from 

studies concluded decades ago, an immediate concern with secular change can be raised. 

For example, studies of children from the Fels longitudinal study have found that 

compared to the earliest cohorts, children now reach skeletal maturity four to five months 

earlier (Duren et al. 2015). Additional concerns about the applicability of these methods 

to a forensic population are raised by the socioeconomic and demographic compositions 

of the study populations.  

The most widely used source for long bone age estimation, the Maresh data 

(1943, 1955, 1970), is based on the growth study conducted by the Child Research 

Council in the University of Colorado Medical School. Children recruited to the study 

were reported to be of higher than average socioeconomic status (upper middle-class) and 

education for the area. They were also noted to be larger and heavier than children from 

other published growth studies (Maresh and Beal 1970). 

Similarly to the Maresh data, the ongoing Fels longitudinal study was used by 

Gindhart (1973) to produce growth standards for the tibia and radius. The Fels population 

is well understood, and has enrolled children over several generations of the same family. 

It was based in southern Ohio, and sampled individuals across all socioeconomic status 

groups until 1939, at which point the lowest SES group became underrepresented. 

Additionally, the sample is almost completely white, although the local population at the 

time of data collection included 25% Black citizens (Roche 1992). 

Another data source published by Anderson et al. (1964), relied on a growth study 

conducted by the Harvard Longitudinal Studies on Child Health and Development. This 

group was exclusively middle class families, whose parents could afford to pay hospital 

fees associated with the clinic through which they were recruited. Inclusion in the group 
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required that the family be of predominantly Northern European descent, although one 

grandparent of each of the parents were allowed to be from other parts of Europe. About 

half of the parents had completed high school, and a quarter had pursued some type of 

post-secondary education (Stuart et al. 1959). 

The last reference data used for age estimation was published by Ghantus (1951), 

who used the Brush Inquiry longitudinal growth study data and expressly excluded the 

small percentage of black participants. The Brush sample includes children recruited 

from various local public and private schools, and included one or two visits from 

children across the socioeconomic status groups. However, the yearly follow up 

compliance rate was much higher in the middle and high SES groups (Nelson et al. 

2000).  

The samples on which the previous age estimation “methods” are based do not 

accurately represent a modern forensic sample. Reference data published using 

longitudinal studies are generally based on middle or high socioeconomic status groups, 

likely due in part to the fact that inclusion in a longitudinal study requires frequent visits 

to a clinician at regular intervals. In the case of the Colorado study, children were even 

noted to be larger than published values for other groups. Because these data were 

published mainly for clinical use, in order to diagnose abnormal growth, researchers 

sought to include only “normal” children. Longitudinal studies were also conducted in 

the middle of the last century, and child development has accelerated since that time. 

However, these methods may be appropriate for use in the forensic population today, as 

they are based on children who matured slowly compared to today’s average children 

(Duren et al. 2015).  

2.1.2. Known age skeletal collections  

One way to combat small sample sizes and inter-population variation at the same 

time is to pool data from multiple collections into one study sample. Recent studies have 

done this, aggregating data from several collections to create age estimation methods 

which are sometimes purported to be applicable in forensic contexts. 
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Cardoso et al. (2014) pooled cemetery samples from 18th and 19th century Britain 

(Spitalfields and St. Bride’s) as well as 19th and 20th century Portugal (Lisbon). Rissech 

and colleagues (Rissech et al. 2008, López-Costas 2012, Rissech et al. 2013) used a 

similar cemetery sample from 18th and 19th century Britain (St. Bride’s) as well as 19th 

and 20th century Portugal (Coimbra CEI and Lisbon) (López-Costas 2012, Rissech et al. 

2013), and 20th century Portugal and England (Scheuer collection) (Rissech et al. 2008). 

Facchini and Veschi (2004) used a cemetery sample of Italian children deceased in 

Bologna in the early 20th century.  In each case, these samples were used to conduct 

regression analyses of the relationship between age and bone length. 

Although these methods constitute an improvement over methods based on 

longitudinal studies of the living, there are problems associated with applying these 

methods to modern skeletal remains. Both the British and Portuguese samples are 

composed of children who lived and died before the onset of the major secular changes in 

growth and maturation which occurred in their respective countries over the last century 

(Cardoso et al. 2014). Thus, children from these samples are likely smaller than modern 

children in their respective countries, as are the Italian samples used by Facchini and 

Veschi (Cardoso et al. 2014). These methods are also based on small samples with 

uneven age distribution, as mortality is generally high in the first two years of life and 

much lower throughout the age range. Although they may be inappropriate for 

contemporary forensic cases in Portugal, Spain, Great Britain or other developed 

countries, they may be well suited to children in developing nations because of the 

differences in growth environment.  

2.1.3. Recent clinical or forensic samples 

Renewed interest in skeletal age estimation and wider availability of imaging 

techniques have spurred new research using non-traditional reference samples. 

Attempting to develop new age estimation methods which address the secular increases 

in height and quicker maturation, Stull et al. (2014) notably accessed over 1300 full body 

Lodox radiographs of children born mostly after 2000 from a forensic institute and a 

hospital in South Africa. However, the forensic institute sample represented less than 
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30% of cases included in the study, and only a small percentage of these were homicide 

cases. No information was available as to the socioeconomic composition of this sample.   

Pfau and Sciulli (1994) collected radiographs from individuals autopsied in Ohio 

in 1990 and 1991 in order to develop age estimation methods that could be used in the 

increasing number of cases of skeletonized juvenile remains recovered in the area at the 

time. The sample included children of all manners of death autopsied at the Franklin 

County Coroner. The youngest (0-2 years) and oldest (12-20 years) age ranges are 

overrepresented compared to the other ages, but this method constitutes the only age 

estimation method based on sample collected purely from forensic institutions.  

Tsai et al. (2016) recently published new skeletal age estimation based on 

diaphyseal measurements of the fibula. The sample was composed of radiographs of 

infants who had been evaluated for suspected child abuse, but excluded all confirmed 

abuse cases, as skeletal development in these children could be impaired. This 

unfortunately yields a method that expressly excludes the cases included in the forensic 

population.  

Of the above diaphyseal age estimation methods, which represent the large 

majority of methods available to forensic anthropologists, only two research teams 

incorporate the forensic population in their sample: Stull et al. (2014) and Pfau and 

Sciulli (1994), and both did so inadvertently. Neither team reflected on the composition 

or nature of the forensic population on which these methods were prescribed to be used. 

Both methods are developed on contemporary children, although Pfau and Sciulli’s 

sample is now potentially outdated. Both samples likely include a large proportion of 

accident victims, who may not present growth patterns adequate for extrapolation to a 

homicide population. The bulk of recently published skeletal age estimation methods 

available to researchers are thus potentially inappropriate for use, while older methods or 

reference data may actually now be more applicable to forensic use, as they are based on 

a slower maturing, shorter set of children.  
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2.2. Target sample: composition of the forensic population 

The forensic population, the group of skeletonized remains which are examined 

by forensic anthropologists, is poorly understood. Little information about this group of 

cases is available, likely because these are highly sensitive data of interest to relatively 

few researchers in comparison to epidemiological metadata. The forensic population, 

which consists of remains recovered in clandestine or suspicious circumstances, is likely 

a subset of the homicide population, especially for juveniles (Snow and Luke 1970, 

Cattaneo 2007, Simmons 2007, Ross 2011). While the forensic population is not well 

defined, the homicide population is frequently studied and its characteristics are relatively 

well understood. The congruence between the two is not perfect, but understanding the 

homicide population sheds light on the composition of the forensic population.  

Not all segments of the population are at equal risk for homicide, and this trend 

exists even in the youngest age groups. In high-income, developed nations, there is a 

consistent inverse relationship between socioeconomic status (SES) and both experience 

of violence and child mortality (Currie 2007, Sidebotham et al. 2014). In the United 

States, which has the highest rate of child homicide of the 20 top countries for human 

development (United Nations Development Program 2015, United Nations Children’s 

Fund 2014), children in the most disadvantaged fifth of the population are at 159% higher 

risk of homicide than their counterparts in the most affluent fifth (Singh and Kogan 

2007). Child homicides are also unevenly distributed geographically: the majority of 

these events occur in or at the edges of urban centers, which constitute socioeconomically 

disadvantaged areas (Finkelhor 1997, Finkelhor and Ormrod 2001).  

Minority groups represent potentially marginalized populations, who may be 

subject to varying levels of social disadvantage and therefore potentially more adverse 

growth environments. They are also at disproportionate risk for child homicide. In 

Australia for example, 11% of child homicide victims in 2006 were Indigenous 

Australian, although the Indigenous population represents less than 2% of the overall 

Australian population (Australian Institute of Criminology 2008). Between 2001 and 

2005 in New Zealand, the rate of child homicide for Māori children was 1.34 per 
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100,000, double the non-Māori rate of 0.60 per 100,000 for the same period (Doolan 

2006). Various studies from the United States, where child homicide rates and numbers 

are extremely high, agree that marginalized and underprivileged minority groups are 

disproportionally represented in the homicide population (Christoffel 1990, Finklehor 

1997, Douglas and Finkelhor 2005, Douglas and Vanderminden 2014).  

The homicide population thus is composed of disproportionate numbers of 

children from disadvantaged contexts. They are likely to be infants or teenagers from 

urbanized contexts, killed by caretakers in the case of infants, family or close 

acquaintances in the case of adolescent females, or as part of another crime in the case of 

adolescent males. While this does not provide direct information as to the composition of 

the forensic population, that group can be assumed to be a subset of the homicide 

population. Therefore, the forensic population is likely to be drawn from disadvantaged, 

low socioeconomic urban backgrounds.  

2.3. Effects of socioeconomic status on linear growth 

The forensic population is drawn from a lower socioeconomic status group than 

the general population, and this lower status is associated with a host of adverse health 

and developmental conditions (Skuse 1989, Bogin 1999, Bradley and Corwyn 2002, 

Fernald and Grantham-McGregor 2002, Block and Krebs 2005, Chilton et al. 2007, 

Gilbert et al. 2009, Norgan et al. 2012). Studies of growth in developed and developing 

nations show that differences in linear growth can occur between high and low 

socioeconomic groups. Therefore, it is probable that the growth of the forensic sample is 

compromised in comparison to the average, “normal” population of children. 

Studies of linear growth in children of different socioeconomic status (SES) 

groups commonly find growth differences between SES groups in the developing world 

(e.g. Christiansen et al. 1975, Julia et al. 2004, Sereebutra et al. 2006, Abubakar et al. 

2008), and these findings are echoed in developed nations. Early nationwide studies 

conducted in the 1980s consistently found that young adults and children from lower SES 

groups were shorter than their higher SES counterparts (Garn and Clark 1975, Bielicki et 
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al. 1981, Garn et al. 1984, Lasker and Mascie-Taylor 1989, 2005). This difference is 

present starting at birth, when children are matched for birthweight (Garn et al. 1984), 

and continues throughout the growth period (Lasker and Mascie-Taylor 1989). In a 

sample of British children born in 1970, who were stratified into five levels of SES based 

on occupation of the father, boys from the highest SES group were 11cm taller than boys 

from the lowest SES group (Lasker and Mascie-Taylor 2005). Not only are children from 

lower SES groups shorter for age, their maturation is slowed: boys from lower SES 

groups were reported to continue growing linearly until their mid-twenties (Lasker and 

Mascie-Taylor 1989).  

Recent studies tend to find much subtler differences between socioeconomic 

status groups than previous work, although they are also conducted on smaller 

geographic scales. In Hamilton, Ontario (Canada), Moffat and colleagues (2005 and 

2007) found a statistically significant difference in height for age between high and low 

SES schools. Although the difference in mean height for age Z-score between the schools 

was small (0.29), it was significant (p<0.05). In a homogenous poor rural Appalachian 

community, Crooks (1999) found high rates of low height for age and stunting, as well as 

an association between some indicators of SES and height for age. This finding was 

echoed in an urban American setting by Grimberg and colleagues (2009), who found that 

children insured by Medicaid, an indicator of lower SES, were more likely to exhibit 

growth faltering. Growth outcomes have also been assessed for the effects of poverty. In 

the Quebec Longitudinal Study, children who had lived through two episodes of poverty 

were more likely to exhibit growth delay then their peers who had gone through one, or 

no episodes of poverty (Ehouxou et al. 2009). The timing of these events was important: 

a very recent poverty event showed no effect on growth, and a single distant event 

showed some impact on growth, which was less severe and consistent than the impact 

from multiple events (Ehouxou et al. 2009). However, these studies are conducted on a 

small geographic scale as opposed to previous nationwide studies, and it is possible that 

children in these contexts are all affected by socioeconomic status. For example, 78% of 

the children in Crooks’ (1999) study qualified for free or reduced priced lunch, meaning 
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that SES differences in anthropometrics were found even within a largely homogenously 

low SES community.  

Socioeconomic differences in growth provide indirect evidence for compromised 

growth in the forensic population. More direct evidence comes from cases where growth 

outcomes have been assessed for the effects of child abuse and neglect. Karp and 

colleagues (1989) found twice the prevalence in stunting in abused children as opposed to 

non-abused children (11.6% versus 5.6%) in an already underprivileged city in New 

Jersey (U.S.A), although it was not as strong as the difference in wasting. In a sample of 

260 victims of child abuse, Taitz and King (1988) found 39 children who were below -

2SD expected height for age, which means that 15% of children fell below the 3rd 

percentile of normal height variation. Of 91 abuse victims evaluated, Wales et al. (1992) 

found 31 cases (about 34% of cases) where the victim was considered “short.” The 

effects of abuse and neglect compound over time: Elmer and Gregg (1967) found that 

abuse victims with longer records of medical visits were more likely to show 

compromised growth. Although not all juvenile skeletal remains examined by forensic 

anthropologists will necessarily be abuse or neglect cases, these studies illustrate 

potential differences in growth status between the average and forensic populations. 
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Chapter 3. Materials and Methods 

3.1. Materials 

The present study was conducted retrospectively. Data were obtained from 

coronial bodies in the Australia, New Zealand, and the United States. Australian states 

which contributed to the sample were the Northern Territory, Australian Capital 

Territory, Victoria, Tasmania, Queensland, and New South Wales. New Zealand is 

represented by a single national coronial institution. The coronial institutions from the 

United States included in the sample are Cuyahoga County (Ohio), New Mexico, and 

New York City. In the case of New Mexico and Cuyahoga County, data were extracted 

from the case management system of the coronial body. For all other bodies, data were 

obtained directly from autopsy reports.  

For each individual, the data obtained included date of birth and death, manner 

and cause of death, and cadaver length and weight measurements. For each coronial 

body, deaths which occurred during gestation or which were due to complications from 

prematurity were excluded, as the factors which affect gestational growth differ from 

those which affect post-natal growth.  Cases where chronic disease impacted growth were 

excluded from the sample. Also excluded were cases where significant thermal damage 

or decomposition was noted in the autopsy notes, because both types of post-mortem 

alteration to the body could influence the accuracy of the measurement of cadaver length.  

The sample ranged from birth to 18 years at death. The final data set was 

comprised of 1256 individuals, having died from homicides (n=499) or accidents (n=757) 

between 2000 and 2015, which were collected from five coronial institutions. The sample 

was then divided into four age groups based on changes in growth velocity according to 

Bogin (1999). Infancy (birth to 3 years) is categorized by a period of high, although 
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declining, growth velocity. Childhood (3 to 7 years) is characterized by a low growth 

velocity, marked by a growth spurt at the exit of the period. It is followed by the juvenile 

period (7 to 10 years in females and 7 to 12 years in males), which consists of the period 

between the late childhood growth spurt and puberty. Adolescence, (10 to 18 years in 

females and 12 to 21 years in males) begins at puberty and ends with the completion of 

development. For a sex and age profile of the total sample, see Figure 3.1. 

 
Figure 3.1:  Age and sex distribution of the complete sample 

3.1.1. State Coroner’s Courts, Australia 

Australian data was accessed through the National Coronial Information System 

(NCIS), which is a database designed to manage and store information and documents 

related to deaths reported to coronial bodies in Australia and New Zealand. Data was 

collected from the following states: Northern Territory, Australian Capital Territory, 

Victoria, Tasmania, Queensland, and New South Wales, and were pooled together to 
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represent Australia as a whole. Data were recorded directly from autopsy record for child 

deaths occurring between 2000 and 2015. Cases were randomly selected.  

The final dataset included 185 accidental deaths (57 females and 128 males) and 

87 homicide deaths (32 females and 55 males), for a total of 272 cases (89 females and 

183 males), primarily from the more populated states of Queensland, Victoria, and New 

South Wales (age distribution available in Figure 3.2). 

 
Figure 3.2:  Distribution of cases from Australia, by age category and manner of 

death   

Compared to the socioeconomic characteristics of New Zealand and the United 

States, Australia sits in the middle. It has the lowest unemployment rate of the three, but 

both its Gini coefficient of inequality and poverty ratio are between the lows of New 

Zealand and the highs of the United States (Table 3.1). 
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Table 3.1 Economic and social characteristics of Australia, New Zealand, United States, state of New Mexico, New York 
City, and Cuyahoga County compared 

 Australia. New Zealand U.S.A New Mexico New York 
City 

Cuyahoga 
County 

 
OECD unemployment rate (%)* 

5.2 6.5 9.6 - - - 

OECD Gini coefficient of 
inequality** 0.335 0.327 0.379 - - - 

 
OECD poverty ratio*** 0.149 0.099 0.179 - - - 

 
U.S. unemployment rate (%) 

- - 7.9 7.2 8.8 10.5 

U.S. Gini coefficient of 
inequality - - 0.469 0.464 0.535 0.485 

% of families with children under 
18 who fall under poverty line - - 15.7 15.7 23.2 19.9 

% of families which received 
SNAP support in past year - - 9.3 10.0 15.8 13.1 

% of families with children led 
by a single female - - 24.08 14.00 18.70 36.52 

Sources:  * (2010) OECD (2016), Unemployment rate (indicator). doi: 10.1787/997c8750-en (Accessed on 03 March 2016) 
** (2008-2010) average of all values available over the period of 2008-2012 
*** (2012, first year when all three available) 
All other indicators: U.S. Census Bureau, 2006-2010 American Community Survey and U.S. Census Bureau, 2010 Census 
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3.1.2. Coroner’s Court of New Zealand 

The New Zealand Coroner’s Court handles the entirety of sudden and unexpected 

deaths occurring in New Zealand. Cases were accessed through the NCIS, and data were 

recorded from records of autopsies of children occurring between 2007 and 2015. All 

available homicides were recorded, and a random sample of accidents was selected.  

The final sample included 97 accidental deaths (26 females and 71 males) and 45 

homicides (20 females and 25 males), for a total of 141 cases (45 females and 96 males). 

The age distribution of the sample is available in Figure 3.3.  

 
Figure 3.3:  Distribution of cases from New Zealand, by age category and manner 

of death 
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Compared to the socioeconomic characteristics of the United States and Australia, 

New Zealand has both the lowest Gini coefficient of inequality and the lowest poverty 

ratio. New Zealand has higher unemployment than Australia, but these figures are closer 

to each other than to unemployment in the United States (Table 3.1). 

3.1.3. Office of the Medical Investigator, New Mexico, U.S.A. 

The Office of the Medical Investigator (OMI) operates within the University of 

New Mexico, Albuquerque, and is responsible for managing all cases of sudden or 

unexpected deaths in New Mexico, exclusive of federal or tribal land. Cases were 

extracted from the case management system for juvenile homicides occurring between 

2008 and 2013.   

The resulting sample includes 61 accidental deaths (22 females and 39 males) and 

51 homicides (19 females and 32 males) for a total of 112 individuals (41 females and 71 

males). The sample includes deaths of children aged 0-12 years inclusive at death (see 

Figure 3.4 for the sample’s age distribution).  

Compared to the United States as a whole, New Mexico does slightly better on 

some indicators (lower unemployment rate, lower Gini coefficient, lower percentage of 

families led by a single mother), but slightly worse on others (lower median household 

income, higher percentage of families receiving SNAP support), and both geographies 

have the same poverty rate. Although it is not very different from the United States as a 

whole, New Mexico does better than Cuyahoga County on all indicators (Table 3.1).  
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Figure 3.4 Distribution of cases from New Mexico, by age category and manner 

of death 

3.1.4. New York City Office of the Chief Medical Examiner, New York, 
U.S.A. 

The New York City Office of the Chief Medical Examiner (OCME) is responsible 

for the forensic investigation of all suspicious or unexpected deaths occurring throughout 

the five boroughs of New York City. Data was recorded directly from records of 

autopsies of children occurring between 2007 and 2014. Cases were randomly selected, 

and a further ten homicide in the ranges of 7-12 years were selected as the random 

sample did not include many children that age group.  

Excluding cases where cadaver length could not be obtained, data were collected 

from 183 accidental deaths (71 females and 113 males) and 154 homicides (35 females 
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and 119 males), for a total of 337 cases (115 females and 222 males). The age 

distribution of the sample is described in Figure 3.5. 

 
Figure 3.5 Distribution of cases from New York, by age category and manner of 

death 

New York City fares worse than New Mexico on all socioeconomic indicators. It 

also fares worse than Cuyahoga County in most socioeconomic indicators: it has higher 

inequality, a higher percentage of families living below the poverty line, a higher 

percentage of families receiving SNAP assistance, but Cuyahoga County has higher 

unemployment and a higher percentage of families led by a single female (Table 3.1).  

3.1.5. Cuyahoga County Medical Examiner, Ohio, U.S.A. 

Case data from Cuyahoga County Medical Examiner’s office, whose jurisdiction 

encompasses the city of Cleveland and its surrounding areas, contributed a major dataset. 
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Information was extracted from the case management system for autopsies of juveniles 

occurring between 2002 and 2014. 

The final sample included 232 accidental deaths (89 females and 143 males) and 

161 homicides (55 females and 106 males), for a total of 393 individuals (144 females 

and 249 males). The age distribution of the sample is described in Figure 3.6. 

 
Figure 3.6:  Distribution of cases from Cuyahoga County, by age category and 

manner of death 

Compared to the other samples from the United States, Cuyahoga County does 

better in some respects, and trails in others. It has the highest unemployment rates and 

highest percentage of families led by single females. However, the rest of its indicators 

are better than New York City.  
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3.1.6. Ethical Review 

Previous to data collection, ethics approval was obtained from the Simon Fraser 

University Office of Research Ethics (ORE). Permission to access data was then sought 

from all coronial institutions, which involved additional ethics review by an internal or 

external body in addition to ORE approval.  

3.2. Methods: 

Cadaver length is a measurement of linear growth, and was used as a proxy for 

measurements of the developing long bones. Once the sample was collected, each case 

was compared to the Center for Disease Control (CDC-2000) growth reference using Z-

scores (Kuczmarski et al. 2000). Cases with potentially unreliable information were 

excluded. This included some instances of gross incongruence between recorded length 

and weight, as well as cases with extreme length/height for age Z-scores, which may 

indicate data entry errors. 

3.2.1. Preliminary analysis of differences using ANCOVA 

An ANCOVA was used to test whether there were any differences in mean 

cadaver length between the manner of death groups, with age in months as a covariate. 

Because the reference parameters employed for the infants are different than those used 

for older children, one ANCOVA was run for the infant category and a separate one for 

all other age groups. A separate set of ANCOVAs were used to test whether there were 

any differences in mean cadaver length between the sexes and the coronial samples, with 

age as the covariate. 

3.2.2. Using Z-scores to assess growth status in samples 

Deviation from mean length/height for age and sex was quantified for each 

individual in the sample using Z-scores, and the LMS parameters for age (in months) and 

sex provided by the CDC-2000 growth reference (Kuczmarski et al. 2000). By 
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calculating the deviation from the mean for each age and sex group, the Z-score 

effectively controls for these factors and allows groups of individuals to be pooled and 

compared irrespective of age or sex. Summary statistics can then be calculated using 

groups of Z-scores, making these ideal for use in population level growth studies (Jorge 

and Doris 2014).  

In clinical assessments of individuals and populations, children are directly 

compared to growth references to evaluate individual nutrition status and population 

health. Selecting the right growth reference is crucial in these situations, as different 

comparative samples will yield different evaluations of deviation from normal (Eckhardt 

and Adair 2002, Jorge and Doris 2014). When two populations are compared against 

each other, however, the growth reference matters less: the obtained Z-scores are 

compared against the other population rather than against the reference. The growth 

reference selection criteria become methodological, for example ease of Z-score 

calculation, sampling strategy used, and smoothing procedures employed. Likewise, 

because individual measurements are not being compared directly to the growth 

reference, cadaver length can be converted to height for age z-scores and compared 

between the accident and homicide groups without correction to stature or even without 

special considerations about selection of growth reference.  

3.2.3. Choosing a growth reference 

Regionally specific reference samples were not necessary in this study, as the goal 

was not to understand whether groups follow typical growth patterns but rather to 

investigate differences in growth between the homicide and accidents groups. 

Additionally, using one reference allows for direct comparison between all of the 

samples. Three major growth standards are currently available for use. They have been 

published by: the National Center for Health Statistics (NCHS-1977), the Center for 

Disease Control (CDC-2000), and the World Health Organization (WHO-2006). 

The NCHS-1977 reference is composed of data from the National Health 

Examination Study (NHES), supplemented by the Fels longitudinal study (Hamill et al. 
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1977). It was prepared as an update on growth standards from the 1940’s. The Fels data 

was collected between 1929 and 1975, which comprised the reference sample for 

children from 0-36 months. The NHES data was compiled between 1963 and 1974, and 

comprised the reference sample for children from 2-18 years (Hamill et al. 1977). At the 

time, these were recommended by the World Health Organization (WHO) for use in 

monitoring the nutritional status of children internationally (World Health Organization 

1983). The advantage of this using this reference would mainly be that it incorporates 

data from similar cohorts as those included in the Fels longitudinal study data, which was 

used by Maresh (1943, 1955, 1970) to develop a record of average long bone length for 

age. After dental development, the Maresh data are one of the main methods 

recommended for age estimation by forensic anthropologists (Schaefer et al. 2008, Cunha 

et al. 2009, Franklin 2010). 

The CDC-2000 reference was compiled because NCHS-1977 had become 

inadequate for use. In addition to concerns with secular change, which had accelerated 

development and increased final stature, methodological concerns were raised. Problems 

with NCHS-1977 were largely due to the exclusive use of the Fels data for the 0-36 

month sample: because the data was collected beginning in 1929, it did not reflect the 

more modern ranges of birth weights (Kuczmarski et al. 2000, Johnson et al. 2012). 

Concerns were also raised because the Fels data collection was restricted to a small area 

of Ohio, where the population was homogenously white, middle-class, formula-fed 

infants, and because data was collected every three months rather than monthly. 

Additionally, because the 0-36 month and 2-18 year data were collected from entirely 

different samples, the 2-3 year group was inconsistently assessed by the two references 

(Kuczmarski et al. 2000).  

Data for the CDC-2000 reference was obtained primarily from two cycles of the 

National Health Examination Survey (NHES) as well as three cycles of the National 

Health and Nutrition Examination Survey (NHANES), which occurred between 1963 and 

1994 (Kuczmarski et al. 2000). In addition to a more nationally representative sample, the 

reference also uses more advanced statistical smoothing methods, namely an adapted 
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version of the LMS method (Cole 1990, Kuczmarski et al. 2000). This smoothing method 

reduces the distortion of Z-scores outside the range of -3 to 3 (Kuczmarski et al. 2000).  

In the 1990s, the World Health Organization commissioned the creation of growth 

standards, forming the Multicenter Growth Reference Study Group (de Onis and Garza 

2006). It incorporated measurements of well-fed, healthy children from countries around 

the world, taken over a 6 year period. These measurements culminated in the WHO-2006 

reference sample (WHO Multicenter Growth Reference Study Group 2006a). The sample 

itself consisted of an international longitudinal study of a group of breastfed children 

from birth to 24 months, combined with cross-sectional data of children from 18-71 

months, all of which were described to be of relatively high socioeconomic status, with 

growth therefore “unconstrained” by environmental factors (WHO Multicentre Growth 

Reference Study Group 2006b).  

The World Health Organization then explored the possibility of creating a growth 

reference for children aged 5-19 (de Onis et al. 2007a). Acknowledging the difficulty of 

controlling the growth environment of older children, they sought to compile existing 

datasets from multiple countries. Differences in methodology between these studies were 

too great, and the committee opted to use data collected for the NCHS-1977 reference, 

supplemented by the WHO-2006 data, to ease the transition from the under 5 years 

reference to the new curves (de Onis et al. 2007a). Thus, the WHO-2007 reference does 

not represent a new dataset, but rather one smoothed to fit the WHO-2006 reference at 

the point of 5 years of age. 

Naturally, the multiple references available for use have prompted investigation 

into the differences between them. Comparing the CDC-2000 with the WHO-2006 

references yields the information that the studies vary mainly in weight for age, where the 

CDC children are heavier, and length/stature for age, where the WHO children are 

slightly taller and yielded tighter distributions (de Onis et al. 2007b). Differences in the 

weight for age references are not important to this study. However, greater variability in 

height for age may be advantageous, as it should reduce the number of children who fall 
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considerably outside the Z-score range of -3 to 3, after which there can be some distortion 

in calculations. 

 Comparison of the NCHS-1977 and CDC-2000 growth references found 

inconsistencies in calculating length/height for age for very small individuals (Eckhardt 

and Adair 2002). Stunting prevalence was found to be higher in infants when using the 

NCHS-1977, and inconsistent after 8.5 years of age. Eckhardt and Adair (2002) 

hypothesize that this is partially due to the updated reference sample, as well as the 

improved statistical methods employed. Likely, the larger variation in length for age in 

the CDC-2000 sample over the WHO-2006, due to data collection techniques (de Onis et 

al. 2007), contributes to the lower rates of stunting observed for infants.  

After considering all of the methods available, the CDC-2000 reference was 

selected for its simplicity of use and the fact that data was readily available for 

calculating Z-scores. It presented the additional advantages of having separate growth 

charts for recumbent length (birth to 36 months) and stature (2-18 years), information to 

calculate Z-scores for each month over the age range, as well as an improved smoothing 

method and Z-score calculation procedure that minimized the distortion of Z-scores at 

extremes of the distribution.   

The CDC-2000 growth charts are split into two: 0-36 months, during which 

recumbent length is measured, and 2-18 years where standing height, or stature is 

measured (Kuczmarski et al 2000). Growth during the second year of life can therefore 

be assessed using either reference. As the age categories employed in this study classified 

all children aged 0-3 years in one group, the recumbent length reference was employed 

for all children aged 0-3 years old, so as to keep continuity through the infant group. 

3.2.4. Extreme Z-scores 

In each coronial sample, several individuals yielded extreme height for age Z-

scores which were biologically implausible. This study was retrospective in design, 

rendering transcription errors highly possible, and the presence of mistakes was likely. 
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The World Health Organization recommends a cutoff range of +/- 6.0 Z-score units from 

0 for identifying potential data entry errors (World Health Organization 2006). However, 

for this study, the appropriate Z-score inclusion range should not exclude children 

presenting atypical growth, such as malnourished children. To better understand the 

range of Z-scores which would reasonably include these small for age children and 

exclude potential errors, a review of fatal child neglect cases was conducted. Cases where 

cadaver length and weight were reported were selected, and Z-scores for these 

individuals were calculated using the CDC-2000 reference (Wehner et al. 1999, 

Mimasaka et al. 2000, Fieguth et al. 2002, Kellog and Lukefahr 2005, Madea 2005, 

Solarino et al. 2012, Dettemeyer et al. 2014, Yamaoka et al. 2015). A total of 20 records 

of individuals aged 1 month to 8.5 years at death were used for this. Resulting Z-scores 

ranged from -5.67 to 0.08 (Table 3.2).  

Table 3.2:  Three highest and three lowest Z-scores for clinical reported cases of 
fatal child neglect reported in the surveyed literature 

Case 
number Source Age Sex Z-score 

1 Fieguth et al. 2002 3.5 years Female 0.08 
2 Solarino et al. 2012 1.3 years Female -0.89 
3 Yamaoka et al. 2015 1.5 years Female -0.25 
4 Mimasaka et al. 2000 6 years Female -5.60 
5 Yamaoka et al. 2015 1.3 years Female -5.42 
6 Wehner et al. 1999 5.9 years Male -5.67 

This review of cases indicates that in cases of extreme child malnutrition and 

starvation, Z-scores as low as -5.67 can be expected. Thus, the 2006 criterion of +/- 6.0 

Z-score units from 0 was in agreement with case findings, and was selected for use in this 

project. This selection criterion excluded 17 cases out of the total sample of 1256 cases. 

Only two cases were homicides, and the rest were accidents. Of the 17 cases, 12 were 

infants. Of the remaining 5 cases (3 children, 1 juveniles and 1 adolescent), three were 

deaths due to traffic accidents and two were due to unspecified blunt trauma. It is 

possible that these mechanisms altered or disfigured the body, leading to distorted or 

estimated rather than measured cadaver lengths, or that they are measurement errors. 
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3.2.5. Validating the accidental group as representative of normal growth 

A key assumption of this study is that the accidental deaths accurately represent 

the growth of the “normal” population, on which forensic methods are typically 

developed. However, researchers are increasingly aware that fatal accidents are not 

evenly distributed across the socioeconomic gradient (Singh and Kogan 2007). Although 

no socioeconomic data was collected for individual cases, one potential way to assess 

whether the accidental sample reflects the average population is to compare the sample 

directly to the growth reference to detect deviation from 0 in Z-score distribution. 

However, this comparison is complicated by the nature of the collected data, which 

consists of cadaver length, while the reference consists of recumbent lengths from birth 

until 36 months, and statures after 36 months. The infant cadaver lengths are directly 

comparable to the reference, but the cadaver lengths of the other age groups must be 

corrected into stature before direct comparison to the growth reference.  

In adults, recumbent length is known to be greater than standing height (stature) 

by somewhere between 1 and 4 centimeters on average depending on stature, sex, age, 

and time of the day (Tyrell et al. 1985, Bidmos 2005, Cardoso et al. 2016). In children, 

especially in the youngest, an error of a few centimeters can lead to large difference in Z-

score. Therefore, using the appropriate correction is essential to understanding whether 

the accidental sample reflects the growth of the average population. Studies of the 

relationship between recumbent length and stature are few in children, but all note that 

the difference between the two increases throughout the growth period (Krishan and 

Sharma 2002, Buyken et al. 2005). Cadaver lengths of the accident sample were 

converted to a corresponding stature using a regression method (Krishan and Sharma 

2002), except in the case of infants, where the growth reference is composed of 

recumbent length, and therefore the two measures already match. The Z-score for each 

accident case was then re-calculated, and the distribution of Z-scores for each collection 

was compared to 0 using a one sample t-test. 

To assess the effect of different correction methods on the assessment of deviation 

from the reference, cases of accidental deaths of males 17-18 years old, in which linear 
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growth has likely already completed, were selected from each coronial sample. Krishan 

and Sharma’s (2002) regression equation yielded a difference between recumbent length 

and stature of about 2 cm at the completion of growth. Although adult cadaver length has 

traditionally been considered to be 2.5 cm longer than standing height (Trotter and Gleser 

1952), recent research has suggested that this might be a minimum rather than a mean, 

and that the difference between cadaver length in an adult male sample (average cadaver 

length of 169.5 cm) and stature is closer to 4.3 cm (Cardoso et al. 2016). Stature was 

estimated using two regression methods (Krishan and Sharma 2002, Cardoso et al. 2016), 

as well as the most commonly used correction factor (Trotter and Gleser 1952). Height 

for age Z-scores were calculated, for each individual for each of the three obtained 

statures, and each group of Z-scores was compared against zero using one sample t-tests.  

3.2.6. Exploring differences in Z-scores between homicides and accidental 
deaths  

The distributions of Z-scores for each manner of death group within each age 

group and coronial sample were assessed visually for deviation from normality using 

histograms and Levene’s tests of homoscedasticity were used to test whether variances 

were equal between the Z-score distributions of the manner of death groups in order to 

select either the parametric Student’s t-test or the non-parametric Mann-Whitney u-test. 

Differences in mean Z-scores by manner of death groups were explored throughout the 

age range by using age categories previously described using independent sample t-tests. 

This was done to reflect both the biologically and socially related shifts in child mortality 

across the life span, as well as the biological mechanism of growth impairment over the 

age range, for example how environmental insults on growth compound over time, 

resulting in increasingly impaired growth in children exposed to chronic hardship as they 

age.  
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Chapter 4. Results 

4.1. Exploring differences in height for age between homicides 
and accidental deaths 

4.1.1. ANCOVA 

ANCOVA results show that length of the infants differed significantly between 

the coronial samples (SAMP, p=0.00), but not the manners of death (MOD). In the other 

age groups, height differed significantly between the manner of death groups (p=0.03) 

(Table 4.1). This suggests that in the older individuals, there is a difference in height for 

age between accident and homicide victims. This is not the case in the infant group, 

where the main differences in length for age exist between samples. 

Table 4.1:  F and p-values for ANCOVAS testing the effects of sample (SAMP) 
and manner of death (MOD) on length/height for age Z-scores 

 Infants Other groups 
 F p F p 

SAMP 3.94 0.00 1.33 0.26 
MOD 0.01 0.94 4.57 0.03 

SAMP*MOD 1.06 0.38 1.51 0.20 

A second set of ANCOVA tests were used to examine differences in height for 

age between the coronial samples and sexes. A significant effect of sample of length for 

age of infants (p=0.00) was found, and no significant effect of sex was found although 

the p-value was borderline significant at the 0.10 level (p=0.11) (Table 4.2). There was 

no significant effect of sex or sample in the older age categories. 
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Table 4.2: F and p-values for ANCOVAs testing the effects of sample (SAMP) 
and sex (SEX) on height for age Z-scores 

 Infants Other groups 
 F p F p 

SAMP 5.76 0.00 0.727 0.57 
SEX 2.64 0.11 0.01 0.91 

SAMP*SEX 1.00 0.41 0.17 0.20 

4.1.2. Validating the accidental group as representative of normal growth 

Values for the one sample t-tests between the height Z-scores obtained using 

Krishan and Sharma’s (2002) method and zero, for each age group and coronial sample 

in the accident victims are found in Table 4.3. The groups which have mean height for 

age Z-scores below zero are: Australian children and adolescent, infants from New 

Mexico, adolescents from New York City, and infants from Cuyahoga County. However, 

only the Cuyahoga County infants deviate significantly from the reference mean 

(p=0.00). Three more groups approach significant deviation from zero at a p level of 

0.10: New York City adolescents (p=0.08), New Mexico children (p=0.10), and 

Cuyahoga County children (p=0.11). 

Table 4.3: Test and p-values for one sample t-tests of height for age Z-score 
against zero for the accidents in each age group from each coronial 
sample. Standing height was estimated for the children, juveniles, and 
adolescents using Krishan and Sharma (2002). 

 Infant Child Juvenile Adolescent 
 t p t p t p t p 

Australia 0.91 0.37 -0.16 0.88 0.24 0.81 -0.80 0.43 

New Zealand 0.46 0.65 1.49 0.16 0.30 0.77 0.19 0.85 

New Mexico -0.70 0.50 1.74 0.10 0.79 0.44 - - 

New York 0.53 0.60 0.68 0.50 0.67 0.51 -1.31 0.19 

Cuyahoga 
County -4.94 0.00 1.66 0.11 1.36 0.18 0.39 0.70 
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A comparison of one sample t-test values obtained when correcting cadaver 

length into standing height using three different methods (Krishan and Sharma et al. 

2002, Trotter and Gleser 1952, Cardoso et al. 2016) is shown in Table 4.4. Krishan and 

Sharma (2002) yielded the smallest overall correction, and Cardoso et al. (2016) the 

largest. While only one coronial sample yielded a Z-score distribution which deviated 

significantly from zero (Cuyahoga County), two groups of mean Z-scores emerged: 

Australia and New Zealand and New York and Cuyahoga County. The second group 

showed means between -0.46 and -0.72, depending on the correction method, and the 

first had means between 0.07 and -0.25 (Table 4.6).  

Table 4.4: Comparison of the mean Z-scores and t and p-values for one sample t-
tests against zero when cadaver length is converted to standing height 
using three different methods.  

 Krishan and Sharma 
(2002) 

Trotter and Gleser 
(1952) 

Cardoso et al.  
(2016) 

 Mean t p Mean t p Mean t p 
Australia 

N=28 -0.08 -0.34 0.74 -0.17 -0.68 0.51 -0.25 -0.85 0.40 

New Zealand 
N=9 

0.07 0.20 0.85 -0.01 -0.04 0.97 -0.07 -0.17 0.87 

New York 
N=8 

-0.49 -0.70 0.50 -0.58 -0.82 0.44 -0.72 -0.87 0.41 

Cuyahoga C. 
N=15 

-0.46 -1.81 0.09 -0.55 -2.31 0.05 -0.68 -2.31 0.04 

4.1.3. T-Tests by age group 

Group Z-score means for all sample and manner of death groups within the infant 

age category ranged from -0.83 to 0.42, and from -0.42 to 0.71 for all other age 

categories (Table 4.5). The mean Z-score for the accident group is generally larger than 

that of the homicide group, except in six cases: Australian adolescents, New Zealand 

infants, children and juveniles, New Mexico infants, and Cuyahoga County infants. 

Comparisons where the homicide group shows smaller height for age Z-scores compared 

to the accident group sometimes reach statistical significance, while comparisons where  
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Table 4.5: Number of individuals (N), mean and standard deviation (SD) of length/height for age Z-scores by manner of 
death within each age category and sample 

 Infant Child Juvenile Adolescent 
 N Mean SD N Mean SD N Mean SD N Mean SD 

Australia             
Accident 50 0.18 1.40 21 0.09 1.55 18 0.28 1.60 95 0.14 1.20 
Homicide 39 -0.11 1.56 11 0.31 0.87 7 -0.10 0.70 29 0.33 0.87 

New Zealand             
Accident 38 0.12 1.44 13 0.70 1.35 9 0.71 1.27 36 0.27 0.90 
Homicide 17 0.42 1.57 8 0.71 1.06 3 1.01 1.31 16 -0.07 1.02 

New Mexico             
Accident 16 -0.33 1.92 25 0.66 1.48 19 0.48 1.63 - - - 
Homicide 34 -0.13 1.73 12 -0.31 1.53 4 -0.01 0.75 - - - 
New York             
Accident 59 0.11 1.56 26 0.38 1.80 26 0.36 1.32 65 -0.07 1.89 
Homicide 44 -0.38 1.58 11 0.22 1.75 9 0.18 1.94 91 -0.15 1.09 
Cuyahoga County            
Accident 95 -0.83 1.63 33 0.51 1.29 31 0.48 1.20 66 0.30 1.13 
Homicide 38 -0.50 1.60 19 -0.42 1.31 9 0.25 1.18 95 0.06 1.12 
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the homicide group shows a larger height for age Z-score than the accident group never 

reach significant t-values. 

None of the Levene’s tests were significant, indicating that t-tests were 

appropriate for use in all cases to assess whether differences existed between height for 

age Z-scores of accident and homicide victims across the age groups and samples. In the 

case of New Zealand juveniles, a Mann-Whitney was used due to small sample sizes, and 

the standardized Z-test statistic is reported (Table 4.6). Positive t-values indicate that the 

mean height for age Z-score of the homicide group is smaller than that of the accident 

group, and negative t-values indicate that the mean height for age Z-score of the 

homicide group is larger than that of the accident group.  Two categories, children in 

Cuyahoga County and in New Mexico, yielded significantly smaller height for age Z-

scores in the homicide group at a p level of 0.10 (Table 4.6). Differences for infants in 

New York City as well as adolescents in Cuyahoga County also yielded smaller height 

for age Z-scores in the homicide group but p-values were borderline significant at the 

0.10 level. 

Table 4.6:  F and p-values from independent sample t-tests of height for age Z-
scores between accidental deaths and homicides for each age group 
within each collection 

 Infant Child Juvenile Adolescent 
t p t p t p t p 

 
Australia 

0.91 0.37 -0.44 0.66 0.60 0.56 -0.76 0.45 

 
New Zealand 

-0.73 0.47 -0.06 0.96 -0.65 0.52 1.23 0.22 

 
New Mexico 

-0.38 0.71 1.85 0.07** 0.58 0.57 - - 

 
New York 1.57 0.12* 0.24 0.81 0.30 0.77 0.33 0.74 

Cuyahoga 
County -1.05 0.30 2.51 0.02*** 0.51 0.61 1.39 0.17* 

*** p<0.05; ** p<0.10; * p<0.20. 
New Zealand juveniles were compared using a Mann-Whitney U, the 

standardized Z-test statistic is shown 
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While there is no patterning of t-values in Australia and New Zealand, in the other 

three coronial samples (New Mexico, New York and Cuyahoga County), the accident 

victims were consistently longer/taller than the homicide victims. This difference seemed 

largest in the child category, where the two largest t-values of the entire sample were 

obtained. Adolescent may also show a larger difference in Z-scores, however no 

adolescents were available for assessment from New Mexico.  

Of the cases where the individuals in the accident group are smaller/shorter than 

the homicide group, New Zealand children had practically identical height for age Z-

score means for the manner of death groups (accident=0.70, homicide=0.71), and the t-

test was the least significant (p=0.96). The juvenile group in New Zealand also had 

smaller/shorter accidents victims than homicides, but the sample size for the homicide 

group was quite small (N=3).  In two more cases, infants in New Mexico and infants in 

Cuyahoga County, the victims in the accident group ware quite small/short (mean Z-

scores=-0.33 and -0.83, respectively).  
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Chapter 5. Discussion  

5.1. Using accidental death as a comparative group 

In this study, accident victims were used as a proxy for the population on which 

age estimation methods are developed. Selecting a local group of children for comparison 

is advantageous because it creates a control group that is subject to some of the same 

environmental pressures as the homicide group, and controls for potential secular effects 

and any problems of representativeness with the reference sample. The accidental death 

group is therefore assumed to represent a healthy cross-section of the population. This is 

a key assumption which if valid would allow for more straightforward conclusions about 

the difference in growth between the reference and target populations of forensic age 

estimation methods. Fatal accidents, however, are not distributed evenly across the 

population. The risk for accidents is higher in the disadvantaged end of the 

socioeconomic gradient (Dougherty et al. 1990, Engström et al. 2002, UCL Institute for 

Health Equity 2015). Thus, the sample of accidental deaths used in this analysis may not 

accurately represent the demographic group of children on which age estimation methods 

tend to be developed, although it may reflect the average population more closely than 

the homicide group.  

Because the accident group used in this analysis is likely composed of a larger 

proportion of disadvantaged children than the general population, their growth may also 

be somewhat compromised. Thus, differences in growth found between the accidental 

death and homicide groups in this study should be taken as conservative estimates of real 

differences between average children and the forensic sample.  
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5.2. Conversion from cadaver length to stature  

In order to better understand how the how well the accidental death group 

represented the average population, cadaver length was converted into standing height 

(stature) and compared to the CDC-2000 growth reference. Only one method for 

converting between cadaver length and stature in children was available (Krishan and 

Sharma 2002), which is a simple linear regression formula purported to be applicable 

through the adolescent growth spurt.  To better understand the performance of this 

method, it was compared to two other methods meant for use in adult males, using all 17 

year-old male accident victims in the sample. 

In the 17 year-old male group, Krishan and Sharma (2002) yielded the smallest 

average correction of the three tested methods. This suggests that in the adolescents, and 

possibly throughout the rest of the age range, Krishan and Sharma (2002) provided 

estimates of stature which were taller than the true stature. This impacts the interpretation 

of the growth status of the accident victims. In the Cuyahoga County 17 year-old male 

group, a correction using Krishan and Sharma (2002) yielded a negative deviation from 

the reference sample significant at the 0.10 level (p=0.09), while correcting using the 

Trotter and Gleser (1952) factor yielded a more significant negative deviation (p=0.05). 

This suggests that cases of borderline negative deviation from the sample should be 

considered carefully, as using another conversion method may yield significant deviation 

from the sample. 

Using Krishan and Sharma (2002) was necessary because no other method for 

converting between cadaver length and stature was available for children. However, the 

correction obtained may be smaller than the actual difference between the two 

measurements. Thus, accident victims may actually be considerably shorter than the 

reference, but results were not significant due to problems with stature correction. Results 

from this analysis should again be considered a conservative estimate of deviation from 

the reference. When deviations from the reference are significant this indicates that 

growth of children the accident sample is compromised.  
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5.3. Findings by age groups 

The age groups were assigned based on changes in growth velocity, but they also 

hold meaning in terms of changing injury and victimization patterns. For example, 

children and infants are more dependent on their families for food and care than 

adolescents, and are accordingly more likely to become victims of caretakers rather than 

acquaintances and strangers (Christoffel 1990, Finklehor 1997, Alder and Polk 2001). 

Thus, exploring trends in differences in height for age Z-scores between manner of death 

groups in conjunction with knowledge about shifting mortality patterns can yield a deeper 

understanding of why differences between the groups arise. 

The ANCOVA analysis for the infants indicated differences in length between the 

coronial samples rather than the manner of death groups, however difference between the 

manner of death groups was not uniformly absent from all coronial samples. T-test results 

from both the Australian and New Zealand samples suggested that there was no 

difference in growth between the accident and homicide victims, but results from infants 

in New York City showed that infants in the homicide group were smaller for age than in 

the accidental death group. This makes sense considering the high proportion of deaths 

related to child abuse and neglect (31.82%) compared to other samples in the analysis.  

Results from New Mexico showed that infants in the homicide group were longer for age 

than in the accidental death group. However in this case the accidental death group may 

not be representative of the normal population, as they are small for age compared to the 

growth reference. In Cuyahoga County, no significant differences were found in growth 

status between the homicide and accident victims, but the accidental death group also did 

not reflect the average population.  

The preliminary ANCOVA test for the coronial samples combined, for all age 

groups besides the infants, suggested that the victims in the homicide group were shorter 

for age than those in accidental death group. As with the infants, results for the child age 

group from Australia and New Zealand indicated that there was no difference in growth 

status between the manner of death groups. On the other hand, the New Mexico and 
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Cuyahoga County both showed that the homicide victims were shorter than the accident 

victims, although in both cases children in the accidental death group is slightly taller 

than the reference sample. In the New York sample, the homicide victims were slightly 

smaller for age than the accident victims. 

Interpretation of results in the juvenile age category is complicated by the small 

sample size within these groups. In Australia and New Zealand, no difference in growth 

status was found between the manner of death groups. Although no difference was found 

in the samples from the United States, there is a continuation of the tendency for 

homicide victims to be shorter than accident victims.  

Adolescents in Australia did not differ in growth status between the manner of 

death groups. New Zealand homicides victims were shorter than the accidental death 

victims, but not significantly. No difference in growth between the manner of death 

groups was found in New York City. In this case the homicide victims were shorter for 

age than the accident victims but the accidental victims were also short for age compared 

to the reference. Although this difference between manner of death groups was not quite 

significant, it might be stronger if another method was used to convert between cadaver 

length and stature. In Cuyahoga County, the homicide victims were also shorter for age 

than the accident victims, albeit not statistically significantly so. 

5.4. Trends across the age range 

In the infant age category, more variation in length for age was seen between the 

samples rather than between the manners of death. This may be due to the interaction of 

several factors besides manner of death, which include a link between socioeconomic 

inequality and infant mortality rates, infant vulnerability and associated difficulties with 

classifying manner of death, and the process through which stressors impact growth that 

may be dependent on the sample. 
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Social inequality is positively correlated with infant mortality (Babones 2008). 

Areas characterized by lower socioeconomic status tend to have higher rates of negative 

health and lifestyle behaviours both during and after gestation, which leads to high rates 

of negative birth outcomes (UCL Institute of Health Equity 2015). The United States has 

high inequality and high infant mortality rates compared to other high income countries 

such as Australia and New Zealand (Kim and Saada 2013). This effect may be reflected 

in the results from New Mexico and Cuyahoga County, where accident victims are 

smaller for age than the reference sample, suggesting that there is a higher risk of 

accidental death for infants from lower socioeconomic groups in these samples. This 

effect does not seem to be at play or is less strong in the Australian and New Zealand 

samples, where there is less socioeconomic inequality. Reduced inequality in Australia 

and New Zealand means that homicide victims in these samples are less impacted by 

negative health environments associated with low socioeconomic status than homicide 

victims in the United States. 

Infancy is a particularly delicate period of life, during which infants are dependent 

on caretakers. They are not yet able to escape or hide from threatening situations, and the 

way in which they communicate their needs, through crying, can be distressing and 

irritating for caretakers. Homicide in these situations can stem from a single violent 

disciplinary response from a caretaker (Cavanagh et al. 2007). On the other hand, because 

infants are so vulnerable, precise manner of death can be difficult to determine. 

Determining between an accidental fall and a homicidal push or drop, or between 

accidental asphyxia in sleep and homicidal suffocation using a soft object for example, 

can be nearly impossible (Goetting 1995). In some cases, a full autopsy may not be 

conducted in order to spare the family further trauma, which could mean missing 

indications of homicide (Alder and Polk 2001). The difficulty of assessing manner of 

death may be affecting the results in this age category, and concealing any significant 

differences between the manner of death groups. 

Lastly, environmental stressors affect growth if they are acting on a child over the 

long term (Gilmour and Skuse 1999, Ehouxou et al. 2009). On the short term, child 
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neglect and abuse has been linked with weight loss (Karp et al. 1989). Perhaps 

differences between the manner of death groups would be better explored in weight for 

age in this group as a precursor to differences in length for age. This difference in weight 

for age, however, would not impact skeletal age estimation. 

The child age category captures an age when children are more mobile and 

independent, but daily routine is still largely supervised by caretakers (Christoffel 1990, 

Finklehor 1997, Alder and Polk 2001). Because many are not yet attending school, they 

are not regularly interacting with individuals outside of their family group, and remain at 

risk for abuse and neglect (Christoffel 1990, Finklehor 1997). Increased mobility 

compared to infancy reduces the risks associated with accidental drowning (often in 

bathtubs), asphyxia in sleep, and other causes which infants cannot protect themselves 

against. Reduction in fatal accidents due to these causes, combined with an increased 

certainty in assigning cause of death, may work to reduce socioeconomic bias in the child 

accidental death groups. However, this was not supported by the results: this is also the 

age group in which the highest proportion of coronial samples show accident groups 

which negatively deviate from the reference sample. 

Children from lower socioeconomic contexts have been exposed to adverse 

growth environments over a longer period of time than the infants. The accumulation of 

environmental insults over a lifetime means that child homicide victims may show more 

growth deficits than the infants did. This was supported by the results, as this is the age 

group in which the highest proportion of coronial samples have homicide groups which 

are significantly shorter for age than the homicide victims. 

The juvenile age category is somewhat difficult to interpret, because it is a 

transitional time. Children are increasingly insulated against accidents and homicides 

perpetuated by caretakers, but they are too young to engage in risky behaviour alongside 

their peers (Christoffel 1990). Mortality is thus lowest in this group, and cause of death is 

expected to be a mix of the patterns found in the child and adolescent categories. Indeed, 

sample sizes in this group are smaller than all other groups: in the case of New Zealand 



 

45 

only 12 individuals are included in this group. None of the results from this age group 

were significant, potentially because of the reduced risk of mortality or lack of power due 

to sample size. 

The adolescent age group represents a time when children begin to pull away 

from the family and engage in potentially risky behaviour away from the home 

(Christoffel 1990, Finklehor 1997, Muftić and Moreno 2010), perhaps changing the 

demographic of victims in both the accident and the homicide groups, as the homicide 

group becomes dominated by male victims, who are often killed in connection with 

another crime (Muftić and Moreno 2010). In the accident group, we can expect to see 

more traffic accidents, which are more common in lower socioeconomic status groups 

(UCL Institute of Health Equity 2015). Australia is the only sample in which adolescents 

in the homicide group are not shorter for age than those in the accident group, however 

New York City is the only sample in which accident victims are shorter for age than 

expected, potentially reflecting a greater proportion of low socioeconomic status 

individuals than in other samples. 

Differences in growth between the manner of death groups in the infants may be 

affected by external factors such as cause of death classification and socioeconomic 

variation between the manner of death groups in infant mortality rates. Children show the 

most differences in growth between the manner of death groups. Juveniles show the least, 

potentially due to small sample sizes in this age group. Adolescents show more 

differences in height for age between the groups than the juveniles, but less than the 

children. Trends in the differences between the manner of death groups across the age 

range are potentially due to shifting mortality patterns, which may reflect shifting 

socioeconomic composition of the manner of death groups. In infancy, accidents occur in 

greater rates in low socioeconomic groups, which may blur the distinction in growth 

between accident and homicide victims. The gradient may persist in the child and 

adolescent age categories. 
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5.5. Findings by coronial samples 

Differences in height for age between the manner of death groups are not 

consistent across the samples: all cases where homicide victims are significantly shorter 

than the accident victims occur in U.S. coronial samples. For this reason, trends in 

differences in height for age may be clarified by examining patterns within each coronial 

sample.   

In the infant group, Australia showed no significant difference in growth between 

the groups, and the homicide victims were slightly shorter for age than the accident 

victims. No consistent trends were seen for the rest of the age range. In no age category 

was the difference in growth significantly different between the groups. In addition, in 

two groups (children and adolescents) the homicide group was slightly taller for age than 

the accident group, while in the third one (juveniles) the opposite was true. Overall, the 

homicide and accident groups do not differ significantly in Australia and whatever small 

differences are detected are inconsistent: in some cases the homicides are shorter for age 

than the accidents, and in others they are taller. 

New Zealand infants did not show a significant difference between the manner of 

death groups, although the homicide victims were slightly smaller for age than the 

accident victims were. In the other groups, no consistent trend was obvious. In the child 

and juvenile age categories, the groups were very similar, although the homicide victims 

were slightly taller for age than the accident victims. The opposite was true for the 

adolescent group, where homicide victims were slightly shorter than the accident victims. 

Overall, there was no obvious trend in difference in growth between the manner of death 

groups throughout the age range in New Zealand. 

In New Mexico, the infants showed no significant difference between the manner 

of death groups, but the accident victims were somewhat smaller than average children 

included in the CDC-2000 reference. In both the child and the juvenile groups, the 

homicide victims were shorter for age than the accident victims, although this difference 
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was only approaching significance in the children. These results show that in New 

Mexico, there is a consistent tendency for the homicide victims to be shorter for age than 

the accident victims, although not always statistically significantly so. 

In New York City, homicide victims were consistently smaller/shorter for age 

than accident victims in all age groups, and only in infants did these differences seem to 

be significant. The difference in growth status between the homicide and accident group 

was likely underestimated in the adolescents, where the accident victims are shorter than 

the reference.  

Infants in Cuyahoga County had the same finding as those in the New Mexico 

sample, where the accident victims were smaller for age than average infants as indicated 

by the CDC-2000 reference. Throughout the rest of the age range, homicide victims were 

consistently smaller for age than accident victims at varying levels of significance. In 

Cuyahoga County, there is a consistent tendency for the homicide group to be shorter for 

age than the accident group.  

5.6. Trends in the samples: Australia and New Zealand versus the 
United States  

Examination of trends in the coronial samples excluding infants, reveal two 

distinct trends emerging between the samples. Australia and New Zealand show 

inconsistent, never significant, differences between the groups. In contrast, coronial 

collections from the United States (New Mexico, New York City, and Ohio) seem to be 

showing a consistent, although variably strong, difference in height for age between the 

accident and homicide groups.  

Differences between the Australian and New Zealand samples and those from the 

United States are apparent from analysis of difference in growth status between the 

manner of death groups. In Australia and New Zealand, the strongest difference between 

the manner of death groups is seen in the New Zealand adolescents, but the United States 
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collections have three categories which show more significant differences: New Mexico 

children, and Cuyahoga County children and adolescents. The magnitudes of the 

differences seen between the manner of death groups in the United States are not present 

in Australia and New Zealand. For the U.S. coronial samples, homicide victims are 

smaller/shorter for age than accident victims. This is not the case in Australia and New 

Zealand, where the differences between the groups are inexistent or inconsistent in 

direction. 

This divide between the two groups of coronial samples is further supported by 

the difference in mean length/height for age Z-score between the samples in each manner 

of death group. Homicide victims in the United States are shorter for age than those in 

Australia and New Zealand. This is not simply a case of children from Australia and New 

Zealand being taller for age: children in the accident groups from all coronial samples are 

quite similar in mean height for age Z-scores throughout the age range. Overall, homicide 

victims are shorter for age in the United States than they are in New Zealand and 

Australia, and have potentially been exposed to more growth insults over their lives.  

Further support for differing trends across the sample is found when accident 

victims are compared to the reference sample for deviation from zero in order to assess 

the validity of the accidental death sample. In Australia and New Zealand, the accidental 

death sample never deviated significantly from the reference sample. In coronial samples 

from the United States, deviation was more frequent. This occurred both significantly at 

the 0.10 level (Cuyahoga County infants, New Mexico children), as well as borderline 

significantly at this same level (Cuyahoga County children). Deviation from the reference 

sample may be even more frequent in the United States samples, considering that the 

method used to convert cadaver length to standing height may have underestimated it 

significantly.  

When growth of children in the accidental death group deviates significantly from 

the reference sample, this suggests a relatively higher proportion of lower socioeconomic 

status individuals in the accident group. Consequently, this group does not represent an 
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accurate cross-sectional sample of the overall population. This is either because of the 

socioeconomic context of the sample, yielding a greater proportion of children who are 

shorter for age than healthy normal children, or because fatal accidents are 

disproportionately affecting children of lower socioeconomic status. In both cases, the 

increased frequency of cases in which individuals in the accidental death sample are 

smaller/shorter for age than the reference in the United States compared to Australia and 

New Zealand indicates a further impact of social inequality on the samples.  

Differences in growth status between the accident and homicide victims in the United 

States samples are potentially conservative estimates of real differences, because the 

differences found between the growth of children in the accident group and the reference 

sample in the U.S. samples suggest that the accident group is less representative of the 

general population. Children in the accident group are likely smaller/shorter for age than 

the general population, and thus the difference in growth status between the homicide and 

the accident victims presented in this study may be an underrepresentation or 

conservative estimation of the difference in growth between the general and forensic 

population in the United States. This is not necessarily the case in Australia and New 

Zealand, where the comparison is more likely to be accurate. 

This difference in results between coronial samples from the United States and 

those from New Zealand and Australia may result from the fact that the United States is a 

much more socioeconomically unequal country. Socioeconomic inequality has been 

linked to poorer health, higher rates of child maltreatment, higher homicide rates, and 

higher rates of infant mortality (Lee and Bankston 1999, Daly et al. 2001, Wilkinson and 

Pickett 2006, Nadanovsky and Cunha-Cruz 2009, Kim and Saada 2013, United Nations 

Children’s Fund 2014). Several measures are available to measure socioeconomic 

inequality (e.g.: Theil index, Atkinson index), but the Gini coefficient is the most widely 

calculated indicator, and has been correlated to negative health outcomes by various 

researchers (Babones 2008, Roberts and Willits 2015). The Gini ranges from 0 to 1, with 

higher numbers indicating higher income inequality. 
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A robust examination of the correlation of economic inequality with differences 

in growth is beyond the scope of this study and would require data from many more 

coronial bodies in more countries. Additionally, each organization calculates the Gini 

coefficient slightly differently. This makes direct comparison between the samples in this 

study difficult: the Gini is calculated by the Organization for Economic Co-operation and 

Development (OECD) for Australia, New Zealand, and the United States, and is given for 

geographies within the United States (New Mexico, New York, and Cuyahoga County) 

by the U.S. Census Bureau. These are not reconcilable.  

Even with the small sample size, there seems to be a relationship between the 

national Gini coefficients (as calculated by averaging OECD-provided values for 

available years between 2008 and 2010) and the differences in growth seen in this study. 

The U.S., which has the highest Gini coefficient (0.379), showed more consistent 

differences between the homicide and accident groups than either Australia or New 

Zealand, which had smaller Gini coefficients (0.335 and 0.327 respectively). Although 

these observations are based on a very limited sample of cases, it follows that in areas 

with higher inequality, differences in growth between the general and forensic 

populations may be more pronounced. Growth differences between the accident and 

homicide victims seem to vary across contexts, with higher levels of socioeconomic 

inequality yielding greater differences between the groups. This means that in countries 

or settings with greater socioeconomic inequality, the difference in growth between the 

general and forensic populations will be greater. 

Differences in growth between the general and forensic populations seem to be 

linked to social inequality. Consequently, the difference in growth between these groups 

is likely to be limited in relatively equal countries such as Australia, but is more 

pronounced in unequal countries like the United States. This may be even more marked 

in developing countries with higher inequality, where the highest rates of child homicide 

occur (United Nations Children’s Fund 2014). Here, the impact of the difference in 

growth between the population on which methods are developed and used is even more 

important, as methods are developed on healthy children living in developed countries 
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and yet are used on children growing in disadvantaged settings within developing 

nations. Given that children are a more significant component of forensic anthropology 

casework in developing nations, these differences in growth are particularly important to 

recognize when choosing, applying and interpreting the results of juvenile age estimation 

methods in these countries. 

5.7. Importance of findings for forensic age estimation 

Throughout the analysis, conservative methodological choices, such as using the 

accident group as a comparison, were made to raise confidence in the findings. Even the 

small differences in linear growth found in this study, however, result in measurable 

differences in height, which can be translated in differences in long bone length, and 

therefore in age between children in the accident and homicide groups or between the 

general and forensic population.  

To gauge the impact on age estimation that these difference might have, the mean 

difference between the length/height for age Z-scores of the accident and homicide in 

New York infants and in New Mexico and Cuyahoga County children were converted 

back to age using the reference samples (Kuczmarski et al. 2000). The Z-score 

calculation formula was re-arranged to solve for height. Height at the beginning and end 

of the age range in infants and children was calculated using the LMS parameters for the 

age and sex group and the difference in mean Z-score for that comparison. For the infant 

group, the “beginning” of the age range was set at 1 year, because beginning at birth 

would yield a negative age. Obtained height or length at the beginning and end of the age 

category was then compared to the reference sample to find the age in months at which it 

most closely matched the 50th percentile. The difference between that age and the original 

age (either the beginning or end of each age category) was obtained as an estimate of the 

overall difference in skeletal ages at the same chronological age between the accident and 

homicide groups. This estimate of the difference in skeletal ages assumes that a 
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measurable difference in mean height for age is a good proxy for difference in mean long 

bone length for age.  

The difference between skeletal ages at the same chronological age ranged from 1 

to 3 months in infants and 6 to 10 months in children. In a forensic investigation, where 

age is estimated from skeletal remains, children who are several months behind the 

average general population may be included in the 95% prediction interval of a well-

crafted method, but the portion of cases whose real age is missed in the 95% prediction 

interval would be larger than 5%. For example, Stull et al. (2014) found a 95% prediction 

interval for age estimation from diaphyseal length of the femur that ranged from 2 

months at birth to 5 years at 12 years of age, so between 1 month and 2.5 years on either 

side of the point estimate at various points in the age range. The difference in skeletal age 

of 10 months at the chronological age of 7 years between the means of the general and 

forensic groups found in this study implies that even the average forensic child will be in 

the youngest end of the prediction interval provided by Stull et al. (2014). Children who 

are even shorter than the forensic group mean may be excluded.  

This growth delay can be expected to extend to other age and maturity indicators. 

While long bone length is a popular way of estimating juvenile age (Stull et al. 2014), 

methods based on growth indicators such as epiphyseal union and dental development 

can also be used. Other researchers have found an effect of socioeconomic status on 

hand-wrist age skeletal age estimation (Schmeling et al. 2000). Because dental 

development is less affected by environmental factors, dental age estimates would be less 

impacted by the differences in linear growth found. However, dental development is not 

completely insulated against these pressures (Cardoso 2007), and differences in 

maturation between a healthy population and the forensic sample still have the potential 

to influence age estimates. 

The results of this study did not find consistently significant differences between 

the forensic and general population on which skeletal age estimation methods are 

developed. However, the consistent trend for the forensic population to be shorter than 
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the general population means that there is potential for methods to yield inaccurate or at 

least biased results when they are developed on the a health population and used on a 

forensic population. The notion that the reference sample should match the target 

population is not new to physical anthropology (Lampl and Johnston 1996, Saunders 

2000, Franklin 2010), however it is particularly relevant in forensic contexts. The growth 

deficit that might exist between the general and forensic populations may delay or 

prevent correct victim identification by means of an inaccurate age estimate.  

5.8. Limitations of the study 

This study presents several limitations, which result from the type of data used: 

cadaver lengths taken at autopsy. First, as cadaver lengths were recorded by various 

technicians working within several organizations, there is a legitimate concern with the 

consistency of cadaver length measurement methods. Using a group of accident victims 

to compare to homicide victims within each coronial sample controls for these 

inconsistencies in measurements, as the same cadaver measurement methods are applied 

to both the accidental death and homicide groups.  

Additionally, cadaver length is used in this analysis as measurement of linear 

growth. In a forensic investigation, long bone length, not cadaver length, would be the 

measurement taken to estimate age. However, differences in growth will also exist in the 

long bones of the body, which contribute to making up stature or cadaver length. 

Lastly, using the homicide group as a representation of the forensic anthropology 

population may not be perfect comparison. Little is known about the makeup of the 

forensic anthropology population, but it is likely to be largely composed of homicide 

victims. The homicide group is therefore most appropriate proxy for the forensic 

anthropology population from which data can be readily obtained, although some 

difference in the magnitude of the growth delay between the forensic and general 

populations and the homicide and accident victims can be expected.  
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Chapter 6. Conclusion 

This study drew upon cadaver lengths collected during autopsies of children 

performed between 2002 and 2015 in Australia, New Zealand, and the United States to 

compare the growth status of the general and forensic populations. Two research 

questions were posed. 

First, do differences in growth occur between accident victims, which represent 

the normal population, and homicide victims, which represent the forensic population? 

Differences in growth between the homicide and accident victims did not occur 

uniformly throughout the samples and age groups. When differences were statistically 

significant, the homicides were always shorter for age than the accident victims. In 

Australia and New Zealand, homicide and accident victims did not differ in growth 

status. In samples from the United States, homicide victims were always shorter for age 

than accident victims. The lack of difference between the manner of death groups in 

Australia and New Zealand compared to the differences found in the United States may 

be due to greater socioeconomic inequality in the United States than in either Australia or 

New Zealand. 

Second, does the accidental death sample accurately represent the normal 

population? The accident victims rarely deviated significantly from the reference sample, 

indicating that in most cases the accident group was an appropriate comparison for the 

average population. However, the method used to obtain stature from cadaver length may 

have overestimated stature, thus underestimating the difference between the accident 

victims and average, healthy children. When differences did occur between the accident 

victims and the reference sample, they were in samples from the United States. This 
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indicates that the growth deficit of homicide victims in samples from the United States 

may be underestimated. 

Homicide victims tend to be smaller/shorter for age than accident victims, 

although the strength of that difference seems to be linked to socioeconomic inequality. 

Forensic anthropologists should carefully consider the samples from which they derive 

skeletal age estimation methods intended for use in a forensic context, as the growth 

differences between the groups could slow or halt victim identification.  
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