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Secular trends in the skulls of populations in the United States have occurred 

since the 1850s, and include an increase in cranial vault height and length and a 

narrowing of the cranial vault and face.  Studies of the influence of dietary consistency 

on craniofacial development suggest that softer diets are associated with smaller facial 

dimensions and narrower crania.  This study investigates the possibility that 

advancements in food processing and other historical changes in diet have altered the 

biomechanical environment associated with mastication, and have influenced 

craniofacial development.     

Changes over time in morphometric and radiographic data from the 

temporomandibular joint (TMJ) were examined in black and white U.S. populations with 

dates of birth ranging from the 1850s to the present.  Variables include mediolateral and 

anteroposterior dimensions of the condyle and temporal aspect of the joint, the slope of 

the articular eminence, and condylar bone density.  Tooth wear was scored for all 

individuals to provide morphological evidence for dietary change over time.  Preliminary 

studies to assess the connection between TMJ morphology and masticatory behavior 
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were also performed using nonhuman primate species that vary in ingestive behavior, 

as well as comparisons of individuals with and without teeth. 

 Preliminary studies indicate a relationship between TMJ morphology and 

mastication. Nonhuman primate species with tougher diets exhibited relatively wider 

condyles, and edentulous individuals exhibited a reduction in condylar bone density.  

Degree of tooth wear decreased over time for all populations, supporting a shift to a 

softer and less-demanding diet.  Dimensions of the TMJ did not exhibit historical change 

aside from an increase in the anteroposterior dimension of the temporal aspect of the 

joint.  Slope of the eminence decreased at the lateral aspect of the joint for white males 

and females only.  Additionally, trabecular density in the condyle was shown to 

decrease over time relative to measures of systemic bone density.  This study indicates 

some connection between U.S. dietary changes and the morphology of the 

temporomandibular joint.  However, the subtlety of these morphological changes 

suggests that historical changes in dietary habits have not affected the morphology of 

the rest of the skull.  
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CHAPTER 1 
INTRODUCTION 

Change over time in skeletal morphology has been examined in a variety of 

populations over various temporal spans (e.g., Carlson and Van Gerven 1977; Goose 

1981; Kaifu 1997; Little et al. 2006).  Ultimately, the underlying theme of these studies is 

to examine factors influencing skeletal growth and development, including genetic 

contributions, changes in health and nutrition, and variation in the biomechanical 

environment.  The relative contribution of these factors is dependent upon population 

history, which may involve changes in lifestyle, technological advancements, and 

migration of populations.  Therefore, when studying secular trends in the skeleton, 

concurrent changes in factors that influence skeletal morphology must be considered in 

order to understand the driving factors for these trends. 

Morphological changes in craniofacial form can be complex in that different 

dimensions of the skull may exhibit a combination of trends over time, with certain 

dimensions increasing while others decrease.  This is the case for recent secular trends 

in the United States, which suggests that several different factors may be influencing 

the skeletal change in these populations.  This study examines craniofacial secular 

trends observed in the United States in relation to one causal factor in particular: 

changes in masticatory function resulting from changes in diet.  In general, this study 

aims to provide some insight into the degree of craniofacial plasticity in U.S. 

populations.       

Secular Trends in the United States 

Studies of U.S. secular trends have examined morphological change in male and 

female European and African Americans since the mid-19th century using several 
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different approaches, including linear measurements on dry skulls from skeletal 

collections or recent forensic cases (Angel 1976; Jantz 2001; Jantz and Meadows Jantz 

2000; Martin and Danforth 2009; Moore-Jansen 1989), measurements on head 

radiographs (Hunter and Garn 1969; Smith et al. 1986), or a two-dimensional 

morphometric approach (Wescott and Jantz 2005).  Overall, these studies found that 

the degree of change in vault dimensions is greater than that observed in the face.  All 

groups increased in vault height, and decreased in the breadth of the vault and face.  

However, the increase in vault height in African Americans occurred only recently, and 

increases in cranial length and facial height were only significant in Europeans (Angel 

1976; Jantz 2001; Jantz and Meadows Jantz 2000; Smith et al. 1986; Wescott and 

Jantz 2005).  Additionally, Wescott and Jantz (2005) clarified that the increases 

observed in vault height were mostly due to increases in cranial base height.  Measures 

of facial depth (the anteroposterior dimensions of the face) were found to increase in 

Europeans and decrease in African Americans (Hunter and Garn 1969; Jantz 2001; 

Moore-Jansen 1989; Smith et al. 1986).  Mandibular changes generally mirrored those 

observed in the cranium, and include a decrease in breadth dimensions, an increase in 

anteroposterior dimensions, and a possible increase in vertical dimensions (Martin and 

Danforth 2009; Smith et al. 1986).  Therefore, overall, secular trends in the skull 

suggest an increase in vault height and length, a narrowing of the vault and face, and 

an increase in vertical height in the middle and upper face.  

Possible Causes 

In general, explanations for secular change involve a combination of genetic and 

environmental factors, with the relative influence of these factors being population-

specific.  Studies of trends in the U.S. propose several different contributing factors 
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influencing skeletal change.  Some have suggested that genetic changes due to a 

reduction in infant and childhood mortality could affect skeletal morphology.  This 

relaxation of selection would result in a greater variance in growth potential, and would 

possibly account for observed secular changes (Jantz 2001; Jantz and Meadows Jantz 

2000; Martin and Danforth 2009; Wescott and Jantz 2005).  However, this assumes the 

existence of genetic differences between survivors and non-survivors with respect to 

craniofacial growth potential, the likelihood of which is unclear.  Additionally, while a 

reduction in child mortality rates could explain a greater variance in morphology within a 

population, unidirectional change due to this factor is implausible unless selection was 

previously acting against certain craniofacial shapes.  Admixture between populations 

has also been proposed to contribute to fluctuations in skeletal form, but often appears 

to be insufficient to explain secular change (Angel 1976; Jantz and Meadows Jantz 

2000; Wescott and Jantz 2005).  Since this explanation predicts that morphology of 

populations living in the same area would become more similar with increasing 

admixture, it does not account for instances where these populations exhibit change in 

the same direction.   

The authors of most studies of United States secular trends suggest that the 

most likely contributor to skeletal change involves improvements in nutrition and health 

over time (Jantz 2001; Jantz and Meadows Jantz 2000; Moore-Jansen 1989; Wescott 

and Jantz 2005).  In general, poor nutrition is associated with a decline in growth rates 

and stature (Larsen 1995).  Trends in stature in the United States, however, indicate an 

increase over time since the mid-19th century, particularly in the length of the distal 

portions of the limbs (Meadows Jantz and Jantz 1999; Trotter and Gleser 1951).  
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Cranial vault height has been noted to follow a similar secular trend as the long bones, 

suggesting that their growth and development are being influenced by similar forces 

(Jantz and Meadows Jantz 2000).  Therefore, if stature is assumed to respond to 

changes in nutrition and health, cranial vault height may be doing the same.  Jantz and 

Meadows Jantz (2000) do not present comparisons of trends in stature to other 

craniofacial dimensions, however, suggesting that these measurements may not pattern 

as similarly to changes in the long bones.  Further, no explanation is offered for the 

narrowing of the face and vault, which is not expected to occur with overall 

improvements in health.   

It is logical to assume that changes over time in factors that influence skeletal 

growth, such as health and nutrition, would play a role in driving craniofacial secular 

trends.  However, this suggestion is proposed without much explanation as to what 

exactly these health and nutritional changes entail, and why they would have such 

effects on the craniofacial skeleton.  The rationale for this position includes a reduction 

in infant mortality, but it is not clear if and how this reduction has affected overall growth 

potential (Jantz and Meadows Jantz 2000; Wescott and Jantz 2005).  Wescott and 

Jantz (2005: 242) state that “diet has improved to the point where overnutrition has 

surpassed undernutrition as our most serious malnutrition problem.”   However, 

overnutrition does not necessarily equate to better nutrition.  With developments in food 

processing, there has been an increase in consumption of refined sugar, vegetable oils, 

salt, and fatty meats which has decreased the overall nutritional quality of the U.S. diet 

(Cordain 2007; Cordain et al. 2005).  The effects of these nutritional changes on 

craniofacial growth are not clear. 
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Aside from the limitations involved with this explanation, there are practical 

difficulties in investigating the effects of altered nutrition and health on the skeletal 

morphology in the context of secular trends.  Available skeletal samples in the United 

States are composed of individuals of low socioeconomic status who would not 

necessarily have been fortunate enough to benefit from advancements in health care 

(Christensen 2006; Hunt and Albanese 2005).  Specific details of individual nutrition 

history are also largely unavailable for these collections.  Any kind of chemical analysis 

on the bone is also not possible, since use of these collections must be non-destructive.  

A potential option for these collections would be to record skeletal indicators of stress, 

such as linear enamel hypoplasias (LEH), and examine if the prevalence of these 

indicators has changed over time.  It has been stated that measurements of LEH 

relative to other aspects of the tooth can broadly estimate the timing when a stress 

event occurred, which would be useful in determining the effects of growth disruptions 

at different points during childhood on craniofacial morphology (Hillson 1996; Martin et 

al. 2008).  However, the accuracy of these methods are questionable, and standards 

may need to be population specific (Hillson 1996; Martin et al. 2008).  Another option 

would be to examine change over time using other pathological conditions.  

Unfortunately, many conditions do not leave any evidence on the skeleton, and 

evidence of disease or poor health at the time of death may not be an indicator of the 

health of that individual during growth and development.  Even if evidence for a 

pathological condition is present, the same disease might affect craniofacial form 

differently depending on the time of onset of the disease.  One could abandon the use 

of these collections in favor of clinical data, but this information would not be available 
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for temporally older populations and would not include associated information on 

craniofacial form aside from the possibility of head radiographs. 

The Dietary Hypothesis 

Another suggestion presented to explain secular change in the U.S. is related to 

changes in dietary consistency over time (Jantz and Meadows Jantz 2000; Wescott and 

Jantz 2005).  Specifically, this biomechanical explanation suggests that reduced 

masticatory stresses resulting from consumption of softer foods could alter craniofacial 

morphology.  This has been proposed to account for craniofacial change when 

comparing shifts in subsistence strategies from hunting and gathering to agriculture 

(Carlson and Van Gerven 1977; Larsen 1995; Sardi et al. 2006), as well as in the 

context of more recent change concurrent with industrialization (Goose 1962; Jantz and 

Meadows Jantz 2000; Lavelle et al. 1971; Little et al. 2006; Martin and Danforth 2009; 

Rando et al. 2014).  The idea that a shift to a diet of softer consistency could contribute 

to craniofacial form in the U.S. implies significant changes in diet in the past 150 years.  

The nature and extent of these changes are detailed in Chapter 2. 

Studies linking masticatory function to craniofacial morphology have used 

experimental animal models (e.g., Beecher and Corruccini 1981a; Beecher and 

Corruccini 1981b; Bouvier and Hylander 1981), comparisons of animal species with 

different diets (e.g., Taylor 2005; Taylor 2006; Taylor and Vinyard 2008), comparisons 

of human groups with different subsistence strategies (e.g., Carlson and Van Gerven 

1977; Sardi et al. 2006), and comparisons of humans with reduced function due to tooth 

loss or attrition to normal dentate individuals (e.g., Giesen et al. 2003; Granados 1979; 

Hinton 1981).  Additionally, a range of variables have been used for studies of this type, 

including morphometric, radiographic (or CT/MRI), and histological.  These studies, 
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which are discussed in more detail in Chapter 3, provide a strong foundation for making 

predictions for what one would expect to see in a population shift to the consumption of 

a lighter, more processed diet.  Specifically, softer foods and a reduction in masticatory 

function tend to be associated with smaller facial dimensions and narrower crania.  This 

is consistent with the reduction in facial and cranial breadth observed in the United 

States, which are dimensional changes that cannot be explained by improved health 

and nutrition. 

Research Question 

As described above, change over time in cranial dimensions of United States 

populations over the past 150 years has been well documented (Angel 1976; Hunter 

and Garn 1969; Jantz 2001; Jantz and Meadows Jantz 2000; Martin and Danforth 2009; 

Moore-Jansen 1989; Smith et al. 1986; Wescott and Jantz 2005).  However, these 

studies focus on detailing the trends themselves, rather than testing factors that may 

inform underlying causes of this morphological change.  As craniofacial form has been 

linked to dietary consistency in a variety of contexts, this study investigates the 

possibility that changes in diet, in particular advancements in food processing, have 

contributed to the observed craniofacial secular trends in the United States.  The 

connection between craniofacial trends and changes in diet will be explored by 

examining trends in the internal and external morphology of a structure closely 

associated with the process of mastication: the temporomandibular joint. 

Chapter Organization 

This dissertation is composed of six chapters.  Chapter 1 provides a brief 

overview of secular trends in the United States and outlines the research question 

central to this study.  Chapter 2 discusses factors influencing changes in diet since the 
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mid-1800s, including advancements in food processing, demographic changes, and 

historical and cultural events.  Chapter 3 covers previous work investigating the link 

between craniofacial form and masticatory function.  In Chapter 4, the sample 

composition, data collection methods, hypotheses, and statistical analyses used in this 

study are outlined.  Chapter 5 presents the results of the analyses performed, while 

Chapter 6 discusses the implications of these results.  A summary of this research is 

presented in Chapter 7. 
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CHAPTER 2 
U.S. DIETARY HISTORY 

Craniofacial morphology can be influenced by a variety of factors, including sex, 

ancestry, and age.  Outside of these influences, a prominent focus of study has been 

the effect of mastication on the craniofacial skeleton.  This process can affect skeletal 

morphology by placing a variety of stresses on the craniofacial region, which depend on 

factors such as dietary consistency and frequency of mastication.  Variation in dietary 

consistency has been demonstrated experimentally to affect craniofacial morphology in 

a variety of species (e.g., Bouvier and Hylander 1984; Ciochon et al. 1997; Dias et al. 

2011).  Similar to food consistency, the frequency of mastication may also affect 

temporomandibular joint morphology and craniofacial morphology overall (McGraw et 

al. 2011; Rubin et al. 2001; Rubin et al. 2002; Scott et al. 2014).  Eating more food more 

frequently places greater stress on the temporomandibular joint.  In the United States, 

advancements in food processing and other historical and cultural factors have affected 

the types and amounts of food consumed since 1850.  This chapter outlines these 

dietary changes over time.  Since a majority of the individuals included in this study are 

of low socioeconomic status, the impact of dietary changes on different socioeconomic 

groups is also discussed. 

Changes in Food Processing 

The most prominent changes to dietary consistency during this period are related 

to advances in food processing.  Between 1859 and 1899 alone, the food processing 

industry expanded fifteen-fold in the United States (Gabaccia 1998).  Procedures for 

canning fruits, meats, and vegetables were developed in France in the early 1800s, but 

did not boom in the U.S. until the end of that century with the introduction of Heinz 
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canning in 1876, Franco-American in 1887, and Campbell’s condensed soup in 1898 

(Bowers 2000; Dyson 2000; Gabaccia 1998; Hooker 1981).  During the Civil War, 

canned goods went to soldiers, sailors, and the wounded, and subsequently became 

better known to the general public (Hooker 1981).  Campbell’s soup sales increased 

from a half million cans per week to 18 million cans per week between 1900 and the 

early 1920s (Hooker 1981).  Franco-American merged with Campbell’s in 1921 to get 

nation-wide distribution (Gabaccia 1998).  Canned strained and pureed baby foods 

were also introduced in the 1920s (Hooker 1981).  The trend in increased canned food 

consumption continued through the 1900s, with Americans eating 50% more canned 

food and dried fruits and vegetables in 1940 than in 1930 (Dyson 2000).   

Advances in milling also changed the texture and consistency of grain consumed 

during this period by removing the portions of the grain that were more difficult to 

process (Storck and Teague 1952).  Before the Industrial Revolution, which started in 

the mid-1700s, cereals were ground with the use of stone milling tools, which left the 

entire contents of grain unless it was sieved (Cordain et al. 2005; Storck and Teague 

1952).  Near the end of the 19th century, the invention of mechanized steel roller mills 

and automated sifting devices removed germ and bran from the grain, leaving uniformly 

small particulate endosperm (Cordain et al. 2005; Hooker 1981; Nelson 1985; Storck 

and Teague 1952).  These developments also helped to remove dirt, small sticks and 

stones, and other foreign matter from the grain more completely and efficiently, and 

allowed for different species of wheat to be utilized that were formerly too difficult to 

process (Storck and Teague 1952).  Storck and Teague (1952: 196) summarize these 

developments succinctly: 
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In the United States during the decades after 1860 flour milling completely 
altered its character.  It became a thoroughly mechanized, large-scale 
industry, drawing its ever more varied wheats from ever more distant 
sources, submitting them to a cleaning and reduction program whose 
broad outlines were thoroughly standardized, producing flours and feeds 
of remarkable purity and uniformity, and disposing of a constantly 
increasing volume of production in ever expanding markets. 

 
This mechanization of techniques and concentration of milling in larger towns, 

such as Minneapolis and St. Paul, solved technical problems for storing, cleaning, and 

transporting grain and paved the way for mass-produced goods (Gabaccia 1998; Storck 

and Teague 1952).  For example, in the 1920s The Taggart Company developed 

Wonder Bread, which became “the first bread available ready-sliced as well as 

uniformly white and spongelike [and] rapidly became the national standard” (Gabaccia 

1998: 57).  Aside from such mass-produced goods, the uniformly soft flour was sold 

directly to domestic markets starting in the 1880s and 1890s; specifically, large milling 

companies began packaging flour in smaller quantities for home use (Storck and 

Teague 1952).   

The 1920s involved the formation of the first conglomerate food companies, 

including General Foods and Standard Brands, set new standards for organized food 

processing, which prompted a rapid expansion in food retailing (Gabaccia 1998).  Until 

1920, most people in rural areas bought food from general stores that sold local 

produce, meat, and grain; in cities, markets sold relatively local goods, while small 

grocery stores sold some mass-produced items (Gabaccia 1998).  With the increase in 

chain grocery stores dealing in mass-produced items, the cost of most foods declined.  

This led to a decrease in consumption of fresh locally-produced goods in favor of more 

refined sugar, bread, and starch products, particularly for the poor (Dyson 2000; Hooker 
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1981).  By 1956, large supermarkets that sold processed foods accounted for 63% of all 

grocery sales (Levenstein 2003).  

Other technological advances in the latter half of the 20th century, including crock 

pots, electric blenders and mixers, electric carving knives, food processors, and juicers, 

allowed for further food processing to occur within the household (Bowers 2000; Hooker 

1981).  The number of women entering the work force started increasing with changes 

in women’s rights in the 1920s, including gaining the right to vote.  The subsequent 

reduction in women’s time at home led many people to take advantage of the efficiency 

of new technology and more processed foods (Bowers 2000).  Companies began 

producing foods that were quickly and easily prepared, such as TV dinners that were 

introduced in the 1950s.  After World War II, when the number of women in the work 

force greatly increased, food processing companies marketed such “convenience foods” 

and other products that made cooking easier and more efficient to working mothers by 

stressing the amount of time saved by using these products (Levenstein 2003). 

Although these new “convenience foods” decreased preparation time in the 

home, “techniques for processing, preserving, precooking, and packaging had one thing 

in common: they made food lose their taste, texture, and normal appearance” 

(Levenstein 2003: 109).  These problems were counteracted by the use of additives in 

these products, which aimed to adjust the taste and appearance of foods to a more 

natural and familiar condition.  Between 1949 and 1959 alone, chemists produced over 

400 new additives for food processing companies to improve their products (Levenstein 

2003).  Vitamins and minerals were also added to these processed foods; by 1943, 

approximately 75% of the bread made in America used enriched flour (Levenstein 2003; 
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Levenstein 1996).  Although these processed foods became more prevalent over time, 

utilization of these products depended on location as well as socioeconomic status, as 

described further below.  

Cultural and Historical Factors 

Aside from technological advancements in food processing, various cultural and 

historical factors have influenced the types and amount of food consumed over time in 

the United States.  Population movement, two World Wars, the Great Depression, and 

advances in nutrition science have all contributed to changes in the American diet.  

Other non-diet related masticatory activities, including tobacco and gum chewing, have 

also changed in frequency over time since the 1850s. 

Population Movement 

The utilization of these new methods of food processing was highly dependent 

upon location.  The movement of people from rural to urban areas resulted in a 

significant shift in consumption of home-grown foods to more processed store-bought 

foods (Bowers 2000; Gabaccia 1998; Hooker 1981).  In 1900, 60% of the U.S. 

population lived in rural areas, in contrast to the current 25%, with the shift to an urban 

majority occurring by 1920 (Beale 2000).  The primary consequence of moving from a 

primarily agricultural society to an industrial one involves a more sedentary lifestyle.  

Less manual labor would require less energy, and thus less eating overall (Levenstein 

1988).   

The diet of 19th century rural Americans consisted of multiple heavy meals per 

day centered around meat, potatoes, and grain; when vegetables were consumed, they 

were cooked to excess (Dyson 2000; Gabaccia 1998; Hooker 1981).  By 1910, per 

capita calorie consumption began to decline due to a drop in consumption of cereals, 
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breads, and potatoes, as well as an overall decrease in manual labor.  In addition, 

meals at breakfast continued to become smaller in quantity and were often eliminated 

altogether (Hooker 1981; Viet 2013).  The rising popularity of different kinds of foods 

also contributed to this overall decline in calorie consumption.  For example, pancakes, 

or buckwheat cakes, became very popular around the end of the 19th century, which 

helped replace heavy meals involving steaks (Hooker 1981).  During the 20th century, 

the gap between rural and urban diets narrowed over time as advertising reached more 

homes throughout the country.  Canned food became high status food in rural areas in 

the 1930s, and “even those who could little afford them sacrificed to purchase them” 

(Levenstein 2003: 27).  By 1932, time spent preparing food in homes in the city and in 

rural areas was largely the same; any additional time spent in the kitchen on farms was 

due to making homemade bread (Levenstein 2003).  

The Influence of War on Food Consumption 

Times of war over the past 150 years have impacted the American diet through 

food shortages and restrictions.  The Civil War in the 1860s brought food shortages, 

particularly in the South (Hooker 1981).  In 1917, the United Stated Food Administration 

was created, headed by Herbert Hoover, to manage and ship food supplies to aid those 

involved in World War I; the formation of this association was also the first attempt by 

the U.S. to manage food on a national scale (Viet 2013).  Restrictions were placed on 

what the public should eat in order to save red meat, butter, wheat flour, and sugar.  

The consumption of such foods was discouraged by promoting wheatless Mondays and 

Wednesdays, meatless Tuesdays, and porkless Thursdays and Saturdays.  To 

compensate, the consumption of potatoes, oatmeal, and beans was promoted instead 

(Hooker 1981; Levenstein 1996; Viet 2013).  While the pleasure of eating was 
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downplayed during this time, “rational” food choices that fulfilled basic nutritional needs 

for low cost were emphasized.  For example, peanut butter and cottage cheese served 

as cheap sources of protein and calcium.  Such “substitute foods” were suggested as a 

result of developments in nutrition science in the early 1900s, and the subsequent 

spread of knowledge about the vitamin and mineral content of different foods 

(Levenstein 1996; Viet 2013).   

In general, people embraced the opportunity to make “rational” food choices (Viet 

2013).  In 1917 and 1918, compared to six years before the start of the war, 

consumption of restricted foods all decreased, while consumption of the encouraged 

substitute foods increased.  Although food restrictions and substitutions were voluntary, 

many Americans participated; approximately 70% of American families were involved in 

food conservation during the war.  If able, African Americans embraced the food 

conservation movement in an effort to dispel racial prejudice and prove their patriotism.  

The presidents of African American colleges led local food conservation efforts in this 

population (Viet 2013).   

The enthusiasm to participate in food conservation efforts was due in part to 

social pressures to comply with these restrictions.  A lack of participation was 

associated with a lack of both self-control and patriotism (Viet 2013).  The newfound 

association between eating less and good health was also incorporated into the food 

conservation campaign; eating less would not only help the food conservation 

movement, but it was a matter of public health.  Food administrators enlisted the help of 

preachers, rabbis, and priests to help spread the idea that food conservation was 

important and a moral thing to do.  Through these efforts of the U.S. Food 
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Administration, obesity became associated with laziness, gluttony, and immorality, and 

was a clear sign to others that participation in the food conservation movement was 

lacking (Levenstein 2003; Viet 2013). 

Food conservation strategies were much different during World War II.  There 

was less emphasis on conserving food, and more encouragement for Americans to “eat 

more vitamins and minerals to improve their mental and physical alertness” (Levenstein 

2003: 66).  This movement had much less of an impact compared to the food 

conservation movement during World War I since the new Office of Defense Health and 

Welfare Services relied more on nutritional and social scientists rather than those from 

the advertising industry, as was the strategy of the U.S. Food Administration.  Certain 

foods were rationed during the war, such as canned meats and fish, but this prompted 

the public to hoard these items.  False rumors of rationing certain foods also led to 

shortages due to hoarding, which in turn caused those products to actually be rationed.  

In general, Americans were much less likely to comply with any effort to conserve or 

ration food compared to World War I (Levenstein 2003). 

When foods such as meat, butter, and sugar were scarce during World War II, 

many returned to home canning and home grown vegetables (i.e., “victory gardens”), as 

well as processed foods that saved time and effort (Bowers 2000; Hooker 1981; 

Levenstein 2003).  Meat shortages led to the increased consumption of eggs, milk, 

beans, and macaroni and cheese (Levenstein 2003).  The lower class often ate better 

during the war due to increased incomes associated with war work, as well as rationing 

and price controls that made more nutritious foods more accessible to these groups.  

Between 1936 and 1948, consumption of protein increased by 30%, consumption of 
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calcium increased by 60%, and consumption of iron increased by 61% for the poorest 

third of the urban population; these increases were much greater compared to those in 

the middle and upper class (Levenstein 2003).  After the war, people resumed a heavy 

consumption of meat, but their use of fresh fruits and vegetables declined in favor of 

canned and frozen varieties (Hooker 1981; Levenstein 2003; Putnam 2000).  For 

example, in 1919, 150 pounds per capita of fresh fruit were consumed compared to 30 

pounds per capita of processed fruit; in 1998, the amount of fresh fruit consumed 

decreased to 140 pounds per capita, while the amount of processed fruit increased to 

155 pounds per capita (Putnam 2000). 

The Great Depression 

During the Great Depression, between ¼ and ⅓ of the U.S. population was left 

unemployed and many turned to soup kitchens, breadlines, and garbage dumps for 

nourishment (Hooker 1981; Levenstein 2003).  Between 1929 and 1933, the average 

family income in America dropped by 40%.  Farmers and smaller food processing 

companies were unable to lower the prices of their products without going under, which 

left larger companies to produce goods that could be affordable during this time.  Due to 

this drop in price, Americans ate 50% more processed fruit and vegetables in 1940 

compared to 1930 (Levenstein 2003). 

People who were already poor prior to 1929 were the most affected by the 

Depression, including southern sharecroppers, migrant farm workers in the west, 

communities in the Appalachians, and the urban poor.  There was political opposition to 

giving aid to the poor during this time; many cited the prevailing idea that malnutrition 

was a result of ignorance of nutrition rather than low income (Levenstein 2003).  Toward 

the end of the 1930s, however, people began to realize that income greatly influenced 
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people’s food choices, and that rising income was associated with the consumption of 

more healthy foods.  In 1939, the food stamp program was developed to aid the poor 

and improve nutrition, which mostly helped welfare cases in urban areas, and school 

lunch programs were started that mainly helped those in rural southern areas 

(Levenstein 2003).  For the “Depression poor,” meaning the newly unemployed, the 

number of meals per day was cut from three to two, there was a reduction of 

consumption in milk and fresh fruit, and eggs took the place of meat.  “Families fell back 

on their historic staples: pasta and beans for Italian-Americans, corn meal for Southern 

blacks and whites, and beans and pancakes for northern native-born whites” 

(Levenstein 2003: 61).  Thus, the Depression caused many to turn to affordable 

processed foods and cheaper substitute staple foods, and reduce consumption overall. 

Nutrition Science and Dieting 

The latter half of 19th century involved an increased knowledge of nutrition with 

the discovery of vitamins and minerals (Hooker 1981).  Around the turn of the century 

when more people transitioned into a more sedentary lifestyle, nutritionists urged 

Americans to scale back large heavy meals (Bowers 2000; Dyson 2000; Hooker 1981).  

In the early 1900s, nutrition scientists compared foods from different cultures, regions, 

and classes, and demonstrated similarity based on nutrition content; this served as the 

basis for the food substitutions suggested during World War I in order to funnel 

resources overseas (Viet 2013).  With this new knowledge of nutrition, associations 

were also made between being overweight and negative health effects.  Mortality 

studies sponsored by life insurance companies found that higher weight was linked to a 

shorter life expectancy.  Chronic diseases such as heart disease and diabetes, which 

first surpassed epidemic diseases as the leading cause of death in Americans in the 
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late 1910s, were now linked to living habits.  Prior to these discoveries, excess fat was 

thought to be due to heredity and glandular issues rather than diet (Levenstein 2003; 

Viet 2013).   

Due to these advancements in nutrition science, the “thin ideal” started to 

become popular in the 1910s, and there was an explosion of weight loss culture during 

and after World War I (Viet 2013).  Part of this new ideal body type stemmed from the 

food restrictions during the war, since those who were overweight were deemed 

“unpatriotic” for not doing their part for the food conservation movement (Viet 2013).  In 

the 1920s and 1930s, as more people became aware that weight gain resulted from 

consuming more calories than expended, weight loss increasingly became a matter of 

willpower (Viet 2013).  As visually oriented print media became more popular 

throughout the 1900s, it impacted physical ideals and encouraged women in particular 

to lose weight; advertising doubled in the 1920s alone.  Fashion changes in the 1920s, 

including the popularity of the thin “flapper” style among women, involved more 

revealing and form fitting clothing for both men and women (Hooker 1981; Viet 2013).  

By this time, most people bought clothing ready-made by size rather than making 

clothes custom at home, which allowed people to associate different clothing sizes with 

different body types (Viet 2013).    

In order to capitalize on the desire to lose weight, companies often promoted fad 

diets involving their products.  For example, the United Fruit Company helped 

popularize a diet that focused on the consumption of bananas and skim milk 

(Levenstein 2003).  Although emphasis on dieting was reduced during World War II, it 

regained popularity after the war.  While there was a concurrent resurgence of gourmet 
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cooking after World War II, this was likely to have involved more affluent households 

that could afford the cost and time associated with this trend (Bowers 2000).  A return to 

home cooking was also spurred by questions about the safety and quality of processed 

foods and concerns about environmental issues and labor practices (Levenstein 2003; 

Levenstein 1996; Viet 2013).  Food-processing companies attempted to alleviate fears 

starting in the 1970s by marketing foods as “all-natural,” regardless of the actual 

ingredients and additives used in the products (Levenstein 2003; Levenstein 1996). 

Dieting gained more popularity after a 1977 report by the Senate Nutrition 

Committee entitled Dietary Goals for the United States (Levenstein 2003).  This report 

emphasized eating less of what was thought to have negative health consequences, 

such as fat, sugar, and salt.  Meat, butterfat, eggs, and other high-cholesterol foods 

were discouraged, while the population was urged to eat more poultry, fish, fruits, 

vegetables, whole grains, and nonfat milk.  Consumption of these items did change in 

favor of these recommendations, but mainly only among the middle and upper classes 

(Levenstein 2003).  Despite the emphasis on dieting, obesity has been an ever-

increasing problem in recent decades.  In 1985, the National Institutes of Health 

reported that 28% of adults were considered overweight.  More recently in 2000, the 

Centers for Disease Control and Prevention indicated an increase in obesity rates 

among all sociodemographic groups, especially the poor, African American, and 

Hispanic populations (Levenstein 2003).  Thus, while some groups have been affected 

by dieting trends over time, others have experienced an increase in diet-related 

disease. 
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Non-Diet Related Masticatory Activities 

Change over time in non-diet related activities that involve mastication, such as 

tobacco chewing and gum chewing, have also occurred in the United States.  Since the 

colonial period, tobacco use varied depending on location and social class (Pampel 

2004; Robert 1949).  Pipes were popular in general, while aristocrats tended to use 

snuff and those in rural areas used chew.  Snuff involves the use of pre-ground tobacco 

placed between the lip and gums or inhaled through the nostrils; chewing tobacco is 

moved around the mouth and held between the cheek and gums, but few vigorously 

chew it (Rogozinski 1990).  Only the destitute used cigarettes during the colonial period 

by rolling discarded bits of tobacco.  In the early 19th century, snuff became 

unfashionable, while pipe smoking and chew remained common; overall, chewing 

tobacco was more popular than smoking during the mid-1800s (Gately 2001; Pampel 

2004; Parker 2005; Robert 1949).  Cigarettes were used during the Civil War, but the 

habit was not continued after the war as their use was viewed as effeminate.  During 

this time, chew was increasingly viewed as unsanitary in urban areas, and was mostly 

only popular in rural areas (Gately 2001; Pampel 2004).  Cigars, which were more 

expensive, became popular among the affluent business class after the war. 

During the 1870s and 1880s, automation of cigarette manufacturing resulted in 

cigarettes becoming the dominant tobacco product by the early 20th century (Pampel 

2004).  World War I helped to dispel the notion that cigarette smoking was an 

effeminate behavior by associating smoking with patriotic fighting.  The explosion in 

popularity of cigarette smoking during the 1900s resulted in a steady decline in the use 

of snuff and chew over time, even in rural areas (Courtless 1994; Parker 2005; Robert 

1949).  The use of tobacco products differed among women, however, as they generally 
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used pipes or snuff and avoided chewing tobacco entirely.  As these products declined 

in popularity by the turn of the century, women were less likely to use any tobacco 

products, as tobacco use started to be viewed as a largely masculine activity (Pampel 

2004). 

Although the activity of gum chewing has existed prior to its use in the United 

States, John Bacon Curtis of Maine was the first to have the idea to package and 

market chewing gum in 1848 (Gustaitis 1998; Robinson 2004).  European settlers in the 

United States adopted the habit of chewing on spruce tree resin from Native Americans, 

and some collected and sold the resin for extra income.  However, Curtis was the first to 

package the resin for sale in stores.  He built the world’s first chewing gum factory in 

Portland in 1852, which manufactured flavored paraffin instead of spruce gum, which 

was dwindling in supply and lacking in good taste (Gustaitis 1998).  By the 1870s, gum 

was made out of chicle, and sold in both stick and gumball form.  The 1880s brought the 

development of gumball machines, although their initial poor design tended to be 

unreliable and resulted in gumballs that quickly grew stale; the modern gumball 

machine was not introduced until 1918 (Gustaitis 1998).   

William Wrigley Jr., who was perhaps the most famous entrepreneur of chewing 

gum, introduced Juicy Fruit and Spearmint in 1893; Spearmint became the most 

popular gum in the U.S. by 1910 (Gustaitis 1998; Robinson 2004).  In the early 1920s, 

Wrigley made a multi-year deal to advertise on billboards, posters, subways, and street 

cars, further spreading the popularity of gum chewing.  By the end of the 1920s, Wrigley 

was the fifth largest advertiser in the United States (Robinson 2004).  In 1928, Frank 

Henry Fleer introduced bubble gum, which appealed more to children, and was soon 
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paired with the sale of trading cards in the 1930s (Gustaitis 1998; Robinson 2004).  

Gum was also marketed by being wrapped in comic strips, such as Bazooka Joe, which 

was introduced in 1953.  Rations of sugar and flavorings during World War II resulted in 

a decrease in chewing gum use due to lack of supply, but there was a resurgence in the 

demand for gum once the war ended (Gustaitis 1998).  Therefore, this period of dietary 

change since the 1850s has also involved the development, marketing, and rise in 

popularity of chewing gum. 

Effects of Socioeconomic Status 

When considering the evolution of the American diet, socioeconomic status has 

had a significant effect on dietary patterns of different populations.  Specifically, it has 

influenced the amount of processed foods consumed as opposed to more fresh, 

unprocessed foods, as well as the frequency and amount of food consumed overall.  

Some occupational differences can also be observed, but many of these are related to 

differences in income.  Different socioeconomic groups were also differentially affected 

by social pressures associated with eating.  

The change in cost that accompanied advancements in food processing, as well 

as the availability and distribution of processed foods, significantly influenced the ability 

of different socioeconomic groups to exploit these new food sources.  With new 

standards for organized food processing and a rapid expansion in food retailing, the 

cost of most foods declined in the 1920s.  This led to increased availability and 

consumption of processed foods, particularly in refined sugar, bread, and starch 

products, as well as canned foods with a softer consistency (Dyson 2000; Gabaccia 

1998; Jekanowski and Binkley 2000).  The poor were less likely to be able to afford 

processed food until this time, while those of higher socioeconomic status could take 
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advantage of technological advances in food processing soon after they were 

introduced in the late 19th century, such as highly refined grains (Cordain et al. 2005; 

Hooker 1981; Jekanowski and Binkley 2000).  However, the upper class was also able 

to afford the fresh but more expensive alternatives to products such as canned foods 

(Jekanowski and Binkley 2000). 

The poor also had limited access to in-home technology that makes it possible to 

process and preserve food (Larkin 1988; Miller 1987).  More affluent households would 

have better ovens and cookware, whereas in poor households, “the bread was baked in 

the ashes” (Larkin 1988:29).  Such differences extended to the simplest of utensils, 

such as the availability of forks and knives.  Each person in more affluent households 

would have their own set of utensils, while those in poorer households often had to 

share (Larkin 1988).  In addition, those who could afford iceboxes could preserve fresh 

food for much longer instead of eating salted meats (Larkin 1988; Levenstein 1988). 

Occupational differences in food consumption often depended on disparities in 

income.  The “working class” in urban areas encompassed a wide range of incomes, 

with skilled workers earning roughly five times more than unskilled workers (Levenstein 

1988).  Those that were more prosperous living in urban areas had a plentiful supply of 

food year-round.  In rural areas, the food supply was often dependent on the seasons, 

and could be affected by environmental conditions (Dirks 2003; Larkin 1988).  This 

seasonality would also affect the urban poor due to the fluctuations in prices of fresh 

foods associated with availability.  In general, when comparing populations in the same 

area, the poor would eat less overall (Larkin 1988).  When they did eat, they tended to 

consume less meat and more meal (Gabaccia 1998).  However, rural farmers still often 
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ate better than lower paid urban workers, since a greater quantity of local fresh foods 

were readily available.  The urban poor would often have to fall back on a limited diet of 

potatoes, cabbage, and turnips (Levenstein 1988).   

Social expectations and fashionable trends related to eating also affected those 

of different socioeconomic status differently.  In more affluent households, women were 

expected to be daintier eaters (Levenstein 1988).  Fashionable diet trends would also 

be more likely to affect more affluent populations, since they could afford such luxuries 

without sacrificing their health (Levenstein 1988).  For example, larger figures in women 

were the more ideal body type at the end of the 19th century, whereas the thin “flapper” 

style became popular among women in the 1920s (Hooker 1981; Levenstein 1988).  

However, those of lower socioeconomic status did not elude diet-related social 

pressures.  During World War I, the poor were largely unable to participate in food 

conservation efforts, as they had very little to give up.  Additionally, the foods that were 

suggested as substitutes for restricted foods tended to be more expensive (Viet 2013).  

However, the food conservation movement attempted to reach the lower class through 

religious means by enlisting clergy to stress the moral importance of avoiding 

wastefulness, though it is not clear what proportion of those in lower socioeconomic 

groups actually participated in these efforts.  Nutrition studies also found that “poor 

Americans were more often moved by considerations of status than by economy in 

choosing and preparing foods” (Levenstein 2003: 70).  Therefore, although diet-related 

trends and ideal body types may not have necessarily affected those of lower 

socioeconomic status, these groups were not immune to social pressures related to 

eating. 
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The willingness to try unfamiliar foods also varied between different groups.  

“Cultural conservatism,” which was most common in immigrants and the poor, involved 

a reluctance to consume ready-to-eat foods in favor of foods more traditional to their 

culture and country of origin (Gabaccia 1998).  However, immigrants started 

Americanizing diets in the mid-1900s, largely due to pressure from their children born 

and raised in the U.S. (Levenstein 2003).  Many Americans were also reluctant to 

incorporate ethnic and foreign foods into the American diet in the late 1800s and early 

1900s.  While this is due, in part, to unfamiliarity with these foods and an aversion to 

stronger spices, the eugenics movement in the early 1900s played a role in changing 

people’s ideas about the effects of food and nutrition on the body (Viet 2013).  The new 

discipline of euthenics suggested that environmental factors, and diet in particular, could 

affect physical and mental development; since different races ate different foods, these 

differences in diet were presumed to play a role in supposed racial inequality.  In short, 

some people were reluctant to try foreign foods out of fear of negative developmental 

effects associated with “lower” races (Viet 2013).  This view changed over time, 

however, as spaghetti and pasta became integrated into the American diet in the 1920s 

and 1930s, and interest in other ethnic and foreign foods increased in the 1970s 

(Levenstein 2003). 

Summary 

Since the 1850s, food consumption in the United States has changed in several 

ways, which are summarized in Figure 2-1.  Developments in food processing involved 

the mass production of canned goods and highly refined grains, and the invention of in-

home technological advances, such as crock pots and food processors.  Population 

movement to urban areas resulted in a decrease in overall food consumption that 
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accompanied a more sedentary lifestyle, as well as greater access to mass-produced 

foods.  Historical events, including two World Wars and the Great Depression, resulted 

in food shortages and restrictions.  Advancements in nutrition science led to an increase 

in dieting and the persistence of the “thin ideal.”  Changes in non-diet related 

masticatory activities have occurred since the 1850s, including an increase in popularity 

of gum chewing and a reduction in chewing tobacco use.  However, the impact of 

changes in chewing tobacco habits on temporomandibular joint morphology was likely 

small in comparison to diet-related changes, since there is little chewing involved in its 

use.  In combination, these various changes have generally resulted in a shift to a 

lighter diet consisting of more processed foods, although the extent of this shift varied 

by socioeconomic status.  As can be seen in Figure 2-1 and will be explained further in 

Chapter 4, the 1920s involved a number of events in the U.S. related to a shift to a 

more-processed diet which were followed by the Great Depression in the 1930s.  

Therefore, in this study, the year 1920 was used as a turning point to a lighter diet 

consisting of more processed foods. 

In terms of its effect on skeletal growth and development, a shift to softer diet and 

a reduction in food consumption over time would both affect temporomandibular joint 

morphology in the same way.  Specifically, a shift from frequent heavy meals to fewer 

meals consisting of both a greater proportion of processed food and a smaller quantity 

of food would result in fewer chewing cycles and a reduction in bite force.  These 

changes would place the temporomandibular joint under lower stress, which would 

affect bone growth and remodeling.  The nature of the morphological effects of these 

shifts in masticatory function is outlined in Chapter 3.  
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Since different socioeconomic groups have experienced different patterns of 

dietary changes over time, socioeconomic factors need to be considered in this study.  

The Terry Collection at the Smithsonian National Museum of Natural History provided 

individuals born in the mid-19thand early-20thcenturies.  The majority of the skeletons in 

the collection are from unclaimed cadavers used in medical school anatomy classes at 

Washington University in St. Louis, which tend to be individuals from less well-off 

segments of society (Hunt and Albanese 2005).  The contemporary portion of the 

sample was composed of individuals from the William M. Bass Donated Collection 

housed at the University of Tennessee, Knoxville.  Historically, many of these donations 

are also unclaimed cadavers from local Medical Examiner’s Offices, which would also 

represent individuals of low socioeconomic status (Christensen 2006).  However, this 

collection has had an influx of self-donations over the past decade.  Therefore, when 

interpreting recent skeletal change involving individuals from the Bass Collection, this 

possible variation in socioeconomic status will be considered. 
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Figure 2-1.  Timeline of U.S. dietary history. 
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CHAPTER 3 
CRANIOFACIAL FORM AND MASTICATORY FUNCTION 

The idea that changes in dietary consistency and ingestive behaviors over time 

have affected the morphology of the skulls of U.S. populations relies on the connection 

between craniofacial morphology and biomechanical forces due to masticatory 

behavior.  As this study aims to investigate this idea by examining the morphology of 

the temporomandibular joint, the function of this joint in the process of mastication 

needs to be addressed.  This chapter discusses the role of biomechanical and genetic 

influences in craniofacial development, the idea that the temporomandibular joint 

transmits masticatory forces between the mandible and the cranium, as well as the 

literature linking craniofacial and temporomandibular joint morphology to variations in 

masticatory function.  Due to the consistency of results in this literature, predictions can 

be made regarding how temporomandibular joint morphology should change with a shift 

to a softer diet. 

Craniofacial Development 

In order to understand how variation masticatory behavior may influence the 

morphology of the skull, one needs to consider the process of craniofacial growth and 

how development in one aspect of the skull may affect the development in another.  The 

mechanisms of craniofacial growth and development have been postulated by Melvin 

Moss and Donald Enlow, who maintained contrasting views on how this process occurs.  

Melvin Moss’s contribution to the study of craniofacial growth is called the Functional 

Matrix Hypothesis, which suggests that bone development relies on the presence and 

activity of the surrounding soft tissues and functional spaces (i.e., the functional matrix), 

and that skeletal form is a result of the developmental and biomechanical circumstances 
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in separate localized regions (Moss 1962; Moss 1973; Moss and Salentijn 1969a; Moss 

and Salentijn 1969b; Moss and Young 1960; Watson 1982).  In contrast to Moss, Enlow 

asserts that no component of the craniofacial complex is developmentally self-

contained; normal growth and development is a composite process involving concurrent 

change in different aspects of the skull, with growth in one area affecting adjacent 

skeletal structures (Enlow 1968; Enlow 1990; Enlow and Hans 1996).   

The assertion that masticatory function influences craniofacial form relies on both 

the concept of the functional matrix, as well as the idea that growth in one area of the 

skull may affect the development and form of another.  For example, morphology of 

different portions of the mandible should reflect the functions of its matrices, and include 

the following: alveolar (teeth), coronoid (temporalis), angular (masseter and medial 

pterygoid), condyloid (cartilage, lateral pterygoid), and basal (neurovascular bundle) 

(Moss 1962).  As the functional matrix of the condyle also includes joint reaction force, 

the morphology of this structure should reflect alterations in masticatory force.  These 

alterations should also be evident in areas of masticatory muscle attachment, since 

bone grows and remodels in response to mechanical demands (Martin et al. 1998; 

Rando et al. 2014; Weijs and Hillen 1984).  However, it is unclear if stress and strain 

due to mastication can directly affect other aspects of the cranium.  In vivo masticatory 

strains have been found to be higher at sutures in both the face and vault compared to 

the surrounding bone (Herring and Teng 2000).  It has been suggested that the amount 

of strain at the sutural margins could influence growth, and thus alter the overall 

morphology of the face and vault (Behrents et al. 1978; Kiliaridis 1995).  However, the 

implicit assumption that higher stresses and strains at the cranial sutures could 
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influence growth may be incorrect, since the differences in magnitude of these stresses 

may simply reflect differences in the mechanical properties of the sutures compared to 

the surrounding bone (Enlow and Hans 1996).  Further, the distribution of strain 

throughout the skull varies greatly during mastication, with the highest strains occurring 

along the mandible and zygomatic arches, and the lowest strains occurring along the 

frontal superior to the orbits (Hylander and Johnson 1992; Sun et al. 2004).  Therefore, 

variation in diet may influence certain structures directly via the functional matrix, such 

as the temporomandibular joint and areas of masticatory muscle attachment.  However, 

such variation may also influence the morphology of regions not directly related to 

mastication (e.g., the frontal) via Enlow’s assertion that skeletal development in one 

region can influence the development of adjacent structures. 

The existence of species-specific morphology suggests that skeletal 

development involves a significant genetic component, which bolsters the idea that 

craniofacial form does not depend completely upon function.  Turner’s (1998:399) 

definition of bone adaptation helps to explain this phenomenon succinctly: “Bone cells 

begin with the genetic blueprint and sculpt it until the skeletal design meets the loading 

requirements.”  Although this may be oversimplified since development involves both 

gene expression and the epigenetic regulation of this expression, it is reasonable to 

conlcude that normal development and gross anatomical features are largely influenced 

by genetic factors (Carter and Beaupré 2001; Martin et al. 1998).  If this were not true, 

there would be no foundation for Darwinian evolution.  Morphology, as well as the norm 

of reaction for bone growth and remodeling, must be heritable in order for selection to 

act upon it; otherwise, organisms could skeletally adapt to any environmental situation.  
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Most studies of heritability of human craniofacial traits find that craniofacial dimensions 

have a moderate to high heritability, though these studies vary widely in sample 

population and statistical methods employed in data analysis (Martinez-Abadias et al. 

2009).  Other studies have found that craniofacial variation patterns with phylogenetic 

history between related species (i.e., species that are more closely related have similar 

morphology), and that closely related species tend to share patterns of sexual 

dimorphism (Ackermann 2002; Ackermann and Cheverud 2000; Plavcan 2002).  Since 

phylogenetic relatedness implies genetic relatedness, similarity in morphology for 

closely related species provides evidence for the genetic influence of craniofacial form. 

Aside from the influence of genetics, the mechanism and process of bone 

metabolic activity provides some insight into the relative stability of craniofacial form.  

Specifically, bone cells have been shown to accommodate to a routine loading 

environment, which makes them less responsive to regular habitual loading signals.  

More succinctly, abnormal strains drive structural change (Turner 1998).  This is 

similarly expressed through Frost’s mechanostat theory (Martin et al. 1998), as well as 

the idea of a “lazy zone” for bone adaptation (Carter and Beaupré 2001).  Frost’s 

mechanostat theory suggests that there is a minimum effective strain in bone that needs 

to be exceeded for an adaptive response to occur, and that there is a range of strain 

values that will not stimulate any adaptive response (Martin et al. 1998).  Others have 

referred to this range as the “lazy zone,” for which a range of tissue stresses will 

stimulate only slight bone apposition or resorption, whereas stresses outside this zone 

will result in rapid bone apposition or resorption (Carter and Beaupré 2001).   
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When considering this information in the context of dietary changes in the United 

States, it seems unlikely that the resulting changes in masticatory forces would prompt 

considerable morphological craniofacial alterations.  However, since bone adaptation 

and craniofacial plasticity serve to remodel skeletal structure to withstand the current 

loading environment, one may expect more subtle morphological differences to occur.  

When examining populations that vary in masticatory behaviors, even slight bone 

apposition and resorption may result in overall size and shape differences. Additionally, 

as high-frequency low-level strain has been demonstrated to affect the density of 

trabecular bone (Rubin et al. 2002), subtle changes in masticatory forces may be more 

apparent in the internal trabecular structure of the masticatory complex. 

The TMJ as a Load Bearing Structure 

When investigating the influence of variation in masticatory forces on craniofacial 

morphology, one must consider structures that transmit these forces.  The 

temporomandibular joint (TMJ), which serves as the articulation between the mandible 

and the cranium, is assumed to endure joint reaction forces during mastication.  

However, this assumption has not remained unchallenged.  Arguments that the 

temporomandibular joint is not load-bearing are related to a debate between whether or 

not the mandible functions as a lever.  In such a model, the temporomandibular joint 

would act as a fulcrum and bear a portion of the load produced during mastication.  

Arguments against lever action of the mandible revolve around several assertions.  

First, some argue that the resultant of the masticatory muscle forces always passes 

through the bite point, which would eliminate any joint reaction force at the 

temporomandibular joint.  Second, the idea that the morphology of the 

temporomandibular joint would be able to withstand the forces generated during 
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mastication is disputed.  Third, some suggest that since lever action of the mandible 

would be inefficient, such an arrangement should not exist.  However, weaknesses in 

each of these arguments, in combination with more direct experimental evidence, 

suggest that the TMJ does indeed endure joint reaction forces during mastication. 

Direction of Muscle Force 

One of the first arguments against lever action of the mandible was proposed by 

Wilson (1921), who asserted that the resultant force of the masticatory muscles lies 

perpendicular to the occlusal plane.  However, this does not mean that this resultant 

force necessarily passes through the bite point.  In an attempt at a similar argument, 

Robinson (1946) as well as Frankel and Burstein (1970) calculated that the resultant 

muscle force passes through the molars.  However, based on this rationale, biting 

anywhere other than the molars would cause the mandible to act as a lever.  Aside from 

this flaw, the drawings used to formulate the resultant muscle force in both of these 

analyses used incorrect directions of the muscle forces, as well as incorrect positioning 

of the origin of the masseter muscle and of the dental arcade relative to the rest of the 

craniofacial skeleton.  The resultant muscle force would actually pass through the 

mandible posterior to the molars (Hylander 1975).  A major weakness in these and 

other attempts at determining the resultant muscle force using drawings is the 

subjectivity in the determination of the direction and magnitude of muscle action (Smith 

1978).  In fact, even when informed estimates of these parameters is provided, 

determination of these aspects of individual muscles is complicated since different 

portions of the muscles may function at different times throughout mastication.  

Additionally, electromyographic (EMG) activity of internal muscles like the medial 

pterygoid is difficult to measure (May et al. 2001; Throckmorton 1985).   
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TMJ Anatomy 

The idea that the anatomy of the temporomandibular joint cannot withstand a 

joint reaction force has been proposed by several individuals.  Robinson (1946) and 

Taylor (1986) suggest that the mandibular fossa is too thin to bear the stress of 

mastication, and that the articular disc contains blood vessels and nerves that could not 

be placed under compression.  While these assertions are true, the relevance of these 

facts to the load-bearing capabilities of the joint is based on a misunderstanding of the 

position of the condyle and actual point of articulation during biting.  The stress-bearing 

portion of the temporal-side of the TMJ is actually on the articular eminence, which is 

made of thick trabecular bone and a dense cortical plate.  The portion of the articular 

disc at this point is actually avascular, while the nerves and vessels lie more posteriorly 

in the disc where compression would not occur (Hylander 1975; Picq et al. 1987).  

Taylor (1986) has pointed out that the condyle is in the fossa during unilateral clenching 

as an argument against the possibility of a joint reaction force.  However, much of the 

joint reaction force is likely carried by the balancing side condyle (i.e., opposite the side 

of clenching), which is positioned up against the articular eminence during this action, 

and any reaction force on the working side is dissipated through the condyle, disc, and 

base of the articular eminence (Picq et al. 1987).  Other evidence for a higher joint 

reaction force on the balancing side during unilateral biting is described below (e.g., 

Hylander 1979). 

Both Robinson (1946) and Tattersall (1973) argued that the fibrocartilagenous 

disc in the temporomandibular joint does not have stress bearing qualities.  However, 

dynamic compression applied to the disc suggests that the disc is actually capable of 

deforming and dissipating peak loads that may damage the joint (Beek et al. 2001; 
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Stankovic et al. 2013; Tanaka and van Eijden 2003).  Tattersall (1973) asserted that the 

condylar neck is too weak to withstand joint reaction force and the associated shear and 

bending stresses that would be encountered in that region.  Hylander (1975) tested this 

assertion by determining the second moment of area of the cross section of a human 

condylar neck.  The second moment of area measures a structure’s resistance to 

bending by looking at the amount and distribution of bone around a neutral axis 

(Daegling and Grine 2007).  These calculations, though erring in favor of weak 

mechanical properties of the condylar neck, found that this region is sufficiently strong 

enough to withstand masticatory forces (Hylander 1975).   

Other anatomy-related arguments against lever action of the mandible were 

proposed by Frank (1950) and Taylor (1986). While he recognized the proper 

placement of the condyle during biting using lateral head radiographs, Frank (1950) 

concluded that the TMJ could not act as a fulcrum because the condyle was never in 

direct contact with the articular eminence.  However, soft tissues are less clearly visible 

on radiographs, and the condyle is in contact with the eminence indirectly through the 

articular disc (Hylander 1975).  This argument is additionally flawed in that direct bone-

on-bone contact in any joint is an indicator of osteoarthritis, rather than normal 

functioning of the joint.  Taylor (1986) observed that mastication can still occur after a 

condylectomy and concluded that condyles are not necessary for masticatory function.  

However, while the mandible can still function, the efficiency in chewing is diminished to 

the point where the mandibular incisors, canines, premolars, and anteriormost molars 

cannot be brought into occlusion with the maxillary teeth (Picq et al. 1987).  Just 
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because the mandible can function, albeit abnormally, without the condyles does not 

preclude normal functioning of the mandible as a lever. 

Joint Inefficiency 

A third argument against the mandible acting as a lever focuses on its 

inefficiency.  Tattersall (1973) asserted that such a system would never have evolved, 

or would have not been conserved by natural selection.  This argument is very weak, 

however, in light of the inefficiency of the rest of our joints.  The vast majority or the 

joints in the body function as third class levers, which are the least mechanically 

efficient.  Gingerich (1971; 1979) admits that the mandible can and does act as a lever, 

but maintains that it can also function as a more efficient link between adductor muscle 

force and bite force.  His support for this places a large importance on the function of 

the temporalis muscle, since it is the largest elevator of the mandible.  He argues that 

since the temporalis is fan shaped, different areas of the muscle will contract depending 

on the bite point, so that the angle of the force of this muscle will pass through the bite 

point.  For example, the most posterior fibers of the muscle should contract during 

anterior biting since their angulation would align the muscle force to pass through the 

bite point.  He asserts that such a system would be more efficient than a lever system 

that involves a joint reaction force (Gingerich 1971; Gingerich 1979).  While this may be 

true, his proposed muscle function has been refuted by EMG studies of the temporalis, 

which found that the anterior part of the temporalis is more active during biting with the 

incisors, and that the temporalis is actually less active during anterior biting compared to 

molar biting (Hylander 1975).  Further, excluding the action of the masseter and medial 

pterygoid entirely ignores a significant portion of muscle force that is acting in a different 

direction and would alter the position of the resultant muscle force.  Gingerich’s (1971) 



 

55 

assessment is also based on incorrect information on the movement of the mandible 

(i.e., upward and backward) during biting, which would cause the orientation of the bite 

force to be superoposterior (i.e., in direct opposition to the function of the temporalis) 

rather than vertical.  It has been shown that that the teeth actually move upward and 

forward, resulting in a bite force orientation in a similar direction (Hylander 1975). 

Upon finding more concrete evidence of the bite force direction occurring in this 

manner, Gingerich (1979) revised his assessment of mandibular function by asserting 

that it functions as both a lever (by the action of the masseter and medial pterygoid) and 

a link (by the action of the temporalis) simultaneously.  This is based on data showing 

that bite force directions can fall outside of the expected value for the mandible to 

function as a “pure lever” (Gingerich 1979).  However, these bite force directions are still 

not remotely close to the expected direction for a “pure link” model, and thus would not 

be in direct line with any muscle fiber direction of the temporalis.  Further, the assertion 

that the mandible functions as both a lever and a link simultaneously is nonsensical, 

since the mandible can only function as a link if there is no joint reaction force.  

Experimental Evidence in Favor of TMJ Loading 

Several lines of evidence suggest that the condyle is loaded during mastication.  

One method involves the analysis of in vivo bone deformation around the 

temporomandibular joint, since direct measurement within the joint would interfere with 

normal mastication.  Hylander (1979) used strain gages immediately below the condyles 

of macaques to examine if the joint is loaded, if loads differ between the two 

temporomandibular joints, and when maximum and minimum loadings take place.  

Patterns of strain support compression reaction force in the condyle during the power 

stroke of mastication and incision, as well as during isometric biting at both the incisors 
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and molars, with the contralateral side (i.e., balancing side) strains being higher.  

Strains were observed throughout the entire chewing cycle with strain during wide 

opening being smaller than during power stroke or isometric biting, but greater than 

during opening stroke of mastication.  Isometric biting strains were larger than 

mastication strains, and isometric biting with incisors produces smaller strains than 

biting with the molars (Hylander 1979).  Another more invasive study involving 

macaques used a force transducer cemented to the anterosuperior aspect of the 

condyle determined that the joint is loaded during chewing, drinking, incisal biting, and 

vocal aggression (Boyd et al. 1990).  Chewing harder food (animal biscuits) produced 

greater forces compared to chewing softer foods (orange), and there was little 

fluctuation in forces as the chewing progressed toward swallowing (Boyd et al. 1990).  

More recently, in vivo masticatory-related strains were examined using mini pigs 

with strain gages posterior and lateral to the condyle, as well as on the zygomatic 

process lateral to the articular eminence (Herring and Liu 2001).  The principal 

compressive axis on the condyle was found to be perpendicular to the occlusal plane, 

and the principal tensile strain was smaller than the compressive strain.  Stimulation of 

the ipsilateral masseter mimicked mastication strain in condyle, which further indicates 

that the strain in the condyle is due to joint reaction force during mastication. Strains 

were also observed to change throughout the chewing cycle, which is likely due to the 

complex movements in the joint during this action.  Tension exceeds compression along 

the zygomatic arch, indicating that it is bent and twisted.  Therefore, strains in both the 

mandibular and temporal aspect of the temporomandibular joint are indicative of loading 

in this joint during mastication (Herring and Liu 2001). 
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Human subjects have also been used to demonstrate loading at the 

temporomandibular joint.  Using an in vitro approach, Throckmorton and Dechow (1994) 

attached strain gages to the anterior, posterior, medial, and lateral aspects of the 

condylar neck of human mandibles dissected from cadavers.  Force of the superficial 

masseter and medial pterygoid muscles was simulated using a compression device; 

action of the temporalis and lateral pterygoid were not included in this study.  Strains in 

the condyle were measured at various bite points as well as various positions of the 

resultant muscle force.  The balancing side condyle was shown to be more heavily 

loaded than the working side condyle, and joint force was higher when the resultant 

muscle force was closer to the joint, and the bite point was further from the joint 

(Throckmorton and Dechow 1994).  Using living subjects, Hylander (1978) measured 

incisal bite force direction in ten humans in order to respond to the assertion that bite 

force is equal to and in the opposite direction of the resultant masticatory muscle force, 

which would leave the temporomandibular joint unloaded.  This analysis confirmed that 

bite force was directed vertically and anteriorly, rather than posteriorly as advocated by 

proponents of nonlever action of the mandible.  Since this bite force direction is not 

opposite the muscle force direction, the temporomandibular joint must be loaded 

(Hylander 1978). 

It seems apparent that arguments that the temporomandibular joint is not load-

bearing are largely based on incorrect assumptions and oversimplifications.  In vivo 

experiments using strain gages suggest that both aspects of the temporomandibular 

joint are capable of load-bearing and show consistent patterns of stress during 

mastication.  Direct determination of bite force has refuted the possibility that this force 



 

58 

acts in opposition to muscle force, which means that the temporomandibular joint must 

carry part of the load.  Additionally, the morphology of the temporomandibular joint has 

been shown to vary with dietary consistency and masticatory function, which is 

discussed further below.  This evidence indicates that the temporomandibular joint is an 

appropriate structure to study when assessing the influence of diet and masticatory 

forces on craniofacial morphology. 

Evidence Linking Masticatory Function to Craniofacial Form 

The connection between masticatory function, dietary consistency, and 

craniofacial morphology has been studied in a variety of species and contexts.  Several 

studies have compared both human and non-human populations with naturally 

occurring variations in diet.  Some investigate the relationship of craniofacial 

morphology to factors that may affect masticatory function, such as tooth loss and 

attrition.  Others use a more experimental approach involving the comparison of groups 

of animals raised under different dietary and masticatory conditions. 

Humans with Different Subsistence Strategies 

Evidence citing a link between dietary consistency and human craniofacial form 

often involves comparison of craniofacial dimensions between hunter-gatherer 

populations and agricultural populations.  The premise of these studies is that 

agricultural populations are presumed to have softer diets compared to hunter-

gatherers, and thus dietary consistency may affect craniofacial growth and form.  This 

conclusion stems largely from the reduction in tooth wear noted with the transition to 

agriculture, and subsequently to post-Industrial Revolution diets (Larsen 1995; Rando et 

al. 2014; Smith 1984).  Degree of tooth wear depends on both characteristics of the 

food itself and techniques of preparation, and is more severe in diets involving less 
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processed foods that may contain more grit (Addy and Shellis 2006; Larsen 1995; 

Powell 1988).  Increased use of cooking vessels and grinding stones softened the 

consistency of the food consumed; however, grinding stones may also have introduced 

abrasive elements that resulted in more rapid tooth wear (Larsen 1995; Smith 1984).   

An increase in frequency of dental caries has also accompanied these dietary 

shifts, resulting mainly from an increased consumption of carbohydrates (Larsen 1995).  

This may also be due in part to the tendency for agricultural populations to boil plants to 

a gruel-like consistency.  This practice may promote the growth of bacteria in fissures 

and grooves in the teeth that are more difficult to clean.  The degree of this increase in 

frequency of carious lesions varies by population, since certain foods available in 

certain areas may be more cariogenic than others (Larsen 1995).   

Changes in craniofacial dimensions with shifts in subsistence strategies have 

been studied in a variety of contexts, and are generally consistent in their results.  An 

investigation of the transition to agriculture in Nubia found a decrease in corpus length, 

ramus height, symphysis height, and coronoid process height (Carlson and Van Gerven 

1977).  In the Argentine Center-West, agriculturalists exhibited an overall smaller 

craniofacial size, as well as localized reduction in structures related to the masticatory 

complex, such as the size of the attachments of the masseter and temporalis (Sardi et 

al. 2006).  Similarly, a study by Paschetta et al. (2010) on Ohio Valley populations found 

that agriculturalists exhibited shorter and narrower palates and relatively smaller 

temporomandibular joint dimensions.  More recent craniofacial change that involved a 

shift from an agricultural diet to a more modern Western diet was investigated by 

comparing individuals from the late mediaeval period (1050-1150) and post-medieval 
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period (1550-1850) in London (Rando et al. 2014).  For both males and females, 

reductions in all mandibular ramus dimensions and overall width of the mandible were 

found; these dimensions in particular are closely tied to areas of masticatory muscle 

attachment (Rando et al. 2014).  An extensive review of similar studies found a similar 

overall reduction in size and robusticity of the face and mandible (Larsen 1995).  

Cultural changes in food preparation and the transition to agriculture have also been 

tied to a reduction in the size of the dentition, particularly in the molars (Brace and 

Mahler 1971; Calcagno 1986; LeBlanc and Black 1974).  However, as tooth dimensions 

are under greater genetic control compared to other skeletal dimensions, the functional 

influence on these changes is unclear (Larsen 1995). 

In her 2011 study, Noreen von Cramon-Taubadel aimed to determine the 

influence of changing subsistence strategies on mandibular morphology relative to other 

factors, such as genetics, geography, and climate.  Using eleven populations, six of 

which were considered agricultural and five of which were categorized as hunter-

gatherer, the author compared population distance matrices based on mandibular 

shape data against matrices based on neutral genetic, geographical, climate, and 

subsistence data.  The results of this study suggest that mandibular morphology 

correlates best with subsistence strategy when controlled for population history and 

geography (von Cramon-Taubadel 2011).  Essentially, transition from hunting and 

gathering to agriculture erases morphological evidence of genetic relationships in the 

mandible.  Agricultural populations are shown to have shorter and broader mandibles 

with taller, more angled rami and coronoid processes (von Cramon-Taubadel 2011).  
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This morphology conflicts with general reduction in craniofacial features found in other 

studies. 

The inconsistencies between studies may be due to some methodological issues 

involved with von Cramon-Taubadel’s (2011) approach, including a lack of specificity of 

the dietary compositions of the populations used.  Although she considered six aspects 

of subsistence economy (i.e., gathering, hunting, fishing, animal husbandry, agriculture, 

and milking), she does not describe any specific aspects of food processing or 

exploitation for the groups involved.  Including such varied regions and groups 

confounds the study by not addressing cultural differences in food use, as well as 

access to different foods in general due to geographical location.  Smaller scale studies 

in restricted areas might better represent the effects of changes to agriculture, since 

restricting the population in question serves as a control for cultural variation and 

geographic availability of different foods (Larsen 1995).  Regardless of the conflicting 

morphological findings, von Cramon-Taubadel’s (2011) study supports the idea that 

mandibular morphology patterns less closely with genetic factors, and may be more 

influenced by environmental factors, such as subsistence strategy. 

Several studies involving human populations with various subsistence strategies 

have focused on TMJ morphology specifically.  In a Nubian population, size of the 

glenoid fossa of the temporal was found to be smaller in agricultural populations when 

compared to hunter-gatherer populations, despite an overall increase in cranial size 

over time (Hinton and Carlson 1979).  Hinton (1983) also investigated variation in size 

of both the mandibular condyle and the mandibular fossa in eight different populations 

with a range of subsistence practices.  Among aboriginal groups, dimensions of the TMJ 
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were larger in hunter-gatherer groups compared to agricultural groups, with the most 

marked difference occurring in the anteroposterior dimension of the condyle (Hinton 

1983).  Similar results were found in a comparison of an 18th century London population 

to other European material spanning back to the Neolithic, in which the anteroposterior 

dimension of the mandibular condyle has reduced over time (Whittaker et al. 1990).  

However, a more recent comparison of late mediaeval and post-mediaeval period 

individuals from London found reductions in the mediolateral width of the condyle over 

time, but no change in the anteroposterior dimension (Rando et al. 2014).  Although 

these studies differ regarding statistically significant change in mediolateral and 

anteroposterior TMJ dimensions, all suggest a trend toward smaller TMJ dimensions 

with shifts to agricultural and more modern Western diets. 

Non-human Species with Variations in Diet 

Aside from comparisons of human groups with different subsistence strategies, 

diet-related morphological differences have been examined in non-human primate 

samples as well.  Mandibular and temporomandibular joint variation in the great apes 

has been investigated by Taylor (2005; 2006) and Terhune (2011b; 2013).  The diets of 

African apes are characterized by various degrees of folivory and frugivory, with chimps 

and bonobos consuming a greater proportion of fruit, and gorilla species consuming a 

more folivorous diet (Taylor 2005).  Bonobos tend to have a greater reliance on piths 

and leaves year round compared to chimps, but this may vary across feeding sites 

(Terhune 2013).  Orangutans are thought to consume a diet at least as challenging as 

gorillas (Terhune 2013).  Among orangutan species, Sumatran orangutans spend more 

time feeding on fruit than do Bornean orangutans, which eat more bark and vegetation.  

Additionally, Sumatran orangutans have been observed to use tools to open certain 
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fruits, while Bornean orangutans use their jaws to access the seeds (Taylor 2006; 

Terhune 2013).   

Bonobos have relatively larger condylar surface areas and more 

anteroposteriorly curved condyles compared to chimps, which exhibit larger 

anteroposterior dimensions of the temporal aspect of the TMJ (Terhune 2013).  

According to Taylor (2005), gorillas were found to have significantly higher mandibular 

rami, higher condyles relative to the occlusal plane, and greater condylar width 

compared to chimps.  Within gorilla species, mountain gorillas are the extreme folivore, 

with significantly higher rami and condyles and greater condylar width compared to the 

more frugivorous lowland gorillas (Taylor 2005).  However, Terhune (2013) did not find 

any condylar width differences between the two gorilla species; condylar areas were 

significantly greater in bonobos compared to gorillas when scaled to the distance from 

the condyle to the first mandibular molar, but gorillas were found to be significantly 

greater in condylar area than chimps when this variable was scaled to mandibular 

length.  Compared to Sumatran orangutans, Bornean orangutans were found to be 

significantly larger in corpus, symphysis, and condylar dimensions, condylar surface 

area, and the anteroposterior dimension of the temporal aspect of the TMJ, which 

suggests that these species are better suited to resist larger or more frequent loads 

than Sumatran orangutans (Taylor 2006; Terhune 2013).  The anteroposterior length of 

the articular eminence was found to be relatively longer in chimps, bonobos, and 

orangutans compared to gorillas; this may reflect a greater capacity for condylar 

translation associated with a greater frequency of processing foods with the anterior 

teeth in these species (Terhune 2013).  Additionally, gorillas and Bornean orangutans 



 

64 

exhibit more angled articular eminences compared to chimps, which consume a less 

challenging diet (Terhune 2011b).  Overall, species with a tougher, more folivorous diet 

were found to have significantly higher mandibular rami, higher condyles relative to the 

occlusal plane, greater angulations of the articular eminence, and greater condylar, 

corpus, and symphysis dimensions compared to more frugivorous species (Taylor 2005; 

Taylor 2006; Terhune 2011b).   

Variation in Function Due to Tooth Loss and Attrition 

Morphology of the TMJ has been compared between human groups with varying 

degrees of antemortem dental loss and attrition.  Edentulous individuals produce 

smaller forces during mastication, and would thus endure smaller joint reaction forces in 

the TMJ (Helkimo et al. 1977; Ikebe et al. 2010; Ikebe et al. 2005; Turner 1998).  Those 

with attrition and complete edentulism tend to show the lowest angulations of the 

articular eminence of the temporal (i.e., shallower mandibular fossae), individuals with 

complete dentition have steeper articular eminences, and those with partial dentition are 

in between (Granados 1979; Hinton 1981; Lawther 1956).  Edentulous individuals also 

have lower cancellous bone density in the mandibular condyle, as well as lower 

stiffness and strength in axial loading of the condyle (Giesen et al. 2003).  These 

differences cannot be attributed to osteoporotic bone loss, since the increase in 

anisotropy of cancellous bone normally associated with osteoporosis was not observed 

(Ciarelli et al. 2000; Giesen et al. 2003). 

Experimental Studies 

In general, experimental studies investigating the link between masticatory 

function and craniofacial form compare the morphology of different groups raised on 

different dietary consistencies or with other impairments of normal masticatory function.  
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Animal models most often used include rats, rhesus macaques, squirrel monkeys, pigs, 

rabbits, and mice.  The logic behind these studies is that the consumption of a soft diet 

or impaired functioning would result in smaller masticatory and joint reaction forces. 

Since bone adaptation tends to occur under high and dynamic stress environments 

(Turner 1998), factors such as a harder diet should result in differential bone growth 

compared to a soft diet. 

A review of the literature suggests that altered dietary consistency or other 

manners of impaired functioning can result in gross morphological changes to the 

craniofacial region.  In the masticatory complex, animals raised on harder diets tend to 

exhibit wider dental arches (Beecher and Corruccini 1981a; Beecher and Corruccini 

1981b; Corruccini and Beecher 1982; Mavropoulos et al. 2004), larger condylar and 

corpus dimensions (Bouvier 1988; Bouvier and Hylander 1981; Bouvier and Hylander 

1984; Ciochon et al. 1997; Ravosa et al. 2007), larger symphysis dimensions (Ravosa 

et al. 2007), larger bicondylar and bigonial breadth (Ciochon et al. 1997), larger 

dimensions of the ramus (Ciochon et al. 1997), and larger muscle mass and 

physiological cross sectional area of the masseter (Taylor et al. 2006).  Elsewhere in the 

cranium, animals raised on a hard diet exhibit a more vertical frontal profile, greater 

thickness of the outer table of the frontal bone, greater zygomatic height, a greater 

cranial and bizygomatic breadth, more globular neurocranium with a greater curvature 

of lateral vault walls, greater occipital height, rostrocaudally shorter basisphenoids, and 

dorsoventrally deeper pterygoid plates (Ciochon et al. 1997; Menegaz et al. 2010). 

Internal structure of bone and characteristics of condylar cartilage have also 

been shown to vary with masticatory function.  Hard diet groups exhibit thicker condylar 
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cartilage, greater trabecular bone volume and trabecular thickness in the condyle, a 

greater degree of condylar and symphyseal bone mineralization, and thicker cortical 

bone at the symphysis and in the corpus compared to soft diet groups (Bouvier 1988; 

Bouvier and Hylander 1981; Bouvier and Hylander 1984; Chen et al. 2009; Mavropoulos 

et al. 2004; Tanaka et al. 2007; Yamada and Kimmel 1991).  Using intravenous doses 

of stains to highlight areas of bone formation in pigs raised on different dietary 

consistencies, Dias and colleagues (2011) found that the hard diet group showed a 

significantly higher degree of bone deposition on the condyle compared to the soft diet 

group.  Condyles in the hard diet group were also found to have significantly thicker and 

more mineralized trabecular structure (Dias et al. 2011). 

Another strategy used by various researchers involves raising animals on one 

experimental condition, then changing to another to examine the amount of “recovery” 

in different morphological features.  Chen and colleagues (2009), Bouvier (1988), and 

Bouvier and Hylander (1984) all found that groups initially raised on a soft diet then 

switched to a hard diet exhibited morphology more similar to hard diet groups, and were 

often not statistically significantly different from them.  Specifically, condylar cartilage 

thickness (Bouvier and Hylander 1984; Chen et al. 2009), trabecular density (Bouvier 

1988), and condylar dimensions (Bouvier and Hylander 1984) were all similar between 

hard diet groups and groups that switched from a soft to a hard diet.  A more recent 

experimental study examined the effects of hard fallback foods on mandibular 

morphology to investigate the role of dietary seasonality on craniofacial form (Scott et 

al. 2014).  A group of rabbits fed on consistently tougher diets (hay and hard pellets) 

were found to have larger cross section areas of the condyle compared to animals fed 
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on consistently hard diets (pellets only); a “seasonal” group, which was fed hard pellets 

and hay for 6 weeks then switched to an all-pellet diet for the next 18 weeks, exhibited 

intermediate morphology but was most similar to the less-challenging all-pellet diet 

control group (Scott et al. 2014).  These studies indicate a degree of plasticity not only 

during early development, but throughout life, although bone formation has been 

demonstrated to be impaired with increasing age (Liang et al. 1992). 

With similar goals but a different strategy to the above studies, a group of 

researchers examined the mandibular and condylar morphology of control mice and 

myostatin-deficient mice (Nicholson et al. 2006; Ravosa et al. 2008). Since myostatin is 

a negative regulator of muscle growth, myostatin deficient mice (i.e., knockout mice) 

serve as a model for overuse.  Masseter and temporalis muscles in these mice tend to 

be over 50% larger than in normal mice. Unlike the above studies, both groups were fed 

the same diet.  The knockout mice exhibited larger dimensions of the condyle, corpus, 

symphysis, and jaw-adductors, increased articular cartilage height, thicker cortical bone 

along symphysis articular surface, and greater levels of biomineralization in symphysis 

and temporomandibular joint, including the condylar neck (Nicholson et al. 2006; 

Ravosa et al. 2008).  Although this morphology is consistent with that of groups raised 

on a hard diet, it is not clear if this is due to the larger musculature and subsequent 

increase in bite force alone or secondary to the genetic alterations involved.  

Alternatively, low-level passive muscular activity has been shown to increase the rate of 

bone formation (Rubin et al. 2001).  Larger muscles would produce greater low-level 

strains that would induce a greater bone growth response.   
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Summary 

The evidence for a link between craniofacial form and masticatory loading is 

consistent regardless of the design of the study (natural versus experimental) or the 

species of the samples involved.  Based on these studies, one would expect a softer 

diet and a reduction in masticatory function to be associated with gracilization: i.e., a 

reduction in craniofacial dimensions.  In the temporomandibular joint specifically, lower 

masticatory loads are linked to smaller joint dimensions, shallower mandibular fossae, 

and thinner, less mineralized trabecular structure in the condyle. 
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CHAPTER 4 
MATERIALS AND METHODS 

Approach 

The goal for this study is to investigate whether dietary changes have contributed 

to the observed secular trends in craniofacial morphology of U.S. populations through 

observations of temporomandibular joint (TMJ) morphology.  The TMJ was chosen as 

the focus of study due to the direct relationship of this structure with masticatory 

function, and was examined using both radiographic data and morphometric methods.  

The morphometric variables allowed examination of changes in the overall size and 

shape of the joint, whereas the radiographic data were used to examine more subtle 

changes in trabecular bone density over time.   

The premise of this study is that the variables used actually reflect variation in 

dietary consistency and ingestive behavior.  Therefore, prior to examining change over 

time, preliminary tests were performed to investigate the suitability of variables used in 

this study to assess the effects of increased food processing on TMJ morphology.  This 

was examined using nonhuman primate species that vary in diet and ingestive behavior 

(described below), as well as humans with varying degrees of dental loss.  Variation in 

TMJ morphology between populations and collections was also examined. 

Sample 

The human sample for this study consisted of males and females from two 

documented skeletal collections.  The Terry Collection at the Smithsonian National 

Museum of Natural History provided individuals born in the mid-19th and early-20th 

centuries.  The majority of the skeletons in the collection are from unclaimed cadavers 

used in medical school anatomy classes at Washington University in St. Louis.  While 
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the collection is mostly composed of individuals from less well-off segments of society, 

the completeness and preservation of the skeletons and associated demographic 

information make this collection an invaluable resource for skeletal research (Hunt and 

Albanese 2005).  The contemporary portion of the sample was composed of individuals 

from the William M. Bass Donated Collection housed at the University of Tennessee, 

Knoxville.  Historically, many of these donations are also unclaimed cadavers from local 

Medical Examiner’s Offices, which would also represent individuals of low 

socioeconomic status (Christensen 2006).  However, this collection has had an influx of 

self-donations over the past fifteen years, which are more likely to involve individuals of 

higher socioeconomic status.  “Black” and “white” ancestry groups are included in this 

study.  However, racial categories documented in these collections reflect self-identified 

social categorization rather than biological reality.  

The sample composition by year of birth is illustrated in Table 4-1 and Figure 4-1.  

Sample composition by age is presented in Table 4-2.  Data was collected on an 

additional sample of 41 white males that were edentulous or nearly edentulous (21 from 

the Terry Collection, 20 from the Bass Collection) to examine the utility of the variables 

in this study to reflect differences in function.  Edentulous individuals have been shown 

to produce smaller bite forces compared to dentate individuals (Helkimo et al. 1977; 

Ikebe et al. 2010; Ikebe et al. 2005; Turner 1998), exhibit lower bone density in the 

mandibular condyle (Ciarelli et al. 2000; Giesen et al. 2003), and exhibit lower 

angulations of the articular eminence of the temporal (Granados 1979; Hinton 1981; 

Lawther 1956).  In this sample, all individuals were completely edentulous aside from 

one individual with several anterior mandibular teeth and one anterior maxillary tooth, 
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one individual with one tooth in both the maxilla and mandible that were non-occluding, 

and two individuals with one maxillary tooth each.   

The nonhuman primate species examined are Procolobus badius (Western red 

colobus; n=6), Colobus polykomos (King colobus; n=6), Cercocebus atys (sooty 

mangabey; n=6), and Cercopithecus diana (Diana monkey; n=6) from Taï Forest, Côte 

d’Ivoire.  These sympatric species differ in dietary habits and foraging behavior, with the 

sooty mangabeys exploiting hard objects and insects, Diana monkeys consuming large 

amounts of soft fruits and insects, and the colobus monkeys eating more leaves and 

seeds (Daegling and McGraw 2001; McGraw et al. 2011; McGraw and Zuberbuhler 

2007).  Within the colobus species, C. polykomos presumably exploits a greater 

quantity of tougher foods than P. badius (Daegling and McGraw 2001; McGraw and 

Zuberbuhler 2007).   

Morphometric Methods 

Linear measurements of the mandibular condyle and temporal aspect of the joint, 

as well as the average slope of the articular eminence, were taken for comparison with 

previous studies of diet and TMJ morphology.  The mediolateral width was taken for 

each condyle.  The anteroposterior dimension of the condyle was recorded at three 

points: the medial, central, and lateral aspects.  The mediolateral dimension of the 

temporal aspect of the joint was taken from the posterior terminus of the 

sphenotemporal suture to the inferolateral-most point on the eminence (Figure 4-2).  

The anteroposterior measurements of the temporal aspect of the joint are described 

below. 

The anteroposterior dimension of the temporal aspect of the joint and average 

slope of the eminence were found using a contour gage with 35 pins per inch.  With the 
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cranium positioned upside down, the long arm of the contour gage was held parallel to 

Frankfort horizontal.  The contour of the eminence and mandibular fossa was taken at 

medial, middle, and lateral aspects of the joint (Figure 4-2).  The anteriormost aspect of 

the contour was defined by a line parallel to the mediolateral measurement of the 

eminence, but positioned anteriorly such that it intersects with the posterior-most aspect 

of the zygomatic arch.  The posterior-most aspect of the joint was defined by the post-

glenoid process.  Contours were also taken perpendicular to the mediolateral dimension 

of the eminence.  Once the contour was establish, it was outlined with a felt-tip pen on a 

data sheet, such that the long arm of the contour gage was horizontal (i.e., horizontal 

lines on the paper represent Frankfort Horizontal).  With the long arm of the calipers 

positioned horizontally, the anteroposterior dimension of each contour was recorded 

(Figure 4-3). 

The average slope for each eminence was acquired using ImageJ and Microsoft 

Excel.  Each data sheet was scanned, and each eminence contour was saved as a 

separate image.  In ImageJ, a grid with an area per point of 100 pixels2 was 

superimposed on each contour using the Grid Plugin.  This created vertical and 

horizontal lines spaced at every 10 pixels.  Using the Multipoint Selection tool, points 

were selected at every intersection of the vertical gridlines with the contour (i.e., every 

10 pixels along the contour), as well as at each of the endpoints of the contour (Figure 

4-4).  These selections were then saved as a set of XY coordinates, which were 

transferred into Excel.  Slopes were derived along the length of the contour using these 

XY coordinates.  The mean of these slopes were acquired for the eminence portion of 

the contour, which was defined to extend from the most superior point in the fossa to 
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the most inferior point on the eminence (i.e., the positive slopes on left side contours 

and negative slopes on right side contours).  However, since the origin is positioned in 

the top left corner of the image in ImageJ, a plot of the XY coordinates produces an 

inverted image of each contour.  Therefore, the negative slopes were averaged for the 

left sides, and the positive slopes were averaged for the right sides.   

Other measurements of the skull were taken following Moore-Jansen and 

colleagues (1994), and are listed in Table 4-3.  A set of mandibular and cranial 

measurements was recorded to investigate the covariance of TMJ dimensions with 

other craniofacial dimensions, and how this covariance may change over time.  In order 

to control for size, variation in linear measurements was examined using an index 

involving the ratio of the linear measurement to the maximum diameter of the femoral 

head. 

Radiographic Methods 

Radiographs of the mandibular condyle allowed the examination of the density of 

the trabecular bone within this structure, with mean grayscale values serving as a proxy 

for bone density.  Radiographs were taken using DEXIS® digital dental radiograph 

Platinum Sensor and imaging software and a NOMAD® Pro hand-held portable x-ray 

source.  The NOMAD was propped on a Styrofoam™ stand to prevent movement of the 

x-ray source and consequent blurring of radiographs.  The sensor was affixed to the 

NOMAD using a bitewing ring, bitewing aiming bar, a sensor holder, and removable 

adhesive strips.  The sensor was positioned in the center of the circular x-ray source at 

a distance of 66 mm from the surface of the x-ray source for all radiographs.  

Radiographs of the condyles were taken from posterior to anterior, with the sensor 

positioned anterior to the condyle.  The mandible was positioned such that the posterior 



 

74 

border of the ramus was oriented vertically and the anterior aspect of the condyle was 

touching the radiograph sensor.   

Additionally, in order to ensure consistency between radiographs, an aluminum 

step wedge was attached to the sensor with tape such that it covered approximately a 

third of the surface of the radiograph.  Aluminum step wedges are used to calibrate x-

ray equipment and assess the consistency between radiographs.  They are made of a 

substance of consistent density (e.g., aluminum), and increase in thickness from one 

end to the other to produce a range of grayscale values.  In this study, a 38 mm x 9 mm 

step wedge was used (i.e., roughly the size of the dental x-ray sensor), which ranged in 

thickness from 1 mm at one end to 9 mm at the other end; as such, 9 steps are present 

that increase in thickness in 1 mm increments of.  The 1 mm thick step in the step 

wedge did not fit on the sensor and does not appear in the radiographs.  

Trabecular bone density was evaluated using the mean grayscale values in three 

regions of interest throughout the condyle, as well as in one large region spanning the 

entire condyle.  To acquire these values, all images were first calibrated in Adobe® 

Photoshop® using the percent pigment/ink percentages of each step of the aluminum 

step wedge present in each radiograph.  The pigment/ink percentage is a way of 

characterizing the grayscale value in an image, and measures the intensity of the 

pigment.  Therefore, when using this measure of grayscale, larger pigment/ink 

percentages indicate darker grayscale values (e.g., 0% = white, 100% = black).  All 

radiograph images were calibrated to the control pigment/ink percentages in Table 4-4.  

These values were chosen by acquiring pigment/ink percentages for each step in the 

step wedge in a sample of radiographs, and choosing the most consistent values for 
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each step.  In general, these percentages were recorded for approximately 25 

radiographs.  The most frequent pigment/ink percentage observed at each step was 

chosen as the calibration value to adjust the entire sample of radiographs. 

Images were adjusted in Adobe® Photoshop® using the Eyedropper Tool and a 

31 x 31 pixel sample area.  The pigment/ink percentage for each step in the step wedge 

was obtained by pressing the Shift key while clicking in an area in each step (Figure 4-

5).  Four areas were selected at a time, and the pigment/ink percentages for each of the 

four areas appear in the Info window.  These percentages were adjusted using the 

curves tool, which presents a histogram of all grayscale values in the image.  Since the 

step wedge covers roughly a third of the radiograph, a large proportion of this histogram 

represents the steps in the step wedge.  Peaks in this histogram were consistently 

observed around the pigment/ink percentages associated with each step in the step 

wedge (Figure 4-6).  The straight diagonal line through the graph represents the original 

image.  The line was adjusted to the control pigment/ink percentage by clicking on the 

line at each peak in the histogram and dragging the line to the desired pigment/ink 

percentage for each step in the step wedge (Figure 4-7).  The input values at each peak 

were the original pigment/ink percentages of the image, while the output values were 

the corresponding control values. 

Once adjusted, the radiographs were rotated in Adobe® Photoshop® such that 

the most medially and laterally projecting points on the articular surface of the condyle 

both intersected a horizontal line.  Using the length of the line connecting these two 

points, each condyle was divided into thirds and demarcated by vertical lines drawn in 

ImageJ (Rasband 1997-2011).  The Overlay tool was used for these lines to ensure that 
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they would not alter the grayscale measurements taken on the radiographs.  Mean 

grayscale values were taken in ImageJ by drawing selection areas on the radiograph 

and using the Histogram tool.  These grayscale values range from 0 to 255, with 0 

corresponding to black and 255 corresponding to white.  The same rectangular 

selection area was used for all three aspects of the condyle: the largest possible area 

was taken in the smallest division that avoided subchondral bone and neck cortical 

bone.  One additional large oval selection was taken over the entire area of the condyle.  

As with the smaller selections, this large oval selection avoided subchondral bone and 

the cortical bone in the condylar neck.  All selections were taken superior to the 

narrowing of the condyle into the neck (Figure 4-8). 

These radiographic data were also collected on a lateral radiograph of the distal 

ulna as a measure of systemic bone density, since this is a non-weight-bearing element 

that would be less likely to be altered by biomechanical influences.  In these 

radiographs, the region of interest was the largest oval selection on the head of the ulna 

that avoided subchondral bone, the styloid process, and any arthritic changes in the 

joint.  The entire selection lies distal to the narrowing of the bone proximally into the 

shaft of the ulna. 

The use of radiographs in this study resulted in images that captured the three 

dimensional internal structure of the condyle in a two dimensional image, as opposed to 

providing a cross section of the internal morphology as would be captured by a CT 

scan.  Therefore, condyles that are thicker in the anteroposterior dimension will 

automatically appear to have denser bone.  To account for variations in thickness of the 

bone, all grayscale values were corrected using regression.  Specifically, adjusted Y-
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values for both the condyle and the ulna were calculated using the regression of 

grayscale value on the anteroposterior dimension of the mandibular condyle, and the 

mediolateral dimension of the ulna. 

Tooth Loss and Dental Wear 

When choosing variables to include in a study, it is important to consider and 

control for the effects of confounding factors.  Since the focus of this study is the 

connection between masticatory function and temporomandibular joint morphology, 

factors other than dietary consistency that may affect morphology need to be 

considered.  In particular, both antemortem tooth loss and dental wear have been 

demonstrated to affect some of the variables that will be included in this study.  Overall, 

tooth loss and attrition seem to have the largest effect on the angle of the articular 

eminence and the density and mechanical properties of the trabecular bone in the 

condyle.   

Hinton (1981) examined the slope of the articular eminence in hunter-gatherer, 

agricultural, and urban populations in relation to degree of tooth loss and attrition.  For 

higher wear scores, particularly in the molars, hunter-gatherer populations exhibited a 

lower angulation of the eminence (i.e., a shallower mandibular fossa).  The agricultural 

and urban populations exhibited a similar decrease in angulation with increased tooth 

wear and molar loss (Hinton 1981).  Granados (1979) found similar results in a study of 

103 skulls from both agricultural and urban populations, but attributed at least some of 

this variation to temporomandibular joint disease.  The connection between dental wear 

and temporomandibular joint pathology has been investigated, as well, but the results 

appear mixed.  Some have found no association between degree of tooth wear and 

TMJ pathology (Eversole et al. 1985; Sheridan et al. 1991), while others have found the 
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opposite (Hodges 1991).  Since individuals with evidence of TMJ pathology were 

excluded from the current study as explained further below, this possible association will 

not affect the results of this investigation.  However, dental wear will be considered 

when interpreting any trends involving the slope of the articular eminence. 

Using lateral radiographs of living individuals, Lawther (1956) also found that 

edentulous individuals have a decreased slope of the articular eminence and a 

decrease in height of the mandibular fossa, though these measurements still fell within 

the range of the standard deviation of the dentate group.  However, since all of the 

edentulous individuals in the study wore dentures, joint force during mastication may 

have been only slightly lower for this group compared to the dentate group (Lawther 

1956).  Mongini (1972) suggests that partially edentulous individuals with tooth loss in 

the molar region tend to exhibit a unique condylar shape due to remodeling on the 

superior surface of the condyle.  In addition to differences in gross morphology of the 

temporomandibular joint, edentulous individuals have also been found to have lower 

trabecular bone density in the mandibular condyle, as well as lower stiffness and 

strength in axial loading of the condyle (Giesen et al. 2003).  Since the increase in 

anisotropy of trabecular bone normally associated with osteoporosis was not observed, 

these condylar differences are likely due to differences in function (Ciarelli et al. 2000; 

Giesen et al. 2003). 

Despite these effects, measurements on individuals with tooth loss and dental 

wear were used in this study.  Since edentulous individuals have been shown to 

produce smaller forces during mastication, and would thus endure smaller joint reaction 

forces in the temporomandibular joint (Helkimo et al. 1977; Ikebe et al. 2010; Ikebe et 
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al. 2005), these individuals can be used to verify that the variables used in this study 

can reflect variation in temporomandibular joint morphology due to differences in 

masticatory function.  In particular, the radiographic methods and approach used to 

assess the slope of the articular eminence differ from methods used in previous studies.  

Individuals with dental wear were included in this study because changes in the degree 

tooth wear over time would inform changes in diet.  Specifically, a decrease in tooth 

wear would reflect a decrease in grit in the diet and indicate a shift to the consumption 

of softer and more processed foods (Addy and Shellis 2006; Crothers 1992; Powell 

1988). 

Dental attrition was scored following Smith (1984), which is described in Table 4-

5.  Using this scoring system, replicability is about 90% for molars, and 85% for more 

anterior teeth, with any errors of more than one wear stage occurring extremely rarely 

(Smith 1984).  A mean wear score was calculated separately for posterior (molars and 

premolars) and anterior (canines and incisors) teeth.  Wear scores were summed, then 

divided by the number of teeth present. 

Tooth loss was scored using the Eichner Index (Ikebe et al. 2010).  This index 

categorizes degree of tooth loss in terms of occlusal support between opposing teeth 

(e.g., upper and lower molar contact).  Premolars, molars, and anterior teeth are each 

counted as separate support zones.  Group A includes 4 posterior support zones, group 

B includes one to three posterior support zones or contact in the anterior area only, and 

group C has no support zone, though a few teeth may be present (Figure 4-9).  Each of 

these groups is further divided into subgroups.  Individuals in group A1 have no missing 

teeth, those in group A2 have at least one tooth missing in either the maxilla or the 
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mandible, and those in group A3 are missing at least one tooth in both the mandible and 

maxilla.  Individuals classified in groups B1, B2, and B3 have three, two, and one 

posterior support zones, respectively, while group B4 has occlusal support in anterior 

teeth only.  Although those in group C have no occlusal support zones, individuals in 

group C1 have at least one tooth both the mandible and maxilla, individuals in group C2 

have at least one tooth in either the mandible or the maxilla, and individuals in group C3 

are completely edentulous (Ikebe et al. 2010).   

The categories of the Eichner Index have been shown to be significantly 

associated with maximum occlusal force and overall masticatory performance (Ikebe et 

al. 2010).  Maximum occlusal force was measured using pressure sensitive sheets, 

while masticatory performance was measured by having subjects chew on a gummy 

jelly for 30 chewing cycles and calculating the remaining surface area of the jelly (Ikebe 

et al. 2012).  Both maximum occlusal force and masticatory performance decreased 

significantly with an increase in loss of occlusal contacts.  Reduced oral functions were 

observed even if removable prostheses were used to restore the teeth.  Maximum 

occlusal force was not significantly different between groups A2 to B2, although group 

A1 produced a significantly larger maximum occlusal force than these groups; 

masticatory performance did not significantly differ between groups A1 to B1 (Ikebe et 

al. 2010).  In the interest of including as many individuals as possible without tooth loss 

being a confounding factor, only individuals classified into groups A1 to B2 were 

included in the analysis of change over time.  

Temporomandibular Joint Pathology 

Aside from tooth loss and wear, pathology at the temporomandibular joint also 

alters the variables used in this study.  The progression of the skeletal manifestations of 
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temporomandibular joint disease occurs as follows.  Once cartilage destruction reaches 

the bone surface, an inflammatory response initiates skeletal tissue regeneration 

(Carter and Beaupré 2001).  In areas of low stress (i.e., the lateral edges of the condyle 

and around the margins of the posterior slope of the articular eminence) bone will form 

directly, resulting in osteophyte development.  Areas of high compressive loading (i.e., 

the articular surface of the condyle, and the posterior slope of the articular eminence) 

promote cartilage formation.  Once formed, exposure of this new cartilage to the 

degenerated joint surface results in further destruction, erosion, and removal of the 

cartilage by inflammatory cells (Carter and Beaupré 2001).  The lesions resulting from 

this process are usually more severe and appear earlier on the temporal surface of the 

joint (Mann and Hunt 2005).  Early osteoarthritis generally involves porosity in the 

middle of the fossa, articular eminence anterior to the fossa, and the articular surface of 

the mandibular condyle.  With increasing severity, larger areas of bone in these regions 

are eroded, resulting in an enlarged mandibular fossa and flattened condylar heads with 

osteophytic development.  Most severe cases can involve the complete destruction of 

the condylar articular surface (Aufderheide and Rodríguez-Martín 1998; Mann and Hunt 

2005; Rando and Waldron 2012). 

The morphological change associated with temporomandibular joint disease 

precludes the use of individuals exhibiting pathology in this study.  On the condyle, any 

porosity or osteophytic development would disrupt both linear measurements and 

radiographic data.  Porosity and osteophytic development on the articular eminence and 

in the mandibular fossa might alter the contours used to assess the slope of the 

eminence.  Therefore, where pathological changes were present, variables that were 
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likely to be affected by this pathology (e.g., eminence slope, condylar density) were not 

recorded.   

Bilateral Symmetry 

Radiographic and morphometric variables in the skull were collected for both left 

and right sides, when applicable and possible.  Mastication can occur bilaterally, in 

which chewing occurs on both right and left sides, or unilaterally, in which one side is 

preferred over the other.  Unilateral chewing may occur for various reasons, including 

dental loss, the presence of dental work or dental prostheses, asymmetry of occlusal 

contact area, or unilateral pain in facial muscles or in the TMJ (Farias Gomes et al. 

2010).  If asymmetry in mastication was present in the sample used in this study, 

comparisons of measurements taken only on one side may be misleading.  Therefore, 

the degree and direction of bilateral asymmetry is investigated here.  Ulnar variables 

and maximum femoral head diameter were recorded for the left side only.  However, the 

right side was substituted in the event that postmortem damage or arthritic changes 

could affect the variables examined.  Variables were not recorded in the event that 

postmortem damage or pathological changes interfered with data collection.     

Differences between left and right sides for temporomandibular joint variables 

were examined using paired-samples t-tests (Table 4-6).  Significant differences were 

found between sides for the following variables: lateral and medial condylar grayscale 

means, anteroposterior dimension of the condyle at the lateral and medial aspects, 

eminence width, and anteroposterior dimension of the temporal at the medial aspect of 

the joint.  No significant differences between sides were found for eminence slopes.  

Where significant differences were found, one side was not consistently larger or denser 

than the other.  To examine if side differences may be related to dental status, these 
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paired-samples t-tests were performed again including only those individuals classified 

in Group A using the Eichner Index (i.e., 4 posterior support zones are present), since 

these individuals would not favor one side over the other due to tooth loss. Significant 

differences were found between sides for the same variables listed above.  Therefore, 

there is no connection with dental status and no clear indication of side favoritism during 

chewing.  In order to condense the data for ease of interpretation, the mean of right and 

left sides was calculated for all bilateral variables for use in subsequent statistical 

analyses. 

Collection Effect 

If secular trends in TMJ morphology are found, other factors that may account for 

these trends need to be considered.  Specifically, the individuals in the collections used 

in this study come from different geographical locations.  The Terry Collection originates 

from the St. Louis area, while individuals in the Bass Collection are mostly from 

Tennessee.  These areas may differ in terms of the history of the settlement of 

immigrant populations.  Further, the Bass Collection is partially composed of self-

donations, which would likely involve individuals of higher socioeconomic status 

compared to those in the Terry Collection.  Therefore, change over time might actually 

represent morphological differences between these two skeleton collections due to 

other factors like geographic area or socioeconomic status.  To ensure that this is not 

the case, collection effects were examined using independent-samples t-tests and 

individuals with dates of birth ranging from 1910 to 1940, which encompasses the 

temporal overlap between the two collections. 
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Statistics 

Statistics were calculated using IBM® SPSS® Version 22.  Preliminary analyses 

that assess the efficacy of the variables in this study in reflecting masticatory function 

involved the comparison of nonhuman primate groups with variations in ingestive 

behaviors, and the comparison of individuals with and without teeth.  For the nonhuman 

primates, morphometric variables were compared between groups using Analysis of 

Variance (ANOVA), and controlling for size by using the ratio of condylar dimensions to 

mandibular length.  Radiographic variables for these species were analyzed using 

ANOVA, and were collected using the methods described above.  The human samples 

with and without teeth were compared using independent samples t-tests for 

morphometric variables, and Analysis of Covariance (ANCOVA) for radiographic 

variables to consider the effects of age, since bone density has been shown to 

decrease with age (Riggs et al. 2004).  Population differences were characterized using 

ANOVA; and variation between collections were investigated using independent 

samples t-tests.   

Analysis of secular trends in the TMJ was structured by considering historical 

data and socioeconomic factors.  As the skeletal collections to be used in this study 

generally consist of individuals of lower socioeconomic status, effects of food 

processing and other dietary changes need to be considered with this group in mind.  

Specifically, although new procedures for milling and companies that mass-produced 

canned goods were introduced in the late 1800s, affordable products stemming from 

these developments, such as the uniformly soft Wonder Bread and canned strained and 

pureed baby foods, did not become available until the 1920s (Dyson 2000; Hooker 

1981).  A population shift to an urban majority also occurred by 1920; this shift to city life 
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is associated with a more sedentary lifestyle, as well as greater access to grocery store 

chains with mass-produced goods (Beale 2000).  As the 1920s were followed by the 

Great Depression in the 1930s and food shortages during World War II, the year 1920 

appears to be a reasonable turning point from the heavy meat-centered meals of the 

1800s and early 1900s to lighter diet consisting of more processed foods.  As such, in 

order to assess secular trends in relation to diet, morphology of individuals born before 

1920 were compared with those born after 1920 using independent samples t-tests for 

morphometric variables, and ANCOVA for radiographic variables to consider the effects 

of  age.  As tooth wear was not normally distributed, Mann-Whitney U tests were used 

to assess change over time in this variable.  Additionally, trends over time were 

analyzed for each variable using regression analysis using year of birth as the predictor 

variable.  Due to morphological differences between populations, change over time was 

analyzed separately for each population.  

Null Hypotheses 

The premise that TMJ morphology reflects masticatory function was first 

examined using monkey species as well as humans with varying degrees of tooth loss.  

The null hypothesis for all comparisons between monkey species is that there are no 

differences in TMJ morphology between species once size-effects are considered.  

Since these species exploit foods of various toughness and hardness, this finding would 

suggest either no link between diet and TMJ morphology or the presence of a 

confounding variable, which would likely be an effect of phylogenetic history.  The null 

hypothesis for the comparison between humans of varying dental status is that there 

are no differences in TMJ morphology between people with different degrees of tooth 

loss.  This would also suggest a lack of a connection between masticatory function and 
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TMJ morphology since these variations in tooth loss vary predictably with bite force and 

joint reaction force. 

The null hypothesis for the analysis of secular trends in humans is that there is 

no change in TMJ morphology over time.  This would suggest one of three things:  1) 

dietary changes over time have not contributed to secular trends observed in the skull; 

2) if there are also no differences between monkey species, this may provide further 

support that TMJ morphology does not actually vary with differences in diet; 3) 

developments in food processing and other changes in quantity and frequency of food 

consumption have not been extreme enough to alter skeletal morphology.  If dietary 

changes have not contributed to secular trends in the skull, other factors such as 

changes in population genetics or nutrition and health may be driving these trends.  

Alternative Hypotheses 

Significant differences in TMJ morphology between monkey species may be 

observed.  Presumably, the four species utilized in this study can be ranked by the 

amount of effort needed to consume their respective diets; sooty mangabeys would 

require the most effort, Diana monkeys the least, and colobus monkeys in between, with 

C. polykomos exploiting a tougher diet than P. badius.  If species with harder and 

tougher diets possess larger condylar dimensions and denser trabecular bone, these 

findings reinforce a link between TMJ morphology and dietary consistency.  In this case, 

the observed differences could be used as a basis for interpreting secular trends in 

humans.  However, if significant differences are observed that are not consistent with 

previous studies of TMJ morphology, these results may reflect other species 

differences.  For example, differential intake and retention of calcium would affect bone 
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density, or other more minor aspects of dietary behavior may influence TMJ 

morphology.   

Significant differences may also be observed when comparing individuals of 

varying dental status.  A significant degree of tooth loss in humans is associated with a 

reduction of dental function, and thus smaller bite forces and joint reaction forces.  

Therefore, compared to dentate individuals, one would expect the TMJs of edentulous 

individuals to be smaller with less dense trabecular bone in the condyle, and the 

articular eminence should be shallower.  Significant differences observed between 

edentulous and dentate individuals that are not consistent with this pattern would again 

indicate the presence of a confounding variable. 

In the analysis of secular trends, significant differences may be found between 

the pre-1920 group and post-1920 group.  If a shift to a lighter, more processed diet is 

contributing to these trends, one would expect the post-1920 group to have a smaller 

TMJ, less dense trabecular bone in the condyle, and a shallower articular eminence.  

However, since trabecular bone density may respond to changes in dietary consistency 

throughout life, individuals born before 1920 and lived for a significant amount of time 

after this year may also exhibit less dense trabecular bone.  For all variables, regression 

analysis should demonstrate morphology consistent with a shift to a lighter, more 

processed diet.  If TMJ morphology changes over time in a manner inconsistent with 

such a shift, other factors unrelated to masticatory function, such as changes in health, 

nutrition or genetics, are likely driving secular trends. 

Investigating the covariance of other mandibular dimensions with dimensions of 

the TMJ over time can also provide some insight into the likelihood that changes in food 
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processing have contributed to secular trends.  If this is the case, one would expect the 

covariance between TMJ dimensions and other mandibular dimensions to decrease 

over time.  Access to a greater variety of processed foods would result in a relaxation of 

functional demands, which in turn would increase the variation in mandibular 

morphology, which itself might indicate decreasing covariance among mandibular 

variables. 

Additionally, changes in health, nutrition, and standard of living over time may 

affect TMJ morphology.  These factors have been suggested to affect the increase in 

stature observed in the U.S. over the same time period investigated here (Meadows 

Jantz and Jantz 1999).  Since better health and nutrition is associated with an increase 

in size, one would expect TMJ dimensions to increase and mirror the change observed 

in stature, rather than decrease, which is expected for a more processed diet.  As 

alterations in nutrition should have a systemic effect on the skeleton, trends in bone 

density and mineralization were investigated by taking radiographs of a non-load-

bearing element unrelated to mastication (i.e., ulnar head), to be compared with trends 

in TMJ density.  This will help clarify if changes over time in bone density are localized 

to the condyle.   
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Table 4-1.  Sample composition for pre-1920 and post-1920 groups. 
Year of birth White males White females Black males Black females 
1850-1920 42 30 30 27 
1921-2000 57 37 21 5 
Total 99 67 51 32 
 
 

 
Figure 4-1.  Sample composition by year of birth. 

 
Table 4-2.  Sample composition by age.  
Age White males White females Black males Black females 
16-20 2 0 0 2 
21-30 7 2 8 6 
31-40 23 11 11 12 
41-50 33 14 18 5 
51-60 24 17 10 4 
61-70 10 15 2 2 
71-80 0 5 2 1 
81-90 0 3 0 0 
Total 99 67 51 32 
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Figure 4-2.  Mediolateral measurement (red) and position of slopes and anteroposterior 

dimensions (green) of the temporal aspect of the joint. 
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Figure 4-3.  Example of a tracing of a slope, with the anteroposterior dimension of the 

joint indicated by the red line.  Anterior is to the right. 

 
 

 
 
Figure 4-4.  Example illustrating the procedure for recording coordinates in ImageJ.  

Anterior is to the right. 
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Table 4-3.  Morphometric measurements recorded. 
Element Sample(s) Variable Unit 
Condyle Humans and monkeys Lateral A-P dimension mm 

Central A-P dimension mm 
Medial A-P dimension mm 
Mediolateral dimension mm 

Temporal  
 

Humans  Lateral A-P dimension mm 
Central A-P dimension mm 
Medial A-P dimension mm 
Mediolateral eminence dimension mm 
Lateral average slope mm/mm 
Central average slope mm/mm 
Medial average slope mm/mm 

Femur Humans  Femoral head diameter mm 
Mandible Humans Corpus thickness at mental foramen mm 

Corpus height at mental foramen mm 
Corpus thickness at M1/M2 junction mm 
Corpus height at M1/M2 junction mm 
Symphyseal height mm 
Symphyseal thickness mm 
Bicondylar breadth mm 
Bigonial width mm 
Minimum ramus breadth mm 
Mandibular length mm 
Ramus height mm 

Cranium Humans Cranial length mm 
Cranial breadth mm 
Cranial height mm 
Palate length mm 
Palate breadth mm 

Ulna Humans Mediolateral dimension of ulnar head mm 
Mandible Monkeys Mandibular length mm 
 
 
Table 4-4. Percent pigment/ink percentages used to calibrate radiographs. 

Step thickness Pigment/ink percentage 
2 mm 82% 
3 mm 67% 
4 mm 56% 
5 mm 47% 
6 mm 39% 
7 mm 33% 
8 mm 28% 
9 mm 23% 
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Figure 4-5.  Example illustrating the selection of pigment/ink percentages in Adobe® Photoshop®.  Circles with 

corresponding colors indicate the step wedge selection and its corresponding pigment/ink percentage in the Info 
window.  Based on the required percentages listed in Table 4-4, the pigment/ink percentages need to be 
reduced one percentage point aside from the second selection (blue circle).  The red rectangle indicates the 
selection area for the Eyedropper tool. 
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Figure 4-6.  Example illustrating the histogram of grayscale values using the curves tool in Adobe® Photoshop®.  The red 

arrows indicate the eight peaks in the histogram that represent the eight steps in the step wedge. 
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Figure 4-7.  Example illustrating the adjustment of radiographs using the curves tool in Adobe® Photoshop®.  To adjust the 

pigment/ink percentage, click on the horizontal line in the histogram box at each peak corresponding to the 
selected step in the step wedge (red circle), and drag the line so that the output percentage matches the 
appropriate value in Table 4-4.  Red rectangles indicate the original input value (24%) and adjusted output 
value (23%).
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Figure 4-8.  Selection areas used to acquire mean grayscale values, outlined in yellow. 
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Table 4-5.  Descriptions of wear stages from Smith (1984). 
Molars Premolars Incisors and canines 

0. Missing or cannot be coded 0. Missing or cannot be coded 0. Missing or cannot be coded 
1. Unworn to polished or small 
facets (no dentin exposure) 

1. Unworn to polished or small 
facets (no dentin exposure) 

1. Unworn to polished or small 
facets (no dentin exposure) 

2. Moderate cusp removal 
(blunting). No more than one or 
two pinpoint exposures 

2. Moderate cusp removal 
(blunting) 

2. Point or hairline of dentin 
exposure 

3. Full cusp removal and/or some 
dentin exposure, pinpoint to 
moderate 

3. Full cusp removal and/or 
moderate dentin patches 

3. Dentin line of distinct 
Thickness 

4. Several large dentin 
exposures, still discrete 

4. At least one large dentin 
exposure on one cusp 

4. Moderate dentin exposure no 
longer resembling a line 

5. Two dentinal areas coalesced 5. Two large dentin areas 
(maybe slight coalescence) 

5. Large dentin area with 
enamel rim complete 

6. Three dentinal areas 
coalesced, or four coalesced with 
enamel island 

6. Dentinal areas coalesced, 
enamel rim still complete 

6. Large dentin area with 
enamel rim lost on one side 
or very thin enamel only 

7. Dentin exposed on entire 
surface, enamel rim largely intact 

7. Full dentin exposure, loss 
of rim on at least one side 

7. Enamel rim lost on two sides 
or small remnants of enamel 
remain 

8. Severe loss of crown height, 
breakdown of enamel rim; crown 
surface takes on shape of roots 

8. Severe loss of crown height; 
crown surface takes on shape of 
roots 

8. Complete loss of crown, no 
enamel remaining: crown surface 
takes on shape of roots 
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Figure 4-9.  Diagram of the Eichner classification for tooth loss.  Horizontal line indicates 

antemortem tooth loss.  Gray indicates no contact with antagonist tooth.  
Group C3 represents completely edentulous individuals and is not shown.  
Figure adapted from Ikebe et al. (2010).
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Table 4-6.  Paired t-tests of temporomandibular joint variables comparing left and right sides. 

 Mean 
Std. 

deviation 

Std. 
error 
mean 

95% Confidence 
interval  

of the difference 
t df 

Sig. 
(2-tailed) Lower Upper 

Grayscale variables L lat. mean – R lat. mean -3.5321 8.1892 .5762 -4.6682 -2.3959 -6.130 201 <.001 
L cent. mean – R cent. mean .0360 7.3720 .5200 -.9894 1.0614 .069 200 .945 
L med. mean – R med. mean 5.3114 8.3947 .5907 4.1467 6.4760 8.992 201 <.001 
L overall mean – R overall mean .4824 5.4429 .3839 -.2746 1.2395 1.257 200 .210 

Linear 
  measurements 

L cond. width - R cond. width .0154 1.4554 .0928 -.1673 .1982 .166 245 .868 
L cond. AP med. - R. cond. AP med. -.4402 .8251 .0531 -.5449 -.3356 -8.283 240 <.001 
L cond. AP cent. - R cond. AP cent. .0573 .8940 .0578 -.0566 .1712 .991 238 .323 
L cond. AP lat. - R cond. AP lat. .1822 .8595 .0554 .0731 .2912 3.290 240 .001 
L em. width - R em. width -.2030 1.1429 .0747 -.3502 -.0558 -2.717 233 .007 
L temp. lat. AP - R temp. lat. AP -.0972 1.2066 .1161 -.3274 .1329 -.837 107 .404 
L temp. cent. AP - R temp. cent. AP -.1459 1.1609 .1051 -.3540 .0622 -1.388 121 .168 
L temp. med. AP - R temp. med. AP .3474 1.2928 .1200 .1097 .5852 2.894 115 .005 

Eminence slopes L lateral – R lateral -.0238 .1361 .0140 -.0515 .0039 -1.704 94 .092 
L medial – R medial -.0042 .1910 .0189 -.0417 .0333 -.223 101 .824 
L central – R central .0025 .1780 .0172 -.0316 .0366 .147 106 .884 
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CHAPTER 5 
RESULTS 

Chapter 5 presents the results of all analyses performed for this study.  Several 

preliminary tests are presented first, which involve a comparison of nonhuman primates, 

a comparison of humans with variations in dental status, an analysis of change over 

time in tooth wear, an analysis of TMJ variation between populations, and a test for 

morphological bias due to the use of multiple skeletal collections.  Following these 

preliminary results, change over time in morphometric variables and radiographic 

variables are presented.  This chapter ends with an analysis of change over time in the 

correlation between TMJ dimensions and dimensions of the cranium and mandible.  

Interpretations of these results are presented in Chapter 6.  

Preliminary Tests 

Nonhuman Primates 

Suitability of the variables used in this study to assess the effects of increased 

food processing on TMJ morphology was first examined by comparing nonhuman 

primate species that vary in diet and ingestive behavior.  The null hypothesis for this test 

is as follows: 

H0: No differences in condylar dimensions or bone density will be observed between 
species. 
 

Condylar dimensions of the nonhuman primate species were examined using the 

ratio of each dimension to mandibular length to control for body size.  Species 

differences were examined with an ANOVA (Table 5-1).  Although there were no 

differences between species in any anteroposterior condylar dimension, the 

mediolateral width of the condyle differed significantly between species (p < .001).  

Figure 5-1 displays a plot of the mediolateral index (ratio of mediolateral width to 
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mandibular length) for all individuals for each species.  When comparing the species 

individually using a Tukey’s Honestly Significant Difference test, Cercopithecus Diana 

was significantly smaller than all other groups in the mediolateral width of the condyle (p 

< .001 for both colobus species, p = .010 for C. atys), and Cercocebus atys was 

significantly smaller than Procolobus badius (p = .017); the two colobus species were 

not significantly different from each other (Table 5-2). 

No significant differences in grayscale values were found between species 

(Table 5-3, Table 5-4).  Procolobus badius and Cercocebus atys exhibited the highest 

grayscale values.  Cercopithecus diana exhibited the lowest values for all measures of 

grayscale except within the lateral aspect of the condyle.  Figure 5-2 displays a plot of 

overall grayscale values for each species; individual plots of medial, central, and lateral 

grayscale values are not shown due to similarity in patterning to overall grayscale 

values.  Therefore, for comparisons of nonhuman monkey species, the null hypothesis 

that there are no differences between species was not rejected for mean grayscale 

values and the anteroposterior dimensions of the condyle, but was rejected for the 

mediolateral condylar dimension. 

Tooth Loss 

Individuals with varying degrees of dental loss were also compared to examine 

the utility of the variables in this study to reflect differences in function.  Specifically, 

edentulous individuals produce lower bite forces and subsequently endure smaller joint 

reaction forces in the TMJ compared to individuals with teeth.  Only white males were 

included in this analysis since the demographic compositions of the skeletal collections 

used involve a greater proportion of this group, and a subsample of edentulous 
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individuals could be found more efficiently.  The null hypothesis for this test is as 

follows: 

H0: No differences in temporomandibular joint dimensions or bone density will be 
observed between edentulous and dentate groups. 
 

Linear dimensions of the condyle and temporal aspect of the TMJ were 

examined using the ratio of each dimension to maximum femoral head diameter to 

control for body size.  Independent-samples t-tests were used to compare groups with 

and without teeth for all linear dimensions, as well as the slope of the articular eminence 

(Table 5-5).  No significant differences were found for any dimension of the condyle or 

temporal aspect of the joint.  Similarly, no significant differences were found in 

eminence slope between groups.  Figures 5-3 – 5-7 present the frequencies of condylar 

mediolateral width index, condylar central anteroposterior index, eminence mediolateral 

width index, temporal central anteroposterior index, and central eminence slope as 

examples of the similarity in morphology between edentulous and dentate groups.  

When comparing mean grayscale values in the mandibular condyle between 

individuals with and without teeth, and considering age as a covariate, edentulous 

individuals exhibited significantly lower mean grayscale values in all regions of the 

condyle (p < .001; Tables 5-6 and 5-7).  Figure 5-8 presents the frequencies of overall 

mean grayscale values for the condyle by dental status; plots of the lateral, central, and 

medial grayscale means are similar in distribution and are not shown.  Unlike the 

condyle, no significant differences were found for the mean grayscale value taken from 

the ulna (Figure 5-9).  Age was not a significant factor in any of these analyses.  

Therefore, the null hypothesis that there are no differences between edentulous and 

dentate groups was not rejected for linear dimensions of the condyle, linear dimensions 
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of the temporal aspect of the joint, eminence slope, or mean grayscale value in the ulna.  

The null hypothesis was rejected, however, for all grayscale values in the mandibular 

condyle. 

Tooth Wear 

In order to help characterize changes in diet over time in the populations 

examined, tooth wear was scored for all teeth present for each individual.  Specifically, 

assuming a similarity in age, a larger degree of tooth wear would indicate a greater 

amount of grit in the diet.  Therefore, a change in the degree of tooth wear over time 

would reflect changes in the food consumed.  The null hypothesis for this test is as 

follows: 

H0: No change over time in degree of tooth wear will be observed for all groups. 
 

Due to the non-normal distribution of tooth wear scores for all groups, Mann-

Whitney U tests were used to examine differences between pre- and post-1920 groups.  

Table 5-8 displays the results for mean posterior tooth wear.  For all populations, the 

post-1920 group exhibits a significantly lower degree of posterior tooth wear compared 

to the pre-1920 group (p = .008 for black females, p < .001 for all other groups).  Trends 

in anterior tooth wear are generally similar and involve a decrease in severity of tooth 

wear over time (Table 5-9), although pre- and post-1920 black females are not 

significantly different.  Post-1920 black males (p = .001), white females (p = .022), and 

white males (p < .001) all exhibit a significantly lower degree of tooth wear.  Figures 5-

10 and 5-11 illustrate the differences between pre- and post-1920 groups using boxplots 

for mean posterior tooth wear and anterior tooth wear, respectively. 

Change over time was also examined using regression and year of birth for 

posterior tooth wear (Table 5-10) and anterior tooth wear (5-11).  For both posterior and 
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anterior tooth wear, regressions were significant at the p < .001 level for all groups 

except black females.  Regressions were nevertheless statistically significant for black 

females for both posterior (p = .006) and anterior tooth wear (p = .042.  R-squared 

values ranged from .227 to .575 for posterior tooth wear and from .130 to .478 for 

anterior tooth wear.  Figures 5-12 – 5-15 present scatter plots of wear scores by year of 

birth for black females, black males, white females, and white males, respectively. 

Due to the small post-1920 sample size for black females (n=5), tooth wear for 

this group was reanalyzed using bootstrapping.  These results are depicted for posterior 

tooth wear and anterior tooth wear in Figures 5-16 and 5-17, respectively.  The 

histogram in each of these figures represents 10,000 resamples of 5 individuals from 

the pre-1920 sample, and the dotted lines represent the 95% confidence interval.  The 

post-1920 group falls within the 95% confidence interval of the resamples of the pre-

1920 group for both posterior and anterior tooth wear.  This is consistent with the results 

of the Mann-Whitney U test for anterior tooth wear, but conflicts with the significant 

change over time found with both the Mann-Whitney U test and regression analysis for 

posterior tooth wear.  Therefore, the observed significant decrease in posterior tooth 

wear for black females should be interpreted with caution.   

Based on the Mann-Whitney U tests, regression analysis, and reanalysis of the 

black female group, the null hypothesis is rejected for all groups for both posterior and 

anterior mean tooth wear, except for anterior tooth wear for black females. 

Variation Among Populations 

Differences among black females, black males, white females, and white males 

were examined using an ANOVA.  For variables in which multiple measurements were 

taken throughout the joint (e.g., medial, central, and lateral anteroposterior dimension of 
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the condyle), only the central measurement was used in this analysis to provide a 

general idea of morphological differences between groups.  Similarly, only the overall 

mean condylar grayscale value was used to assess differences in condylar bone 

density between groups.  The null hypothesis for this analysis is as follows:   

H0: No variation in internal and external morphology of the temporomandibular joint will 
be observed between groups. 
 

Table 5-12 presents the ANOVA results for all variables examined.  Significant 

differences between groups were found at the p < .001 level for all variables except 

central eminence slope (p = .005).  Figures 5-18 – 5-24 display boxplots of each 

variable by group, as well as the significant results from a Tukey’s Honestly Significant 

Difference test which examined significant differences between individual groups.  Since 

all linear measurements were size-corrected, these results reflect differences that are 

relative to body size rather than absolute size differences.  For dimensions of the 

condyle, black females were significantly larger in condylar width index for white 

females (p = .035) and white males (p < .001); black females were also significantly 

larger in the anteroposterior dimension than all other groups at the p < .001 level.  For 

mediolateral and anteroposterior temporal dimensions, both female groups were 

significantly larger than both males groups.  These comparisons were significant at p < 

.001 except for the comparison of white females and black males for eminence width 

index (p = .004).  White males exhibited a significantly larger central eminence slope 

than black females (p = .022) and white females (p = .037).   

Black males and females both exhibited significantly higher grayscale values in 

the condyle compared to white males and females; these comparisons were all 

significant at p < .001.  Group differences for grayscale values in the ulna exhibited a 
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different pattern, however.  Black males exhibited significantly higher grayscale values 

compared to all other groups (p < .001).  White males exhibited significantly higher 

values than black females (p = .015) and white females (p < .001).  Within females, 

black females exhibited significantly higher values than white females (p < .001).  Thus, 

the null hypothesis is rejected for all variables analyzed for variation between 

populations. 

Variation Between Collections 

The samples for this study were collected from two separate documented 

skeletal collections from different areas in the country.  In order to assess whether 

morphological differences exist between these two samples, collection effects were 

examined using independent-samples t-tests and individuals with dates of birth ranging 

from 1910 to 1940.  However, due to limited temporal overlap between collections, 

sample sizes were very small for all groups except white females (Table 5-13).  Sample 

sizes were further reduced in cases where certain variables could not be collected for 

these individuals due to pathology or postmortem damage.  Therefore, only results for 

white females will be presented here.  The null hypothesis for this analysis is as follows: 

H0: No differences in internal and external morphology of the TMJ will be observed 
between collections for white females. 
 

Table 5-14 lists the means for the Terry and Bass Collection by measurement for 

white females, as well as the p-values for all t-tests examining the possible effect of 

collection.  White females did not exhibit a significant collection effect for any linear 

measurement, eminence slope, or measure of bone density in the condyle or ulna.  

Therefore, the null hypothesis is not rejected.  
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Change Over Time 

Change over time in TMJ morphology was examined separately by group (i.e., 

black females, black males, white females, and white males).  The null hypothesis for 

the analysis of change over time is as follows:   

H0: No change over time in internal and external morphology of the temporomandibular 
joint will be observed for all groups. 
 
Morphometric Variables 

Linear dimensions of the condyle and temporal aspect of the TMJ were 

examined using the ratio of each dimension to maximum femoral head diameter to 

control for body size.  Independent-samples t-tests were used to compare pre- and 

post-1920 groups for all linear dimensions, as well as the slope of the articular 

eminence.  Tables 5-15 – 5-18 present the results of these t-tests for black females, 

black males, white females, and white males, respectively.  Figures 5-25 – 5-32 present 

boxplots of all linear measurements by time period and population. 

For all populations, there was no significant difference between pre- and post-

1920 groups for any condylar dimension.  Similarly, for all groups, there was no 

significant difference between pre- and post-1920 groups for the mediolateral width of 

the eminence or the anteroposterior dimension of the temporal at the lateral aspect of 

the joint.  However, the post-1920 group exhibited a significantly larger anteroposterior 

dimension of the temporal at the central aspect of the joint for black females (p = .019), 

black males (p=.006), and white males (p < .001) compared to the pre-1920 group.  

Although trends are similar for all populations at the medial aspect of the temporal, only 

the post-1920 white male group exhibited a significantly larger anteroposterior 

dimension compared to the pre-1920 group (p = .001). 
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Similar to the analysis of tooth wear, the significant results for black females were 

reanalyzed using bootstrapping due to small sample size.  These results are depicted 

for the anteroposterior central index of the temporal in Figure 5-33.  The histogram 

represents 10,000 resamples of 5 individuals from the pre-1920 sample, and the dotted 

lines represent the 95% confidence interval.  Although the mean of the post-1920 group 

lies toward the upper end of the distribution of the resamples of the pre-1920 group, it 

still falls within the 95% confidence interval.  Therefore, the significant increase in the 

central anteroposterior dimension of the temporal for black females should be 

interpreted with caution. 

Figures 5-34– 5-36 present boxplots of all eminence slopes by time period and 

population.  Post-1920 white males exhibit significantly shallower slopes of the 

eminence at the lateral aspect of the joint compared to the pre-1920 sample (p < .001).  

White females exhibit the same trend in morphology for this measure of eminence 

slope, though it is not statistically significant (p = .109).  No other measures of eminence 

slope are significantly different between pre- and post-1920 groups for all populations.  

However, the tendency for a shallower eminence over time is present in the rest of the 

joint for white males, particularly at the central aspect (p = .089).      

Change over time was also examined for linear dimensions and eminence slopes 

using regression by year of birth.  Tables 5-19 – 5-29 present the results of these 

regressions for all populations separately by each morphometric variable.  Scatter plots 

of significant regressions are shown in Figures 5-37 – 5-43.  All regressions for condylar 

dimensions were not statistically significant and exhibited very low r-squared values 

ranging from .000 to .038.   
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The regression for mediolateral eminence width index was significant for white 

males (p = .037), which indicates an increase in this dimension over time; however, the 

r-squared value was very low (r2 = .048).  No other groups exhibited statistically 

significant changes in the mediolateral width of the condyle.  White females exhibit a 

significant decrease in the anteroposterior dimension of the temporal at the lateral 

aspect of the joint (p = .046), but the r-squared value was also low (r2 = .090).  No other 

groups exhibited statistically significant changes over time in the lateral anteroposterior 

dimension of the temporal.  A statistically significant increase in the central 

anteroposterior dimension of the temporal was observed for black males (p = .007; r2 = 

.170) and white males (p < .001; r2 = .231).  White females exhibited a similar tendency 

with a lower r-squared value (p = .050; r2 = .075).  Black females did not exhibit a 

statistically significant trend for the central anteroposterior dimension of the temporal.  A 

statistically significant increase was also observed in the medial anteroposterior 

dimension of the temporal for white females (p = .014; r2 =.115) and white males (p < 

.001; r2 = .148).  Significant trends were not observed for black females or males in the 

medial anteroposterior dimension of the temporal. 

The regression for lateral eminence slope was significant for white males (p < 

.001; r2 = .223), and indicated a decrease in this slope over time.  White females 

exhibited a similar tendency with a lower r-squared value (p = .059; r2 = .079).  Black 

females and males did not exhibit a significant trend in the slope of the eminence at the 

lateral aspect of the joint.  A decrease in eminence slope was also observed at the 

central aspect of the joint for white males, though this trend was not statistically 

significant (p = .054; r2 = .044).  Significant trends were not observed for the central 
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eminence slope for the other three populations.  Regressions for the slope of the 

eminence at the medial aspect of the joint were not significant for any group, and 

exhibited extremely low r-squared values ranging from .004 - .008. 

Thus, for all populations, the null hypothesis was not rejected for all condylar 

dimensions.  Based on regression analysis and year of birth, the null hypothesis was 

rejected for the mediolateral dimension of the eminence for white males only and the 

lateral anteroposterior dimension of the temporal for white females only; however, 

neither of these results was supported by the analysis of change over time using t-tests.  

The null hypothesis was rejected for the central anteroposterior dimension of the 

temporal for black and white males only based on t-tests and regression analysis.  For 

the medial anteroposterior dimension of the temporal, the null hypothesis was rejected 

for white males based on t-tests and regression analysis, and for white females based 

on regression analysis only.  The null hypothesis was rejected for the lateral eminence 

slope for white males only based on t-tests and regression analysis, but was not 

rejected for the central and medial eminence slope for any group.  Table 5-30 lists all 

morphometric variables for which significant change over time was observed, as well as 

the direction of change for each variable. 

Correlation with Skull Dimensions 

Change over time in the covariation between TMJ dimensions and other cranial 

and mandibular dimensions was examined because a decrease in covariation over time 

could indicate a relaxation in functional demands.  The null hypothesis for this test is as 

follows:   

H0: No change over time in the strength of correlation between TMJ dimensions and 
other skull dimensions will be observed for all populations. 
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These tests were performed by comparing the r values for pairs of variables for 

both pre- and post-1920 groups to determine if the strength of the correlation between 

these variables changed over time.  All variables were divided by femoral head diameter 

to create an index that controls for body size.  Additionally, only the mediolateral width 

and central anteroposterior dimensions of the condyle and temporal were used.  

Therefore, four TMJ indices were compared with each skull index.  As this resulted in a 

large number of comparisons, the significance level for these tests were set at p = .0125 

(.05/4) to reduce Type I error.  Whenever a significant correlation was found, the 95% 

confidence interval of the r values was used to determine if there was any change over 

time in the strength of the correlation.  For example, if the r value of the pre-1920 group 

is significant but the r value of the post-1920 group falls within the 95% confidence 

interval for the pre-1920 group, then there is no change over time in the strength of that 

correlation. 

Tables 5-31 – 5-45 present the significant r values for the correlations between 

TMJ dimensions and each skull dimension for pre- and post-1920 populations, and 

indicates whether these significant correlations became stronger (“increase”), weaker 

(“decrease”), or did not change over time (“none”).  In the event that a pair of variables 

was not significantly correlated for both pre- and post-1920 groups, the r values were 

omitted; “n.s.” indicates that the correlation was not significant.  In cases where only one 

time period resulted in a significant r value, r values, p-values, and the sample sizes for 

both time periods are presented for comparison.  No significant correlations were found 

for the corpus thickness index at the mental foramen; thus the table presenting the 

results for these comparisons is omitted. 
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No change over time in the strength of correlation was found between TMJ 

indices and cranial breadth index, cranial height index, symphysis thickness index, 

symphysis height index, and corpus thickness index at M1/M2.  Out of all comparisons, 

black females only exhibited an increase in covariation between the anteroposterior 

dimension of the condyle and mandibular length.  Black males mostly exhibited a 

decrease in covariance between TMJ dimensions and mandibular dimensions.  These 

decreases included the covariation of condylar width and both bigonial width and 

bicondylar breadth, the covariation of the anteroposterior dimension of the condyle and 

mandibular length, and the covariation of eminence width and corpus height at the 

mental foramen.  However, the anteroposterior dimension of the temporal was more 

strongly correlated with both cranial length and palate length over time for black males.  

White females exhibited a decrease in covariation between minimum ramus breadth 

and condylar width, as well as between palate length and eminence width.  White males 

exhibited a decrease in covariation between condylar width and both palate breadth and 

ramus height.  However, there was an increase in covariation between skull dimensions 

and the anteroposterior dimensions of the condyle and temporal.  The dimensions that 

covaried with the condyle included palate breadth, corpus height at the mental foramen 

and M1/M2, and mandibular length; the dimensions that covaried with the temporal 

included corpus height at the mental foramen and M1M2, bicondylar breadth, and ramus 

height. 

Therefore, the null hypothesis was rejected for correlations between TMJ 

dimensions and cranial length, palate length and breadth, corpus height at the mental 

foramen and M1M2, bigonial width, bicondylar breadth, minimum ramus width, ramus 
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height, and mandibular length.  The null hypothesis was not rejected for correlations 

between TMJ dimensions and cranial breadth, cranial height, symphysis thickness and 

height, and corpus thickness index at the mental foramen and M1/M2.  Changes over 

time in covariation between TMJ dimensions and skull dimensions are summarized in 

Table 5-46. 

Radiographic Variables 

Comparisons of pre- and post-1920 groups for mean grayscale values in the 

mandibular condyle and ulna were performed using ANCOVA using age as a covariate.  

These results are displayed in Tables 5-47 – 5-50 for black females, black males, white 

females, and white males, respectively.  In cases where a significant effect of the 

covariate is observed in addition to significant change over time, the ANCOVAs were 

rerun to test the assumption of homogeneity of regression slopes; these results are 

presented in Table 5-51.  Essentially, this examines the interaction between age and 

time period to ensure that the relationship between age and grayscale values are similar 

for both pre- and post-1920 groups (Field 2013).  Figures 5-44 – 5-48 present boxplots 

of all grayscale measurements by time period and population. 

For black females and white females, no significant differences were found 

between pre- and post-1920 groups for all measures of grayscale in the condyle and 

ulna.  However, post-1920 black males exhibited significantly lower mean grayscale 

values compared to the pre-1920 group in the lateral condyle (p = .031; r2 = .113), 

central condyle (p = .004; r2 = .182), medial condyle (p = .001; r2 = .259), and overall 

condyle (p = .005; r2 = .180).  There is no significant difference between pre- and post-

1920 black male groups for grayscale in the ulna, however (p = .677; r2 = .024).  

Although age was significant in the model for medial grayscale mean for black males, 
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the interaction between age and time period is not significant (p = .548).  Post-1920 

white males also exhibited significantly lower mean grayscale values compared to the 

pre-1920 group in the central condyle (p = .001; r2 = .107), medial condyle (p = .002; r2 

= .121), and overall condyle (p = .003; r2 = .096).  There is no significant difference 

between pre- and post-1920 white male groups for grayscale in the lateral condyle (p = 

.312; r2 = .013) or ulna (p = .162; r2 = .034).  Age was a significant factor for white 

males, but the interaction between age and time period was not significant for central 

grayscale mean (p = .999), medial grayscale mean (p = .522), or overall condylar 

grayscale mean (p = .803). 

Change over time for mean grayscale values in the mandibular condyle and ulna 

were also examined using regression and year of birth; the results of these regressions 

are presented in Tables 5-52 – 5-56.  Scatter plots of significant regressions are shown 

in Figures 5-49 – 5-55.  Black males exhibited a significant decrease over time in mean 

grayscale values for the lateral condyle (p = .012; r2 = .125), central condyle (p = .001; 

r2 = .195), medial condyle (p = .003; r2 = .172), and overall condyle (p = .003; r2 = .168).  

However, there was no significant relationship between year of birth and mean 

grayscale value for the ulna for black males (p = .896; r2 = .000).  For white males, there 

was a significant decrease over time in mean grayscale values for the central condyle (p 

= .047; r2 = .041), as well as in the ulna (p = .042; r2 = .044), although the r-squared 

values for these regressions are low.  No other significant relationships between year of 

birth and grayscale values were found for white males.  There was no significant 

change over time in mean grayscale values in the condyle for white females; however, 

there was a significant increase in the mean grayscale value in the ulna (p = .009; r2 = 
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.109).  Similar to the comparisons of pre- and post-1920 groups, there was no 

significant relationship between any measure of grayscale in the condyle or ulna and 

year of birth for black females.   

Thus, the null hypothesis was rejected for all measures of condylar grayscale 

values for black males based on ANCOVA and regression analysis.  For white males, 

the null hypothesis was rejected for central condylar grayscale values based on 

ANCOVA comparing pre- and post-1920 groups and regression analysis by year of 

birth; the null hypothesis was also rejected for medial and overall condylar grayscale 

values based on ANCOVA only.  For mean grayscale of the ulna, the null hypothesis 

was rejected for white males and white females based on regression analysis, but the 

direction of change differed between the two groups.  The null hypothesis was not 

rejected for any grayscale variables in the condyle or ulna for black females.  Table 5-57 

lists all grayscale variables for which significant change over time was observed, as well 

as the direction of change for each variable.
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Table 5-1.  ANOVA comparing linear condylar measurements between monkey species. 

 
Sum of 
squares df Mean square F Sig. 

ML index Between groups .012 3 .004 17.455 <.001 
Within groups .004 18 .000   
Total .016 21    

Medial AP index Between groups .000 3 .000 .572 .641 
Within groups .003 18 .000   
Total .003 21    

Central AP index Between groups .001 3 .000 1.535 .240 
Within groups .002 18 .000   
Total .003 21    

Lateral AP index Between groups .000 3 .000 1.110 .371 
Within groups .001 18 .000   
Total .002 21    

 
 

 
Figure 5-1.  Scatter plot of mediolateral condylar index of monkey species.  The index 

for the monkey species is the ratio of the condylar dimension to mandibular 
length.
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Table 5-2.  Tukey’s Honestly Significant Difference test comparing mediolateral condylar index between monkey species. 

(I) Species (J) Species Mean difference (I-J) Std. error Sig. 
95% Confidence interval 

Lower bound Upper bound 
Colobus polykomos Procolobus badius -.00606 .00858 .893 -.0303 .0182 

Cercocebus atys .02281 .00858 .069 -.0014 .0471 
Cercopithecus diana .05740 .00960 <.001 .0303 .0845 

Procolobus badius Colobus polykomos .00606 .00858 .893 -.0182 .0303 
Cercocebus atys .02888 .00858 .017 .0046 .0531 
Cercopithecus diana .06347 .00960 <.001 .0363 .0906 

Cercocebus atys Colobus polykomos -.02281 .00858 .069 -.0471 .0014 
Procolobus badius -.02888 .00858 .017 -.0531 -.0046 
Cercopithecus diana .03459 .00960 .010 .0075 .0617 

Cercopithecus diana Colobus polykomos -.05740 .00960 <.001 -.0845 -.0303 
Procolobus badius -.06347 .00960 <.001 -.0906 -.0363 
Cercocebus atys -.03459 .00960 .010 -.0617 -.0075 
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Table 5-3.  Descriptive statistics for condyle grayscale values for monkey species.  
Grayscale values range from 0-255, with 0 corresponding to black and 255 
corresponding to white. 

  N Mean Std. dev Std. error Minimum Maximum 
Medial Colobus polykomos 6 71.02407 15.717203 6.416521 51.463 93.376 

Procolobus badius 6 82.04426 12.919720 5.274454 69.648 101.795 
Cercocebus atys 6 73.19015 18.640767 7.610061 48.717 94.388 
Cercopithecus diana 4 64.91312 8.396197 4.198099 58.307 77.223 
Total 22 73.50925 15.101162 3.219579 48.717 101.795 

Central Colobus polykomos 6 69.21319 11.309561 4.617109 52.884 85.075 
Procolobus badius 6 78.64223 15.995429 6.530106 66.023 107.782 
Cercocebus atys 6 81.18817 15.992331 6.528842 57.426 100.538 
Cercopithecus diana 4 66.78021 9.592643 4.796321 56.430 79.244 
Total 22 74.60829 14.227393 3.033290 52.884 107.782 

Lateral Colobus polykomos 6 67.61467 12.758012 5.208437 47.558 80.983 
Procolobus badius 6 75.83259 16.036443 6.546851 57.859 95.868 
Cercocebus atys 6 69.64218 16.971545 6.928604 40.955 86.928 
Cercopithecus diana 4 68.38365 15.561230 7.780615 53.644 90.052 
Total 22 70.54869 14.653364 3.124108 40.955 95.868 

Overall Colobus polykomos 6 68.81725 8.227319 3.358789 61.736 84.969 
Procolobus badius 6 76.57438 10.072684 4.112156 65.964 91.046 
Cercocebus atys 6 71.94515 13.519250 5.519211 52.709 87.066 
Cercopithecus diana 4 64.84297 8.200569 4.100285 60.502 77.135 
Total 22 71.06330 10.540792 2.247304 52.709 91.046 
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Table 5-4.  ANOVA comparing grayscale values of monkey species. 
  Sum of squares df Mean square F Sig. 
Medial Between groups 770.319 3 256.773 1.150 .356 
 Within groups 4018.628 18 223.257   
 Total 4788.947 21    
Central Between groups 777.164 3 259.055 1.342 .292 
 Within groups 3473.629 18 192.979   
 Total 4250.793 21    
Lateral Between groups 242.848 3 80.949 .342 .796 

 Within groups 4266.294 18 237.016   
 Total 4509.143 21    
Overall Between groups 371.937 3 123.979 1.138 .360 

 Within groups 1961.337 18 108.963   
 Total 2333.274 21    
 
 

 
Figure 5-2.  Plot of overall condylar grayscale values for monkey species.  This value is 

taken from one large oval selection encircling the entire area of the condyle.



 

120 

Table 5-5.  Independent-samples t-tests comparing joint dimensions and eminence slopes between groups with varying 
degrees of dental loss.  The index for the human sample is the ratio of the TMJ dimension to femoral head 
diameter. 

 

 T df 
Sig.  

(2-tailed) 
Mean 

difference 
Std. error 
difference 

95% Confidence interval of the 
difference 

 Lower Upper 
Condyle ML width index .159 135 .874 .00130 .00820 -.01490 .01751 
 AP lat. index 1.081 135 .282 .00412 .00381 -.00342 .01166 
 AP cent. index .136 135 .892 .00067 .00491 -.00903 .01037 
 AP med. index -1.214 135 .227 -.00607 .00500 -.01595 .00381 
Temporal ML width index -.482 129 .631 -.00401 .00832 -.02048 .01246 
 AP lat. index -.685 112 .495 -.00459 .00670 -.01786 .00868 
 AP cent. index .759 118 .449 .00484 .00637 -.00778 .01745 
 AP med.  index -.271 115 .787 -.00183 .00676 -.01523 .01157 
Eminence slope Lateral  -.775 112 .440 -.024315 .031392 -.086515 .037884 

Central  -1.203 118 .231 -.053924 .044830 -.142699 .034851 
 Medial  -.526 115 .600 -.024901 .047340 -.118672 .068871 

 



 

121 

 
 
Figure 5-3.  Plot of condylar mediolateral width index by dental status. 
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Figure 5-4.  Plot of condylar central anteroposterior index by dental status. 
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Figure 5-5.  Plot of eminence mediolateral width index by dental status. 
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Figure 5-6.  Plot of temporal central anteroposterior index by dental status. 
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Figure 5-7.  Plot of central eminence slope by dental status. 
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Table 5-6.  Descriptive statistics for grayscale values by dental status. 
  N Mean Std. deviation Std. error Minimum Maximum 
Lateral mean Dent 97 95.6171 9.21053 .93519 63.42 119.16 

Edent 41 86.2767 11.29018 1.76323 58.81 106.36 
Total 138 92.8421 10.72450 .91293 58.81 119.16 

Central mean Dent 97 104.6449 11.01060 1.11796 71.78 129.07 
Edent 41 92.8347 11.34651 1.77203 66.35 121.22 
Total 138 101.1360 12.32403 1.04909 66.35 129.07 

Medial mean Dent 97 92.4759 10.81262 1.09786 65.97 119.63 
Edent 41 83.2431 11.20514 1.74995 62.78 111.93 
Total 138 89.7328 11.68394 .99460 62.78 119.63 

Overall mean Dent 97 99.0340 9.29684 .94395 69.33 118.34 
Edent 41 89.1436 10.92186 1.70571 65.89 112.12 
Total 138 96.0956 10.76895 .91671 65.89 118.34 

Ulna mean Dent 95 128.8531 10.73851 1.10175 101.21 152.26 
Edent 41 127.9804 10.96790 1.71290 93.62 149.73 
Total 136 128.5900 10.77489 .92394 93.62 152.26 
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Table 5-7.  ANCOVA results for grayscale values and dental status, with age as a 
covariate. 

 
Source 

Type III sum of 
squares df Mean square F Sig. 

R- 
squared 

Lateral mean Corrected model* 2519.561 2 1259.780 12.848 <.001 .160 
 Age 5.297 1 5.297 .054 .817  
 Dental status 2125.239 1 2125.239 21.674 <.001  
 Error 13237.474 135 98.055    
 Total 1205269.221 138     
 Corrected total 15757.035 137     
Central mean Corrected model* 4146.819 2 2073.410 16.800 <.001 .199 
 Age 127.154 1 127.154 1.030 .312  
 Dental status 3062.070 1 3062.070 24.811 <.001  
 Error 16660.987 135 123.415    
 Total 1432340.341 138     
 Corrected total 20807.806 137     
Medial mean Corrected model* 2855.800 2 1427.900 12.164 <.001 .153 
 Age 399.161 1 399.161 3.401 .067  
 Dental status 1545.908 1 1545.908 13.170 <.001  
 Error 15846.669 135 117.383    
 Total 1129874.581 138     
 Corrected total 18702.469 137     
Overall mean Corrected model* 2992.979 2 1496.489 15.667 <.001 .188 
 Age 173.934 1 173.934 1.821 .179  
 Dental status 2026.663 1 2026.663 21.218 <.001  
 Error 12894.956 135 95.518    
 Total 1290228.966 138     
 Corrected total 15887.935 137     
Ulna mean Corrected model* 79.512 2 39.756 .339 .713 .005 
 Age 57.702 1 57.702 .492 .484  
 Dental status 49.091 1 49.091 .419 .519  
 Error 15593.745 133 117.246    
 Total 2264486.038 136     
 Corrected total 15673.257 135     

*Corrected model is the fit of the model overall (age, dental status, and intercept) (Field 2013). 
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Figure 5-8.  Plot of overall condylar grayscale mean by dental status. 
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Figure 5-9.  Plot of ulna grayscale mean by dental status.
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Table 5-8.  Mann-Whitney U Tests comparing mean posterior tooth wear between pre- 
and post-1920 groups. 

 
 N 

Posterior  
wear mean 

Mann-
Whitney U 

Standard 
error Sig. 

Black females Pre-1920 27 1.68 18.500 19.247 .008 
 Post-1920 5 1.14    
Black males Pre-1920 30 2.05 46.000 51.974 <.001 
 Post-1920 21 1.17    
White females Pre-1920 30 1.82 271.500 76.980 <.001 
 Post-1920 36 1.28    
White males Pre-1920 41 3.20 124.500 138.487 <.001 
 Post-1920 57 1.26    

 
 
Table 5-9.  Mann-Whitney U Tests comparing mean anterior tooth wear between pre- 

and post-1920 groups. 
 

 N 
Anterior 

wear mean 
Mann-

Whitney U 
Standard 

error Sig. 
Black females Pre-1920 27 2.30 44.000 19.254 .241 
 Post-1920 5 1.92    
Black males Pre-1920 28 2.49 128.500 49.328 .001 
 Post-1920 21 1.87    
White females Pre-1920 29 2.59 349.500 75.577 .022 
 Post-1920 36 2.02    
White males Pre-1920 41 3.70 254.500 134.833 <.001 
 Post-1920 55 2.25    
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Figure 5-10.  Boxplots of mean posterior tooth wear by time period.  The box represents 

the middle 50% of scores, or the interquartile range (IQR), and the line within 
the box represents the median.  The distance between the top of the box and 
upper whisker represents the top 25% of scores, and the distance between 
the bottom of the box and the lower whisker represents the bottom 25% of 
scores.  The circles represent individuals that are 1.5 times the IQR above the 
upper quartile (top of the box), or below the lower quartile (bottom of the box).  
The stars represent individuals that are 3 times the IQR above the upper 
quartile, or below the lower quartile.  In such cases, the top and bottom 25% 
are calculated excluding these extreme values (Field 2013). 
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Figure 5-11.  Boxplots of mean anterior tooth wear by time period. 
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Table 5-10.  Regression results for mean posterior wear and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression 1.762 1 1.762 8.801 .006 .476 .227 

Residual 6.007 30 .200     
Total 7.769 31      

Black males Regression 13.500 1 13.500 40.468 <.001 .673 .452 
 Residual 16.346 49 .334     
 Total 29.846 50      
White females Regression 7.690 1 7.690 19.159 <.001 .480 .230 

 Residual 25.689 64 .401     
 Total 33.380 65      
White males Regression 93.550 1 93.550 130.073 <.001 .759 .575 

 Residual 69.044 96 .719     
 Total 162.594 97      
 
 
Table 5-11.  Regression results for mean anterior wear and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression 1.908 1 1.908 4.489 .042 .361 .130 

Residual 12.748 30 .425     
Total 14.656 31      

Black males Regression 6.922 1 6.922 19.525 <.001 .542 .293 
 Residual 16.662 47 .355     
 Total 23.584 48      
White females Regression 9.665 1 9.665 16.200 <.001 .452 .205 

 Residual 37.584 63 .597     
 Total 47.249 64      
White males Regression 58.146 1 58.146 86.127 <.001 .691 .478 

 Residual 63.461 94 .675     
 Total 121.607 95      
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Figure 5-12.  Plot of wear scores for black females by year of birth. 
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Figure 5-13.  Plot of wear scores for black males by year of birth. 
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Figure 5-14.  Plot of wear scores for white females by year of birth. 
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Figure 5-15.  Plot of wear scores for white males by year of birth. 



 

138 

 
Figure 5-16.  Bootstrap results for mean posterior tooth wear for black females.  Red 

line represents mean of the post-1920 group. 
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Figure 5-17.  Bootstrap results for mean anterior tooth wear for black females.  Red line 

represents mean of the post-1920 group. 
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Table 5-12.  ANOVA results comparing TMJ morphology between populations. 
 Sum of squares df Mean square F Sig. 
Condylar width index Between groups .035 3 .012 6.210 <.001 

Within groups .443 234 .002   
Total .478 237    

Condylar AP central 
  index 

Between groups .032 3 .011 16.500 <.001 
Within groups .153 234 .001   
Total .185 237    

Eminence width index Between groups .114 3 .038 23.184 <.001 
Within groups .370 226 .002   
Total .485 229    

Temporal AP central 
  index 

Between groups .070 3 .023 19.709 <.001 
Within groups .243 205 .001   
Total .313 208    

Central eminence 
  slope 

Between groups .414 3 .138 4.376 .005 
Within groups 6.469 205 .032   
Total 6.883 208    

Overall grayscale 
  mean 

Between groups 14772.216 3 4924.072 39.580 <.001 
Within groups 29360.605 236 124.409   
Total 44132.821 239    

Ulna grayscale mean Between groups 37346.447 3 12448.816 89.766 <.001 
Within groups 32451.460 234 138.681   
Total 69797.907 237    
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Figure 5-18.  Boxplots of condylar width index by group. 
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Figure 5-19.  Boxplots of condylar anteroposterior central index by group. 
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Figure 5-20.  Boxplots of eminence width index by group. 
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Figure 5-21.  Boxplots of temporal anteroposterior central index by group. 
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Figure 5-22.  Boxplots of central eminence slope by group. 
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Figure 5-23.  Boxplots of overall condylar grayscale mean by group. 
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Figure 5-24.  Boxplots of ulna grayscale mean by group. 

 
 
Table 5-13.  Sample sizes for examination of collection effect. 
 Black females Black males White females White males Total 
Terry Collection 6 3 7 5 21 
Bass Collection 1 5 13 1 20 
Total 7 8 20 6 41 
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Table 5-14.  Independent-samples t-tests comparing TMJ variables between collections for white females. 
 

 t df 
Sig.  

(2-tailed) 
Mean 

difference 
Std. error 
difference 

95% Confidence interval of the 
difference 

 Lower Upper 
Condyle ML width index 1.175 18 .255 .02325 .01979 -.01833 .06482 
 AP lat. index -.527 17 .605 -.00503 .00954 -.02517 .01511 
 AP cent. index -1.994 18 .061 -.02206 .01106 -.04529 .00118 
 AP med. index -1.867 18 .078 -.01632 .00874 -.03469 .00205 
Temporal ML width index 1.233 19 .233 .02206 .01789 -.01539 .05950 
 AP lat. index .573 15 .575 .01194 .02083 -.03246 .05635 
 AP cent. index -.833 16 .417 -.01254 .01505 -.04445 .01937 
 AP med. index -.258 17 .800 -.00358 .01386 -.03282 .02567 
Eminence slope Lateral  .519 14 .612 .027667 .053269 -.086584 .141917 
 Central  1.246 15 .232 .057071 .045787 -.040522 .154665 
 Medial  1.181 16 .255 .070584 .059788 -.056160 .197329 
Grayscale Lateral mean 1.668 18 .113 7.47399 4.48028 -1.93872 16.88670 
 Central mean 1.554 19 .137 9.44732 6.08057 -3.27946 22.17409 
 Medial mean 1.621 19 .122 11.31916 6.98469 -3.29997 25.93829 
 Overall mean 1.699 19 .106 8.99378 5.29437 -2.08746 20.07502 
 Ulna mean 1.445 19 .165 6.90896 4.78019 -3.09610 16.91403 

 
 
Table 5-15.  Independent-samples t-tests comparing joint dimensions and eminence slopes between pre- and post-1920 

black female groups. 
 

 t df 
Sig.  

(2-tailed) 
Mean 

difference 
Std. error 
difference 

95% Confidence interval of the 
difference 

 Lower Upper 
Condyle ML width index .512 30 .612 .01383 .02701 -.04132 .06899 
 AP lat. index -.726 30 .473 -.01148 .01580 -.04375 .02080 
 AP cent. index .192 30 .849 .00247 .01285 -.02377 .02870 
 AP med. index -.075 30 .941 -.00072 .00959 -.02031 .01888 
Temporal ML width index -.860 29 .397 -.01481 .01722 -.05004 .02041 
 AP lat. index -.417 26 .680 -.01021 .02447 -.06051 .04010 
 AP cent. index -2.500 28 .019 -.05316 .02126 -.09670 -.00961 
 AP med. index -.712 27 .482 -.01452 .02039 -.05637 .02732 
Eminence slope Lateral  -.931 25 .361 -.048273 .051863 -.155086 .058541 
 Central  .579 27 .567 .035458 .061247 -.090209 .161126 
 Medial  -.735 26 .469 -.060833 .082713 -.230851 .109185 
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Table 5-16.  Independent-samples t-tests comparing joint dimensions and eminence slopes between pre- and post-1920 
black male groups. 

 

 t df 
Sig.  

(2-tailed) 
Mean 

difference 
Std. error 
difference 

95% Confidence interval of the 
difference 

 Lower Upper 
Condyle ML width index -1.285 48 .205 -.01500 .01167 -.03847 .00847 
 AP lat. index .019 48 .985 .00011 .00590 -.01176 .01198 
 AP cent. index 1.657 48 .104 .01264 .00763 -.00270 .02799 
 AP med. index .837 48 .407 .00576 .00688 -.00807 .01959 
Temporal ML width index -1.485 46 .144 -.01849 .01245 -.04355 .00657 
 AP lat. index 1.001 35 .324 .01162 .01161 -.01195 .03518 
 AP cent. index -2.878 40 .006 -.03030 .01053 -.05158 -.00902 
 AP med. index -.315 36 .755 -.00376 .01196 -.02801 .02049 
Eminence slope Lateral  .064 35 .949 .002981 .046383 -.091181 .097144 
 Central  -.280 40 .781 -.013730 .049057 -.112878 .085418 
 Medial  -.297 36 .768 -.017585 .059283 -.137816 .102646 

 
 
Table 5-17.  Independent-samples t-tests comparing joint dimensions and eminence slopes between pre- and post-1920 

white female groups. 
 

 t df 
Sig.  

(2-tailed) 
Mean 

difference 
Std. error 
difference 

95% Confidence interval of the 
difference 

 Lower Upper 
Condyle ML width index 1.080 58 .285 .01212 .01122 -.01035 .03458 
 AP lat. index 1.311 57 .195 .00736 .00561 -.00388 .01860 
 AP cent. index .460 58 .647 .00309 .00671 -.01034 .01651 
 AP med. index .752 58 .455 .00434 .00577 -.00721 .01589 
Temporal ML width index -.844 57 .402 -.00827 .00979 -.02787 .01134 
 AP lat. index 1.616 43 .113 .01871 .01158 -.00464 .04205 
 AP cent. index -1.339 50 .187 -.01050 .00784 -.02625 .00525 
 AP med. index -1.467 50 .149 -.01097 .00748 -.02600 .00405 
Eminence slope Lateral  1.636 44 .109 .058138 .035541 -.013490 .129767 
 Central  -.221 51 .826 -.009196 .041586 -.092684 .074293 
 Medial  -.230 51 .819 -.009421 .040909 -.091549 .072707 
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Table 5-18.  Independent-samples t-tests comparing joint dimensions and eminence slopes between pre- and post-1920 
white male groups. 

 

 t df 
Sig.  

(2-tailed) 
Mean 

difference 
Std. error 
difference 

95% Confidence interval of the 
difference 

 Lower Upper 
Condyle ML width index -.679 94 .499 -.00571 .00841 -.02241 .01099 
 AP lat. index -.389 94 .698 -.00163 .00419 -.00996 .00670 
 AP cent. index -1.046 94 .298 -.00528 .00505 -.01531 .00474 
 AP med. index -1.811 94 .073 -.00871 .00481 -.01826 .00084 
Temporal ML width index -1.973 90 .052 -.01759 .00892 -.03530 .00012 
 AP lat. index .095 79 .925 .00068 .00713 -.01351 .01486 
 AP cent. index -4.882 83 <.001 -.02981 .00611 -.04195 -.01766 
 AP med. index -3.449 83 .001 -.02402 .00696 -.03787 -.01017 
Eminence slope Lateral  4.098 79 <.001 .125705 .030678 .064641 .186768 
 Central  1.722 83 .089 .080743 .046890 -.012519 .174005 
 Medial  .602 83 .549 .031357 .052118 -.072303 .135017 
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Figure 5-25.  Boxplots of mediolateral condylar width index by time period. 
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Figure 5-26.  Boxplots of condylar lateral anteroposterior index by time period. 
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Figure 5-27.  Boxplots of condylar central anteroposterior index by time period. 
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Figure 5-28.  Boxplots of condylar medial anteroposterior index by time period. 
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Figure 5-29.  Boxplots of eminence mediolateral width index by time period. 
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Figure 5-30.  Boxplots of temporal lateral anteroposterior index by time period. 
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Figure 5-31.  Boxplots of temporal central anteroposterior index by time period. 
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Figure 5-32.  Boxplots of temporal medial anteroposterior index by time period. 
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Figure 5-33.  Bootstrap results for the temporal anteroposterior central index for black 

females.  Red line represents mean of the post-1920 group. 
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Figure 5-34.  Boxplots of lateral eminence slope by time period. 
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Figure 5-35.  Boxplots of central eminence slope by time period. 
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Figure 5-36.  Boxplots of medial eminence slope by time period. 
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Table 5-19.  Regression results for mediolateral condylar width index and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .003 1 .003 .872 .358 .168 .028 

Residual .090 30 .003     
Total .093 31      

Black males Regression .001 1 .001 .582 .449 .109 .012 
 Residual .081 48 .002     
 Total .082 49      
White females Regression .001 1 .001 .303 .584 .072 .005 

 Residual .109 58 .002     
 Total .110 59      
White males Regression .001 1 .001 .805 .372 .092 .008 

 Residual .157 94 .002     
 Total .158 95      
 
 
Table 5-20.  Regression results for condylar lateral anteroposterior index and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .000 1 .000 .103 .751 .058 .003 

Residual .032 30 .001     
Total .032 31      

Black males Regression .000 1 .000 .014 .906 .017 .000 
 Residual .020 48 .000     
 Total .020 49      
White females Regression .001 1 .001 1.908 .173 .180 .032 

 Residual .026 57 .000     
 Total .027 58      
White males Regression .000 1 .000 .143 .706 .039 .002 

 Residual .039 94 .000     
 Total .039 95      
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Table 5-21.  Regression results for condylar central anteroposterior index and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .001 1 .001 1.056 .312 .184 .034 

Residual .020 30 .001     
Total .021 31      

Black males Regression .001 1 .001 1.906 .174 .195 .038 
 Residual .035 48 .001     
 Total .036 49      
White females Regression .000 1 .000 .126 .724 .047 .002 

 Residual .038 58 .001     
 Total .039 59      
White males Regression .000 1 .000 .552 .459 .076 .006 

 Residual .057 94 .001     
 Total .057 95      
 
 
Table 5-22.  Regression results for condylar medial anteroposterior index and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .000 1 .000 .334 .568 .105 .011 

Residual .012 30 .000     
Total .012 31      

Black males Regression .000 1 .000 .600 .443 .111 .012 
 Residual .028 48 .001     
 Total .028 49      
White females Regression .000 1 .000 .040 .841 .026 .001 

 Residual .038 58 .001     
 Total .039 59      
White males Regression .001 1 .001 2.548 .114 .162 .026 

 Residual .052 94 .001     
 Total .053 95      
 
  



 

165 

Table 5-23.  Regression results for eminence mediolateral width index and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .000 1 .000 .065 .800 .047 .002 

Residual .037 29 .001     
Total .037 30      

Black males Regression .004 1 .004 2.360 .131 .221 .049 
 Residual .084 46 .002     
 Total .088 47      
White females Regression .003 1 .003 2.558 .115 .207 .043 

 Residual .075 57 .001     
 Total .079 58      
White males Regression .008 1 .008 4.490 .037 .218 .048 

 Residual .159 90 .002     
 Total .166 91      
 
 
Table 5-24.  Regression results for temporal lateral anteroposterior index and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .000 1 .000 .036 .851 .037 .001 

Residual .064 26 .002     
Total .064 27      

Black males Regression .000 1 .000 .396 .533 .106 .011 
 Residual .042 35 .001     
 Total .042 36      
White females Regression .006 1 .006 4.235 .046 .299 .090 

 Residual .061 43 .001     
 Total .067 44      
White males Regression .000 1 .000 .111 .740 .037 .001 

 Residual .078 79 .001     
 Total .078 80      
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Table 5-25.  Regression results for temporal central anteroposterior index and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .005 1 .005 2.394 .133 .281 .079 

Residual .059 28 .002     
Total .064 29      

Black males Regression .009 1 .009 8.179 .007 .412 .170 
 Residual .046 40 .001     
 Total .056 41      
White females Regression .003 1 .003 4.034 .050 .273 .075 

 Residual .038 50 .001     
 Total .041 51      
White males Regression .019 1 .019 24.922 <.001 .481 .231 

 Residual .063 83 .001     
 Total .082 84      
 
 
Table 5-26.  Regression results for temporal medial anteroposterior index and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .000 1 .000 .076 .785 .053 .003 

Residual .039 27 .001     
Total .039 28      

Black males Regression .000 1 .000 .003 .956 .009 .000 
 Residual .048 36 .001     
 Total .048 37      
White females Regression .004 1 .004 6.505 .014 .339 .115 

 Residual .033 50 .001     
 Total .037 51      
White males Regression .014 1 .014 14.424 <.001 .385 .148 

 Residual .081 83 .001     
 Total .095 84      
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Table 5-27.  Regression results for lateral eminence slope and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .000 1 .000 .001 .972 .007 .000 

Residual .283 25 .011     
Total .283 26      

Black males Regression .009 1 .009 .461 .502 .114 .013 
 Residual .647 35 .018     
 Total .655 36      
White females Regression .052 1 .052 3.754 .059 .280 .079 

 Residual .606 44 .014     
 Total .658 45      
White males Regression .389 1 .389 22.630 <.001 .472 .223 

 Residual 1.357 79 .017     
 Total 1.745 80      
 
 
Table 5-28.  Regression results for central eminence slope and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .004 1 .004 .276 .603 .101 .010 

Residual .420 27 .016     
Total .424 28      

Black males Regression .002 1 .002 .077 .782 .044 .002 
 Residual 1.002 40 .025     
 Total 1.004 41      
White females Regression .003 1 .003 .133 .716 .051 .003 

 Residual 1.146 51 .022     
 Total 1.149 52      
White males Regression .171 1 .171 3.804 .054 .209 .044 

 Residual 3.721 83 .045     
 Total 3.891 84      
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Table 5-29.  Regression results for medial eminence slope and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression .003 1 .003 .129 .722 .070 .005 

Residual .619 26 .024     
Total .623 27      

Black males Regression .004 1 .004 .127 .724 .059 .004 
 Residual 1.171 36 .033     
 Total 1.175 37      
White females Regression .006 1 .006 .295 .589 .076 .006 

 Residual 1.093 51 .021     
 Total 1.099 52      
White males Regression .037 1 .037 .670 .415 .089 .008 

 Residual 4.625 83 .056     
 Total 4.662 84      
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Figure 5-37.  Plot of eminence mediolateral width index for white males by year of birth. 
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Figure 5-38.  Plot of temporal anteroposterior lateral index for white females by year of 

birth. 
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Figure 5-39.  Plot of temporal anteroposterior central index for black males by year of 

birth. 
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Figure 5-40.  Plot of temporal anteroposterior central index for white males by year of 

birth. 
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Figure 5-41.  Plot of temporal anteroposterior medial index for white females by year of 

birth. 
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Figure 5-42.  Plot of temporal anteroposterior medial index for white males by year of 

birth. 
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Figure 5-43.  Plot of lateral eminence slope for white males by year of birth. 

 
Table 5-30.  Summary of variables with statistically significant change over time for 

linear measurements and eminence slopes. 
 Group t-test Regression Direction of change 
Eminence ML width index WM Not significant Significant Increase 
Temporal AP lateral index WF Not significant Significant Decrease 
Temporal AP central index BM Significant Significant Increase 
 WM Significant Significant Increase 
Temporal AP medial index WF Not significant Significant Increase 
 WM Significant Significant Increase 
Lateral eminence slope WM Significant Significant Decrease 
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Table 5-31.  Significant r values for TMJ dimensions and cranial length index. 
  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r             
p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 

 n             
Cond. AP index  r       .304 .457     

p n.s. n.s. None n.s. n.s. None .132 .007 None n.s. n.s. None 
 n       26 34     
Em. width index  r .640 .650     .516 .562     

p <.001 .235 None n.s. n.s. None .010 <.001 None n.s. n.s. None 
 n 26 5     24 35     
Temp. AP index r .594 .802  .593 .857  .435 .628  .470 .544  

p .002 .102 None .003 .000 Increase .038 <.001 None .004 <.001 None 
 n 25 5  23 19  23 29  35 50  

 
 
Table 5-32.  Significant r values for TMJ dimensions and cranial breadth index. 

  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r          .388 .344  
p n.s. n.s. None n.s. n.s. None n.s. n.s. None .012 .012 None 

 n          41 53  
Cond. AP index  r          .181 .368  

p n.s. n.s. None n.s. n.s. None n.s. n.s. None .257 .007 None 
 n          41 53  
Em. width index  r .611 .031  .586 .265  .362 .425  .504 .387  

p .001 .961 None .001 .246 None .082 .011 None .001 .004 None 
 n 26 5  27 21  24 35  37 53  
Temp. AP index r .619 -.357  .607 .644     .403 .591  

p .001 .555 None .002 .003 None n.s. n.s. None .018 <.001 None 
 n 25 5  23 19     34 49  
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Table 5-33.  Significant r values for TMJ dimensions and cranial height index. 
  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r             
p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 

 n             
Cond. AP index  r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
Em. width index  r .513 .113     .572 .380  .372 .362  

p .007 .857 None n.s. n.s. None .004 .024 None .022 .007 None 
 n 26 5     24 35  38 54  
Temp. AP index r .592 .111  .556 .524  .418 .540  .428 .489  

p .002 .859 None .006 .021 None .047 .003 None .010 <.001 None 
 n 25 5  23 19  23 29  35 50  

 
 
Table 5-34.  Significant r values for TMJ dimensions and palate breadth  index. 

  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r          .420 .113  
p n.s. n.s. None n.s. n.s. None n.s. n.s. None .007 .415 Decrease 

 n          40 54  
Cond. AP index  r          -.032 .441  

p n.s. n.s. None n.s. n.s. None n.s. n.s. None .843 .001 Increase 
 n          40 54  
Em. width index  r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
Temp. AP index r .607 .089           

p .002 .887 None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n 23 5           
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Table 5-35.  Significant r values for TMJ dimensions and palate length index. 
  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r             
p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 

 n             
Cond. AP index  r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
Em. width index  r       .628 .271  .326 .342  

p n.s. n.s. None n.s. n.s. None .001 .115 Decrease .046 .011 None 
 n       24 35  38 54  
Temp. AP index r    .462 .833  .529 .425  .412 .578  

p n.s. n.s. None .026 <.001 Increase .009 .021 None .014 <.001 None 
 n    23 19  23 29  35 50  

 
 
Table 5-36.  Significant r values for TMJ dimensions and symphysis thickness index. 

  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r             
p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 

 n             
Cond. AP index  r          .270 .394  

p n.s. n.s. None n.s. n.s. None n.s. n.s. None .083 .003 None 
 n          42 54  
Em. width index  r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
Temp. AP index r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
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Table 5-37.  Significant r values for TMJ dimensions and symphysis height index. 
  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r             
p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 

 n             
Cond. AP index  r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
Em. width index  r       .298 .485     

p n.s. n.s. None n.s. n.s. None .157 .003 None n.s. n.s. None 
 n       24 35     
Temp. AP index r    .638 .738  .389 .486  .226 .355  

p n.s. n.s. None .001 <.001 None .067 .008 None .191 .011 None 
 n    23 19  23 29  35 50  

 
 
Table 5-38.  Significant r values for TMJ dimensions and corpus height index at mental foramen. 

  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r             
p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 

 n             
Cond. AP index  r          .005 .388  

p n.s. n.s. None n.s. n.s. None n.s. n.s. None .976 .004 Increase 
 n          42 54  
Em. width index  r    .545 .190        

p n.s. n.s. None .003 .411 Decrease n.s. n.s. None n.s. n.s. None 
 n    27 21        
Temp. AP index r    .610 .695  .356 .555  .231 .471  

p n.s. n.s. None .002 .001 None .095 .002 None .182 .001 Increase 
 n    23 19  23 29  35 50  
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Table 5-39.  Significant r values for TMJ dimensions and corpus thickness index at M1/M2. 
  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r             
p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 

 n             
Cond. AP index  r    .525 .414     .336 .344  

p n.s. n.s. None .003 .062 None n.s. n.s. None .030 .011 None 
 n    29 21     42 54  
Em. width index  r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
Temp. AP index r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             

 
 
Table 5-40.  Significant r values for TMJ dimensions and corpus height index at M1/M2. 

  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r .452 -.184           
p .018 .767 None n.s. n.s. None n.s. n.s. None n.s. n.s. None 

 n 27 5           
Cond. AP index  r       .541 .387  .070 .440  

p n.s. n.s. None n.s. n.s. None .004 .024 None .661 .001 Increase 
 n       26 34  42 54  
Em. width index  r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
Temp. AP index r    .532 .460     .065 .507  

p n.s. n.s. None .009 .048 None n.s. n.s. None .709 <.001 Increase 
 n    23 19     35 50  
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Table 5-41.  Significant r values for TMJ dimensions and bigonial width index.  
  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r    .475 -.020        
p n.s. n.s. None .011 .932 Decrease n.s. n.s. None n.s. n.s. None 

 n    28 21        
Cond. AP index  r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
Em. width index  r .552 .509        .311 .388  

p .003 .381 None n.s. n.s. None n.s. n.s. None .057 .004 None 
 n 26 5        38 54  
Temp. AP index r .575 .378        .419 .341  

p .003 .531 None n.s. n.s. None n.s. n.s. None .012 .015 None 
 n 25 5        35 50  

 
 
Table 5-42.  Significant r values for TMJ dimensions and bicondylar breadth index. 

  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r .683 .302  .772 .356  .585 .500  .579 .576  
p <.001 .621 None <.001 .113 Decrease .002 .003 None <.001 <.001 None 

 n 27 5  29 21  25 34  42 54  
Cond. AP index  r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
Em. width index  r .775 .807  .586 .525  .533 .500  .514 .634  

p <.001 .099 None .001 .015 None .009 .002 None .001 <.001 None 
 n 26 5  27 21  23 35  38 54  
Temp. AP index r .501 .413     .545 .469  .357 .681  

p .011 .490 None n.s. n.s. None .009 .010 None .035 <.001 Increase 
 n 25 5     22 29  35 50  
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Table 5-43.  Significant r values for TMJ dimensions and minimum ramus breadth index. 
  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r       .553 .015     
p n.s. n.s. None n.s. n.s. None .003 .932 Decrease n.s. n.s. None 

 n       26 34     
Cond. AP index  r    .472 .322  .379 .459  .335 .441  

p n.s. n.s. None .010 .154 None .056 .006 None .030 .001 None 
 n    29 21  26 34  42 54  
Em. width index  r             

p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n             
Temp. AP index r    .403 .596     .400 .411  

p n.s. n.s. None .057 .007 None n.s. n.s. None .017 .003 None 
 n    23 19     35 50  

 
 
Table 5-44.  Significant r values for TMJ dimensions and ramus height index. 

  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r          -.019 .355  
p n.s. n.s. None n.s. n.s. None n.s. n.s. None .907 .008 Decrease 

 n          42 54  
Cond. AP index  r       .539 .227  .142 .350  

p n.s. n.s. None n.s. n.s. None .005 .198 None .369 .010 None 
 n       26 34  42 54  
Em. width index  r .547 .204           

p .004 .741 None n.s. n.s. None n.s. n.s. None n.s. n.s. None 
 n 26 5           
Temp. AP index r       .565 .362  .015 .493  

p n.s. n.s. None n.s. n.s. None .005 .054 None .931 <.001 Increase 
 n       23 29  35 50  
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Table 5-45.  Significant r values for TMJ dimensions and mandibular length index. 
  BF BM WF WM 
  Pre Post r Change Pre Post r Change Pre Post r Change Pre Post r Change 

Cond. width index  r             
p n.s. n.s. None n.s. n.s. None n.s. n.s. None n.s. n.s. None 

 n             
Cond. AP index  r .276 .953  .484 .087     .381 .592  

p .164 .012 Increase .008 .706 Decrease n.s. n.s. None .013 <.001 Increase 
 n 27 5  29 21     42 54  
Em. width index  r          .420 .184  

p n.s. n.s. None n.s. n.s. None n.s. n.s. None .009 .183 None 
 n          38 54  
Temp. AP index r .484 .886        .389 .519  

p .014 .046 None n.s. n.s. None n.s. n.s. None .021 <.001 None 
 n 25 5        35 50  

 
 
Table 5-46.  Summary of changes over time in covariation between TMJ dimensions and skull dimensions. 

 BF BM WF WM 
 Skull dimension Change Skull dimension Change Skull dimension Change Skull dimension Change 

Cond. width  None N/A Bigonialwidth Decrease Min. ram. breadth Decrease Palate breadth Decrease 
   Bicond. breadth Decrease   Ramus height Decrease 
Cond. AP  Mand. length Increase Mand. length Decrease None N/A Palate breadth Increase 
       Corp. ht. ment. for. Increase 
       Corp. ht. M1M2 Increase 
       Mand. length Increase 
Em. width  None N/A Corp. ht. ment. for. Decrease Palate length Decrease None N/A 
Temp. AP  None N/A Cranial length Increase None N/A Corp. ht. ment. for. Increase 
   Palate length Increase   Corp. ht. M1M2 Increase 
       Bicondylar breath Increase 
       Ramus height Increase 
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Table 5-47.  ANCOVA results for grayscale values for black females, with age as a 
covariate. 

 
Source 

Type III sum of 
squares df Mean square F Sig. 

R- 
squared 

Lateral mean Corrected model 266.564 2 133.282 .977 .389 .063 
 Age 19.290 1 19.290 .141 .710  
 Time period 230.107 1 230.107 1.687 .204  
 Error 3956.430 29 136.429    
 Total 400128.003 32     
 Corrected total 4222.994 31     
Central mean Corrected model 29.888 2 14.944 .107 .899 .007 
 Age 8.898 1 8.898 .064 .802  
 Time period 23.742 1 23.742 .170 .683  
 Error 4047.951 29 139.585    
 Total 480222.047 32     
 Corrected total 4077.840 31     
Medial mean Corrected model 430.011 2 215.006 1.368 .271 .086 
 Age 226.509 1 226.509 1.441 .240  
 Time period 249.127 1 249.127 1.585 .218  
 Error 4558.755 29 157.198    
 Total 385499.837 32     
 Corrected total 4988.766 31     
Overall mean Corrected model 95.148 2 47.574 .430 .654 .029 
 Age 5.521 1 5.521 .050 .825  
 Time period 93.377 1 93.377 .845 .366  
 Error 3206.011 29 110.552    
 Total 435338.407 32     
 Corrected total 3301.158 31     
Ulna mean Corrected model 30.488 2 15.244 .081 .922 .006 
 Age 11.524 1 11.524 .061 .806  
 Time period 22.004 1 22.004 .117 .735  
 Error 5459.418 29 188.256    
 Total 478582.006 32     
 Corrected total 5489.907 31     
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Table 5-48.  ANCOVA results for grayscale values for black males, with age as a 
covariate. 

 
Source 

Type III sum of 
squares df Mean square F Sig. 

R- 
squared 

Lateral mean Corrected model 934.513 2 467.257 2.984 .060 .113 
 Age 174.770 1 174.770 1.116 .296  
 Time period 776.309 1 776.309 4.958 .031  
 Error 7359.753 47 156.590    
 Total 617411.219 50     
 Corrected total 8294.266 49     
Central mean Corrected model 1490.588 2 745.294 5.234 .009 .182 
 Age 207.833 1 207.833 1.460 .233  
 Time period 1306.095 1 1306.095 9.172 .004  
 Error 6692.582 47 142.395    
 Total 665224.216 50     
 Corrected total 8183.170 49     
Medial mean Corrected model 2331.039 2 1165.520 8.233 .001 .259 
 Age 682.807 1 682.807 4.823 .033  
 Time period 1696.855 1 1696.855 11.986 .001  
 Error 6653.530 47 141.564    
 Total 562068.558 50     
 Corrected total 8984.569 49     
Overall mean Corrected model 1341.882 2 670.941 5.150 .010 .180 
 Age 280.695 1 280.695 2.154 .149  
 Time period 1086.050 1 1086.050 8.335 .006  
 Error 6123.733 47 130.292    
 Total 625461.284 50     
 Corrected total 7465.615 49     
Ulna mean Corrected model 214.024 2 107.012 .586 .561 .024 
 Age 178.258 1 178.258 .976 .328  
 Time period 32.144 1 32.144 .176 .677  
 Error 8581.262 47 182.580    
 Total 979716.410 50     
 Corrected total 8795.285 49     
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Table 5-49.  ANCOVA results for grayscale values for white females, with age as a 
covariate. 

 
Source 

Type III sum of 
squares df Mean square F Sig. 

R- 
squared 

Lateral mean Corrected model 517.950 2 258.975 1.750 .183 .058 
 Age 497.326 1 497.326 3.360 .072  
 Time period 7.855 1 7.855 .053 .819  
 Error 8436.063 57 148.001    
 Total 519329.660 60     
 Corrected total 8954.013 59     
Central mean Corrected model 627.717 2 313.858 1.305 .279 .043 
 Age 626.309 1 626.309 2.604 .112  
 Time period 78.228 1 78.228 .325 .571  
 Error 13948.631 58 240.494    
 Total 614377.027 61     
 Corrected total 14576.348 60     
Medial mean Corrected model 727.990 2 363.995 1.691 .193 .055 
 Age 659.338 1 659.338 3.063 .085  
 Time period 249.605 1 249.605 1.160 .286  
 Error 12483.753 58 215.237    
 Total 469023.597 61     
 Corrected total 13211.743 60     
Overall mean Corrected model 626.478 2 313.239 1.879 .162 .061 
 Age 618.053 1 618.053 3.707 .059  
 Time period 108.704 1 108.704 .652 .423  
 Error 9669.948 58 166.723    
 Total 555639.421 61     
 Corrected total 10296.426 60     
Ulna mean Corrected model 1552.887 2 776.443 7.800 .001 .212 
 Age 927.282 1 927.282 9.315 .003  
 Time period 207.499 1 207.499 2.084 .154  
 Error 5773.725 58 99.547    
 Total 673716.866 61     
 Corrected total 7326.611 60     
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Table 5-50.  ANCOVA results for grayscale values for white males, with age as a 
covariate. 

 
Source 

Type III sum of 
squares df Mean square F Sig. 

R- 
squared 

Lateral mean Corrected model 105.457 2 52.728 .617 .542 .013 
 Age 1.691 1 1.691 .020 .888  
 Time period 88.313 1 88.313 1.033 .312  
 Error 8038.591 94 85.517    
 Total 894980.001 97     
 Corrected total 8144.048 96     
Central mean Corrected model 1241.360 2 620.680 5.612 .005 .107 
 Age 553.583 1 553.583 5.005 .028  
 Time period 1197.419 1 1197.419 10.826 .001  
 Error 10397.045 94 110.607    
 Total 1073841.299 97     
 Corrected total 11638.405 96     
Medial mean Corrected model 1361.638 2 680.819 6.489 .002 .121 
 Age 943.281 1 943.281 8.991 .003  
 Time period 1113.231 1 1113.231 10.611 .002  
 Error 9861.987 94 104.915    
 Total 840746.600 97     
 Corrected total 11223.625 96     
Overall mean Corrected model 800.196 2 400.098 5.016 .009 .096 
 Age 427.767 1 427.767 5.363 .023  
 Time period 739.917 1 739.917 9.277 .003  
 Error 7497.209 94 79.758    
 Total 959647.474 97     
 Corrected total 8297.405 96     
Ulna mean Corrected model 367.780 2 183.890 1.616 .204 .034 
 Age 7.315 1 7.315 .064 .800  
 Time period 225.903 1 225.903 1.985 .162  
 Error 10471.877 92 113.825    
 Total 1588135.686 95     
 Corrected total 10839.657 94     

 
  



 

188 

Table 5-51.  Tests of interaction between age and time period. 
 

Group Source 
Type III sum of 

squares df Mean square F Sig. 
Central mean WM Corrected model 1241.360 3 413.787 3.701 .014 
  Time period 63.034 1 63.034 .564 .455 
  Age 552.907 1 552.907 4.946 .029 
  Time period * Age .000 1 .000 .000 .999 
  Error 10397.045 93 111.796   
  Total 1073841.299 97    
  Corrected total 11638.405 96    
Medial mean BM Corrected model 2383.656 3 794.552 5.537 .002 
  Time period 13.649 1 13.649 .095 .759 
  Age 673.502 1 673.502 4.693 .035 
  Time period * Age 52.616 1 52.616 .367 .548 
  Error 6600.914 46 143.498   
  Total 562068.558 50    
  Corrected total 8984.569 49    
 WM Corrected model 1405.251 3 468.417 4.437 .006 
  Time period 1.474 1 1.474 .014 .906 
  Age 956.150 1 956.150 9.057 .003 
  Time period * Age 43.613 1 43.613 .413 .522 
  Error 9818.374 93 105.574   
  Total 840746.600 97    
  Corrected total 11223.625 96    
Overall mean WM Corrected model 805.231 3 268.410 3.332 .023 
  Time period 16.374 1 16.374 .203 .653 
  Age 430.456 1 430.456 5.343 .023 
  Time period * Age 5.034 1 5.034 .062 .803 
  Error 7492.175 93 80.561   
  Total 959647.474 97    
  Corrected total 8297.405 96    
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Figure 5-44.  Boxplots of lateral condylar grayscale mean by time period. 
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Figure 5-45.  Boxplots of central condylar grayscale mean by time period. 
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Figure 5-46.  Boxplots of medial condylar grayscale mean by time period. 
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Figure 5-47.  Boxplots of overall condylar grayscale mean by time period. 
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Figure 5-48.  Boxplots of ulna grayscale mean by time period. 
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Table 5-52.  Regression results for lateral condylar grayscale mean and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression 104.296 1 104.296 .760 .390 .157 .025 

Residual 4118.697 30 137.290     
Total 4222.994 31      

Black males Regression 1032.812 1 1032.812 6.827 .012 .353 .125 
 Residual 7261.454 48 151.280     
 Total 8294.266 49      
White females Regression 5.186 1 5.186 .034 .855 .024 .001 

 Residual 8948.827 58 154.290     
 Total 8954.013 59      
White males Regression 160.631 1 160.631 1.911 .170 .140 .020 

 Residual 7983.417 95 84.036     
 Total 8144.048 96      
 
 
Table 5-53.  Regression results for central condylar grayscale mean and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression 15.708 1 15.708 .116 .736 .062 .004 

Residual 4062.131 30 135.404     
Total 4077.840 31      

Black males Regression 1591.824 1 1591.824 11.592 .001 .441 .195 
 Residual 6591.346 48 137.320     
 Total 8183.170 49      
White females Regression 12.117 1 12.117 .049 .825 .029 .001 

 Residual 14564.230 59 246.851     
 Total 14576.348 60      
White males Regression 477.531 1 477.531 4.065 .047 .203 .041 

 Residual 11160.873 95 117.483     
 Total 11638.405 96      
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Table 5-54.  Regression results for medial condylar grayscale mean and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression 16.509 1 16.509 .100 .754 .058 .003 

Residual 4972.257 30 165.742     
Total 4988.766 31      

Black males Regression 1548.238 1 1548.238 9.994 .003 .415 .172 
 Residual 7436.331 48 154.924     
 Total 8984.569 49      
White females Regression 74.697 1 74.697 .335 .565 .075 .006 

 Residual 13137.046 59 222.662     
 Total 13211.743 60      
White males Regression 275.058 1 275.058 2.387 .126 .157 .025 

 Residual 10948.567 95 115.248     
 Total 11223.625 96      
 
 
Table 5-55.  Regression results for overall condylar grayscale mean and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression 3.085 1 3.085 .028 .868 .031 .001 

Residual 3298.074 30 109.936     
Total 3301.158 31      

Black males Regression 1255.737 1 1255.737 9.706 .003 .410 .168 
 Residual 6209.878 48 129.372     
 Total 7465.615 49      
White females Regression 6.034 1 6.034 .035 .853 .024 .001 

 Residual 10290.392 59 174.413     
 Total 10296.426 60      
White males Regression 273.873 1 273.873 3.243 .075 .182 .033 

 Residual 8023.532 95 84.458     
 Total 8297.405 96      
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Table 5-56.  Regression results for ulna grayscale mean and year of birth. 
  Sum of squares df Mean square F Sig. R R-squared 
Black females Regression 19.508 1 19.508 .107 .746 .060 .004 

Residual 5470.398 30 182.347     
Total 5489.907 31      

Black males Regression 3.175 1 3.175 .017 .896 .019 .000 
 Residual 8792.111 48 183.169     
 Total 8795.285 49      
White females Regression 797.028 1 797.028 7.202 .009 .330 .109 

 Residual 6529.583 59 110.671     
 Total 7326.611 60      
White males Regression 475.202 1 475.202 4.264 .042 .209 .044 

 Residual 10364.455 93 111.446     
 Total 10839.657 94      
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Figure 5-49.  Plot of lateral condylar grayscale mean for black males by year of birth. 
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Figure 5-50.  Plot of central condylar grayscale mean for black males by year of birth. 
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Figure 5-51.  Plot of central condylar grayscale mean for white males by year of birth. 
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Figure 5-52.  Plot of medial condylar grayscale mean for black males by year of birth. 
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Figure 5-53.  Plot of overall condylar grayscale mean for black males by year of birth. 
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Figure 5-54.  Plot of ulna grayscale mean for white females by year of birth. 
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Figure 5-55.  Plot of ulna grayscale mean for white males by year of birth. 

 
Table 5-57.  Summary of variables with statistically significant change over time for 

grayscale variables. 
 Group ANCOVA Regression Direction of change 
Lateral grayscale mean BM Significant Significant Decrease 
Central grayscale mean BM Significant Significant Decrease 
 WM Significant Significant Decrease 
Medial grayscale mean BM Significant Significant Decrease 
 WM Significant Not significant Decrease 
Overall grayscale mean BM Significant Significant Decrease 
 WM Significant Not significant Decrease 
Ulna grayscale mean WF Not significant Significant Increase 
 WM Not significant Significant Decrease 
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CHAPTER 6 
DISCUSSION 

The primary goal of this study was to assess how diet-related masticatory 

change may have influenced morphological change in the skulls of U.S. populations 

from the 19th and 20th centuries.  This was achieved by examining change over time in 

the temporomandibular joint, which is a structure essential to the process of 

mastication.  Prior to this investigation of change over time, two different samples were 

used to assess the utility of the variables used in this study to reflect differences in 

function.  Change over time in the severity of tooth wear was examined as 

morphological evidence for a dietary shift.  Population variation and the possibility of 

morphological differences between skeletal collections were also investigated.  This 

chapter presents the interpretation of the results of these analyses, and discusses other 

factors that may have influenced historical changes in the skeletons of populations in 

the United States. 

Preliminary Tests 

Nonhuman Primates 

When examining condylar morphology of monkey species with different ingestive 

behaviors, condylar dimensions were examined relative to mandibular length as a 

control for size.  Although the femora were not available for this sample to use the 

femoral head as a control for size, mandibular length has been used previously as a 

biomechanical size proxy (Bouvier 1986).  Although no significant differences in the 

anteroposterior dimension of the condyle were found, the mediolateral width of the 

condyle differed significantly between species.  Specifically, Cercopithecus diana was 

significantly smaller than all other groups, and Cercocebus atys was significantly 
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smaller than Procolobus badius.  The two colobus species, which have the toughest 

diets of the four species examined, exhibited the widest condyles and were not 

significantly different from each other.   

This result is somewhat consistent with previous studies of dietary consistency 

and condylar dimensions.  Other comparisons of species with naturally occurring 

variations in diet found that species with tougher, more folivorous diets tend to have 

wider condyles (Taylor 2005; Taylor 2006), although this is not consistently found in all 

studies (Terhune 2013).  Comparisons of human groups with different subsistence 

strategies have found that softer and more processed diets are associated with 

reductions in the anteroposterior dimension of the condyle only (Hinton 1983; Whittaker 

et al. 1990), though a more recent study examining the effects of industrialization on 

populations in London found reductions over time in the mediolateral width of the 

condyle only (Rando et al. 2014).  More controlled experimental studies have found a 

reduction in all dimensions of the condyle with softer diets (Bouvier 1988; Bouvier and 

Hylander 1984; Ravosa et al. 2007).   

The greater width of condyles in species with tougher diets may be a reflection of 

the repetitive chewing necessary to process these foods.  This hypothesis has recently 

been supported by an experimental study examining the effects of hard fallback foods 

on mandibular morphology (Scott et al. 2014).  Groups fed on consistently tougher diets 

(hay and hard pellets) were found to have larger cross sectional areas of the condyle 

compared to groups fed on consistently hard diets (pellets only).  The greater condylar 

width may be a result of repetitive compressive loading on the lateral aspect of the 

condyle during chewing (Terhune 2011a; Terhune 2013).  The current study supports 
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the idea that repetitive loading and longer load durations may have a larger influence on 

condylar morphology than the magnitude of bite force since Cercocebus atys, which has 

the hardest diet, exhibits relatively narrower condyles compared to both colobus 

species.  

This study found no significant differences between nonhuman primate species 

in bone density.  However, Cercopithecus diana generally exhibited the lowest 

grayscale values in the condyle.  This is consistent with the expected differences 

between these species in that the species with the softest diet (C. diana) displayed the 

lowest bone density.  The fact that Procolobus badius exhibited consistently higher 

bone density than Colobus polykomos is unexpected, since C. polykomos is thought to 

ingest a tougher diet than P. badius.  Specifically, C. polykomos gnaws through the 

thick woody pods of Pentaclethra macrophylla, whereas P. badius eats softer seeds 

before they mature (Daegling and McGraw 2001; Koyabu and Endo 2009; McGraw and 

Zuberbuhler 2007).  However, this is consistent with previous studies of mandibular 

corpus robusticity, in that P. badius was found to have more robust corpora at the 

second molar compared to C. polykomos (Daegling and McGraw 2001).  These 

morphological differences may be related to systemic differences in bone density or 

rates of bone deposition and resorption. Larger sample sizes may clarify if these 

observed patterns in bone density represent any biological significance. 

Tooth Loss 

The other method used to examine the appropriateness of the variables used in 

this study involved a comparison of white males with and without teeth.  No significant 

differences were found in dimensions of the condyle or temporal aspect of the joint 

between edentulous and dentate groups.  Although joint dimensions have been shown 
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to vary predictably with differences in function (e.g., dietary consistency), these studies 

involve differences in function that are present since birth (e.g., Ciochon et al. 1997; 

Ravosa et al. 2007).  Dental loss occurs later in life, generally long after growth and 

development has ceased.  Therefore, any additional bone deposition or resorption due 

to change in function after growth is complete may not be significant enough to impact 

overall dimensions of the joint.   

Although previous studies have demonstrated differences in the slope of the 

eminence with dental status (Granados 1979; Hinton 1981; Lawther 1956), this study 

found no significant differences were found in eminence slope at any aspect of the joint 

between edentulous and dentate groups.  This disparity in results may reflect 

differences in data collection methods compared to previous studies.  While the study 

by Granados (1979) used clay to take an impression of the eminence and mandibular 

fossa in the center of the joint, Hinton (1981) used tracings of lateral skull photographs, 

and Lawther (1956) used tracings of lateral head radiographs.  Additionally, unlike the 

present study, individuals with evidence of TMJ disease were not necessarily excluded 

from these previous studies.  Therefore, some of these previous results may be a 

reflection of arthritic changes at the lateral aspect of the joint.   

Individuals without teeth exhibited significantly lower bone density throughout the 

condyle compared to those with teeth.  This is consistent with previous studies of bone 

density variation and dental status (Giesen et al. 2003).  However, unlike previous work, 

this study incorporated an examination of bone density in a more “biomechanically 

neutral” element as a measure of general bone density throughout the body.  This 

consideration is important in that people without teeth may be unable to maintain a 
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similar diet as those with teeth due to limitations in the ability to process foods.  This 

may result in nutritional differences that could affect bone density and confound 

functional interpretations in the TMJ.  The fact that this study found no significant 

differences in the bone density of the distal ulna between edentulous and dentate 

groups indicates that the density differences observed in the TMJ are due to functional 

rather than nutritional differences. 

Tooth Wear 

Degree of tooth wear was shown to decrease significantly over time for all 

groups.  Although significant results for black females should be interpreted with caution 

due to a small post-1920 sample size, the consistency of this trend for all groups 

suggests that a similar result would be obtained with a larger sample of contemporary 

black females.  This decrease in tooth wear over time provides evidence of a change in 

diet occurring since the 1850s.  Specifically, the presence of tooth wear is associated 

with unrefined diets, and has decreased in populations since the Industrial Revolution 

due to the consumption of softer and easier to masticate foods (Addy and Shellis 2006).  

Tooth wear generally occurs through the interaction between three processes: attrition, 

which involves the contact of teeth with each other; abrasion, which results from contact 

of teeth with extraneous substances such as grit; and erosion resulting from acidic 

substances (Addy and Shellis 2006; Powell 1988).  “The rate of abrasion is directly 

influenced by the general consistency of the diet, which is a function both of food 

processing techniques… and of the texture of foods as they are customarily consumed” 

(Powell 1988).  Therefore, a reduction in tooth wear over time consistently observed 

across populations is indicative of a significant shift to a softer and more processed diet. 
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Variation Among Populations 

When examining population differences in temporomandibular joint morphology, 

significant differences were found for both morphometric and radiographic variables.  

Although the underlying reasons for this variation are unclear, these differences support 

the approach of this study in analyzing secular trends in the TMJ separately for each 

population.  All linear measurements in these analyses were scaled to body size using 

the maximum diameter of the femoral head.  For condylar dimensions, black females 

were demonstrated to have relatively larger condyles compared to all other groups, 

although condylar width was not significantly different from black males.  More 

straightforward sexual dimorphism was observed in the temporal aspect of the joint, 

with both females groups exhibiting relatively larger dimensions compared to both male 

groups.  Although examined relative to cranial dimensions rather than femoral head, 

Hinton (1983) found a similar pattern of relative temporomandibular joint size.  Namely, 

rather than exhibiting the typical pattern of sexual dimorphism (i.e., males being larger 

than females), the examination of relative joint size reveals that females may exhibit 

relatively larger joints compared to males.  This was particularly evident in a population 

of Eskimo males and females, but was less pronounced in populations of American 

white males and females (Hinton 1983). 

White males exhibited significantly steeper eminence slopes compared to both 

female groups.  However, the range of variation for this variable was much larger for 

white males, and overlapped entirely with the range of variation for both females 

groups, as well as black males.  Due to this large amount of overlap, it is unlikely that 

this statistical difference represents any significant biological difference between 

groups. 
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The four populations differed in internal morphology of the condyle as well, with 

both black males and females exhibiting significantly denser bone compared to both 

white males and females.  Black females exhibited the densest bone, while white 

females were at the other end of the spectrum.  However, the male groups were 

significantly denser in the ulna compared to female groups, although there was 

considerable overlap in the range of variation between white males and black females.    

Denser bone in African Americans has been previously observed in studies of 

variation in bone density within the skeleton (Broman et al. 1958; Trotter et al. 1959), in 

a study of histological aging in the rib used in forensic anthropology (Cho et al. 2002), 

general observations of ancestry-related differences in bone texture in the skull (Bass 

1995), and studies of population differences in prevalence of fractures related to 

osteoporosis (Barret-Connor et al. 2005).  In a study of the difference of fracture rates in 

the hip, distal forearm, proximal humerus, and ankle between black and white geriatric 

populations, all four types of fractures were more common in whites (Baron et al. 1994).  

These differences in bone mineral density are evident during childhood and 

adolescence, and may be a result of a combination of genetic, hormonal, and 

environmental factors (Braun et al. 2007; Pollitzer and Anderson 1989).  For example, 

Braun and colleagues (2007) have demonstrated that in a sample of adolescent 

females, black females exhibited a significantly higher average calcium retention 

compared to white females at a variety of calcium intake levels.  Thus, the variation in 

bone density between populations observed in this study is consistent with previous 

observations of density variation.  
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Variation Between Collections 

Unfortunately, due to small sample sizes, differences between collections could 

only be investigated using white females.  These small samples sizes resulted from the 

necessity to observe individuals from both collections during the same time period; 

however, there is a general lack of temporal overlap between collections.  This lack of 

overlap was exacerbated by the requirement for dentate individuals in this study.  These 

individuals tended to be younger, which resulted in more recent dates of birth for those 

in the Bass Collection that were less likely to overlap with the Terry Collection.  Using 

the white female sample, however, no significant differences were found between 

collections for all measures of temporomandibular joint morphology as well as for bone 

density in the ulna.  This supports the idea that the two collections used in this study 

represent a homogenous population despite originating from two separate locations.  

Thus, these samples can be used to assess change over time without concern for a 

significant effect of collection.   

Change Over Time 

Joint Dimensions and Eminence Slope 

Change over time was examined for dimensions of the condyle and eminence 

using an index involving the maximum diameter of the femoral head as a control for 

body size.  This control was included in this study due to previous demonstrated 

changes over time in stature and length of the long bones in the upper and lower limbs 

(Meadows Jantz and Jantz 1999; Trotter and Gleser 1951).  Therefore, differences 

observed in temporomandibular joint dimensions over time, as defined here, are not due 

to differences in overall body size. 
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For all populations, no changes over time were observed in dimensions of the 

condyle relative to body size.  Previous studies associating condylar dimensions with 

dietary consistency have found that larger condyles are associated with a harder and 

more difficult to process diet.  This has been demonstrated using experimental studies 

(Bouvier 1988; Bouvier and Hylander 1981; Bouvier and Hylander 1984; Ciochon et al. 

1997; Ravosa et al. 2007), observations of species with natural variations in diet (Taylor 

2005; Taylor 2006), and comparisons of humans with different subsistence strategies 

(Hinton 1983; Hinton and Carlson 1979; Rando et al. 2014; Whittaker et al. 1990).  This 

lack of a relative decrease in dimensions of the condyle over time is inconsistent with 

the idea that a shift to a softer and more processed diet has affected condylar 

morphology.  Further, if no change over time has occurred in the morphology of the 

condyle, which is a structure directly involved in the process of mastication, it appears 

unlikely that dietary changes have altered the dimensions of the rest of the cranium and 

mandible.      

Although the external morphology of the condyle has not changed over time, this 

study indicates some morphological change in the temporal aspect of the joint.  The 

mediolateral with of the eminence increased significantly over time for white males.  

However, the low r-squared value associated with this result suggests that very little 

variation in this dimension is due to year of birth.  Additionally, this significant result may 

be due to several individuals from the Bass Collection with unusually large mediolateral 

eminence width indices.  These considerations, in combination with the lack of change 

over time in this dimension in all other populations observed, suggest that this 

statistically significant change for white males may not hold any biological significance. 
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The anteroposterior dimension of the temporal increased over time for all groups, 

aside from the lateral aspect of the joint for white females which decreased over time.  

However, the r-squared value for this decrease in white females is very low, which 

suggests that very little variation in this dimension is due to year of birth.  The increase 

in the anteroposterior dimension of the temporal was most evident for all groups in the 

central aspect of the joint; white males and females also exhibited increases at the 

medial aspect of the joint.  This change in morphology does not support the idea that 

this morphological change is due to a softer diet, since one would expect the joint to be 

smaller rather than larger (Hinton 1983; Hinton and Carlson 1979).  Lengthening of the 

anteroposterior dimension of the temporal aspect of the joint has been associated with 

increased sagittal sliding of the condyle and a larger gape in nonhuman primates 

(Terhune 2011a; Terhune 2013; Wall 1995; Wall 1999), but the need for an increased 

gape over time in humans seems unlikely based on the known dietary changes in the 

United States.  However, this change over time is consistent with increase in 

anteroposterior dimensions of the rest of the skull, including an increase in cranial 

length and facial depth (Angel 1976; Hunter and Garn 1969; Jantz 2001; Jantz and 

Meadows Jantz 2000; Martin and Danforth 2009; Moore-Jansen 1989; Smith et al. 

1986; Wescott and Jantz 2005).  This increase in the temporal aspect of the joint may 

be a byproduct of the larger anteroposterior dimensions observed in the rest of the skull.  

Future clarification regarding the nature of this change may be required, since the 

anteroposterior measurement used in this study included the mandibular fossa for ease 

of standardization of measurement landmarks.  It is unclear from the present study if the 

increase in this dimension occurs evenly throughout the joint.    
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For white males, eminence slope has decreased over time, and is most evident 

at the lateral aspect of the joint.  The eminence slope is shallower for white females 

over time as well, but this is only evident at the lateral aspect of the joint.  The slope at 

the medial aspect of the joint has not exhibited change over time for any group.  A 

decrease in eminence slope has been previously associated with a decrease in 

function, specifically with a greater amount of tooth loss and degree of tooth wear 

(Granados 1979; Hinton 1981; Lawther 1956).  A smaller slope has also been noted in 

nonhuman primates with less resistant diets (Terhune 2011b).  Since individuals with 

substantial tooth loss were not included in this study and tooth wear has decreased over 

time in this population, these factors are not confounding the decrease in slope found 

here.  Although this is consistent with a shift to a softer diet, it is not consistent 

throughout the joint, and is not apparent in black males or females.  The greater 

decrease in slope in the lateral aspect of the joint is not unexpected, since the lateral 

aspect of the joint is thought to be more heavily loaded during chewing (Hylander 1979).  

Therefore, a decrease in force in the joint would affect this part of the joint more than 

the medial side.  Differences between ancestral groups may be due to a less 

pronounced dietary shift for the black population; however, the consistency in decrease 

in tooth wear over time suggests this is not the case.  Population differences in bone 

resorption and turnover rates may play a role if the decreased slope is due to resorption 

of bone on the surface of the joint.  African Americans have been demonstrated to 

exhibit lower rates of bone resorption, as evidenced by lower urinary calcium levels, as 

well as slower bone turnover rates and greater rates of subperiosteal deposition of bone 

(Cho et al. 2006).  These differences are most pronounced at younger ages, which is 
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relevant for the current study in that the vast majority of black males and females in this 

sample were below 50 years of age. 

Covariation with Mandibular and Cranial Dimensions 

Change over time in how closely TMJ dimensions were correlated with other 

dimensions of the mandible and cranium was also investigated.  A decrease over time 

in covariation between the morphology of the TMJ and dimensions of the skull would 

suggest a relaxation in selection due to a reduction of functional demands.  While the 

significance of this change over time in covariation depends on the population and 

dimensions involved, a different pattern of change is observed for the anteroposterior 

and mediolateral dimensions of the TMJ.  For the anteroposterior dimension, increases 

in covariation with several dimensions of the mandible and palate were observed for all 

groups except white females.  Additionally, there was a decrease in covariation between 

the anteroposterior dimension of the condyle and mandibular length for black males.   

All groups aside from black females exhibited decreases in covariation over time 

between the width of the TMJ and several dimensions of the mandible and palate.  No 

change in covariation between TMJ dimensions and cranial vault dimensions are 

observed for any group other than black males; the correlation between the 

anteroposterior dimension of the temporal and cranial length increased over time.  

Thus, the covariation between dimensions of the mandible and palate have increased 

over time with respect to the anteroposterior dimension of the TMJ and decreased over 

time for the mediolateral dimension.  It is possible that the mediolateral dimension of the 

joint may be more tied to dietary variations, since this dimension of the condyle was 

observed to vary with toughness of the diet when comparing nonhuman primates with 
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variations in ingestive behaviors.  However, there was no change over time observed in 

this dimension for the human sample that would suggest a shift to a softer diet.   

The reasons for the increase in covariation with the anteroposterior dimensions 

of the joint are not clear, although the anteroposterior dimension of the temporal was 

the only TMJ dimension to exhibit change over time.  This change may have resulted in 

greater covariance with other skull dimensions that have exhibited historical change.  

Such increases in covariation support Enlow’s model of craniofacial growth involving 

concurrent development in adjacent skeletal structures (Enlow 1968; Enlow 1990; 

Enlow and Hans 1996).  Growth in one aspect of the skull (e.g., the anteroposterior 

dimension of the temporal aspect of the TMJ) is influenced by simultaneous growth 

elsewhere (e.g., the anteroposterior dimension of the cranial vault).  As such, TMJ 

dimensions may be affected more by skeletal development in the rest the cranium and 

mandible rather than the functional matrix, as suggested by Melvin Moss (e.g., Moss 

and Young 1960).  Greater developmental influence of the functional matrix of the TMJ, 

which involves muscular activity associated with mastication function, should have 

resulted in decreased TMJ dimensions and a reduction in covariation with other skull 

dimensions over time. 

  Considering secular trends in the skull in light of the results from experimental 

animal studies provides further indication that changes in dietary consistency and a 

reduction in muscular activity are not likely to be driving these trends.  The consumption 

of softer food has been shown to result in reduced craniofacial growth and smaller 

dimensions of the mandible, cranial vault, and face (Beecher and Corruccini 1981a; 

Beecher and Corruccini 1981b; Bouvier 1988; Bouvier and Hylander 1981; Bouvier and 
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Hylander 1984; Ciochon et al. 1997; Corruccini and Beecher 1982; Mavropoulos et al. 

2004; Menegaz et al. 2010; Ravosa et al. 2007).  Although the skulls of U.S. 

populations have narrowed over time, which is consistent with morphology associated 

with a softer diet,  the increases in cranial height and length and facial height conflict 

with these experimental studies.  The lack of reduction in TMJ dimensions found in the 

current study reinforce the minimal influence of dietary shifts on secular trends in the 

skull, since softer diets are associated with smaller TMJ dimensions.     

Bone Density 

The internal morphology of the condyle observed via radiography exhibits a 

pattern of change over time for males that is consistent with a shift to a softer diet.  

Density of the condyle has decreased over time for both black and white males; this 

change is most evident at the central and medial aspects of the condyle.  This reduced 

density is consistent with previous studies observing lower condylar trabecular density 

with reduction in function (Bouvier 1988; Bouvier and Hylander 1984; Chen et al. 2009; 

Dias et al. 2011; Giesen et al. 2003; Mavropoulos et al. 2004; Tanaka et al. 2007; 

Yamada and Kimmel 1991).  A lack of change over time in the density of the ulna, which 

served as a measure of systemic bone density, bolsters the idea that the decreased 

density in the condyle is a result of decreased stress in the joint.  If this bone density 

change was a result of changes in nutrition or health over time, one would expect to 

observe a similar decrease in density of the ulna. 

The female groups present a different pattern of change for bone density.  Black 

females do not exhibit change over time in the density of the condyle or the ulna.  

However, as with all other variables in this study, interpretation of this result is 

complicated by a very small contemporary sample.  Therefore, a larger sample should 
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be obtained before any justifiable conclusions can be drawn for this group.  White 

females do not exhibit change over time in the density of the condyle, but exhibit an 

increase in the density of the ulna.  Therefore, relative to systemic bone density, the 

density of the condyle did exhibit a decrease over time.   

The increase in bone density in the ulna for white females was not observed for 

any other group, and may be related to the diagnosis and treatment for osteoporosis.  

Although the term “osteoporosis” was first used in the 1820s by a French pathologist, it 

was not defined as a clinical syndrome until the late 1940s by an American 

endocrinologist (O'Neill 2005).  Inconsistencies in the bone mass threshold used to 

diagnose osteoporosis existed until 1994, when the World Health Organization defined 

the presence of osteoporosis as involving “bone mass which is less than 2.5 standard 

deviations from the mean value of bone mass in young adult women” (O’Neill 2005: 

iv33).  The initial definition of the condition and subsequent understanding of the causes 

of the disease likely increased public awareness of preventative measures, such as the 

intake calcium supplements.  The use of vitamin and mineral supplements, including 

calcium, has increased in the latter half of the 20th century, particularly after concerns 

about the nutritional content of processed foods became more prevalent after World 

War II (Levenstein 2003; Millen et al. 2004).  Calcium-enriched diets, especially during 

growth, have been demonstrated to increase bone mass and reduce risk of the 

osteoporotic fracture later in life (Bonjour et al. 1997; Lee et al. 1994; Ulrich et al. 1996).  

However, as the exact diets of the populations used in the current study are unknown, it 

is not clear if this explains the increase in bone density observed in white females. 
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An additional consideration for the interpretation of these results involves 

socioeconomic status.  Although the Terry Collection and early portion of the Bass 

Collection are both composed of individuals of low socioeconomic status, the most 

recent portion of the sample may involve those of higher socioeconomic status.  This is 

due to a recent influx of self-donations to the Bass Collection over the past two decades 

(Christensen 2006; Hunt and Albanese 2005).  Those of higher socioeconomic status 

would be able to afford more nutritious foods, as well as take advantage of vitamin 

supplements that at beneficial to skeletal health (Bonjour et al. 1997; Levenstein 2003).  

Therefore, one would expect those of higher socioeconomic status to exhibit denser 

bone.  The fact that a significant decrease in condylar density was observed despite the 

fact that socioeconomic status for the most recent individuals may be higher provides 

additional support for a functional interpretation of these results.  Therefore, this study 

demonstrates some influence of food processing and changing dietary habits on the 

morphology of the temporomandibular joint.  However, the lack of changes to the 

external morphology of the joint consistent with a shift to a softer diet suggests that 

changes in food processing have not contributed to secular change in the rest of the 

skull.  Morphological change over time in other aspects of the skull that are directly 

related to mastication (e.g., masticatory muscle attachment areas) should be 

investigated before the possible influence of changes in masticatory function is 

completely ruled out. 

Complicating Factors 

Although the dietary trends over the time period covered in this study generally 

involve a shift to a lighter diet of softer and more processed foods that would require 

less demanding masticatory activity, frequency of chewing gum use has increased since 
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it was first marketed in the U.S. in the mid-19th century.  This would result in more 

chewing cycles over time, and would particularly affect masticatory activity in children 

after the introduction of bubble gum in the 1930s (Gustaitis 1998; Robinson 2004).  

More frequent masticatory loads, particularly early in development, may have 

counteracted the decrease in masticatory activity resulting from historical changes in 

diet.  Although chewing gum use in the study population is unknown, the fact that 

decreases in bone density were observed over time indicates that changes in chewing 

gum use may not have significantly altered morphology.  Decreases in condylar bone 

density without a concurrent reduction in joint dimensions were found in edentulous 

individuals compared to individuals with teeth, suggesting that this internal morphology 

can respond to changes in masticatory loads over a relatively short period of time (e.g., 

tooth loss occurring later in life).  If increases in chewing gum use counteracted dietary 

changes, one would expect either no change or an increase in bone density over time.  

Additionally, aside from the increase in the anteroposterior dimension of the temporal 

aspect of the joint which is likely a byproduct over other dimensional changes in the 

cranial vault, no morphological changes in the TMJ were consistent with a shift to 

greater masticatory activity. 

A more complex issue related to this research is that changes in diet over time in 

the United States have not only affected the biomechanical environment associated with 

chewing.  Changes in nutrition and health have also accompanied advancements in 

food processing, which may have influenced craniofacial growth.  Specifically, there is a 

reduction in nutritional value associated with the consumption of processed foods 

(Cordain 2007; Cordain et al. 2005; Levenstein 2003).  Additionally, the consumption of 
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less food over time, which accompanied a shift to a more sedentary lifestyle, would also 

result in the ingestion of fewer nutrients.  However, particularly in the mid-1900s, food 

processing companies started adding nutritional supplements and other additives to 

their products due to concerns from the public (Levenstein 2003; Levenstein 1996).  

The influence of these shifts in nutrition on craniofacial form is not clear, as studies 

investigating this relationship appear to be few in number and limited to experimental 

animal studies.  These studies have investigated the effects of malnutrition in rats 

(Pucciarelli 1981; Pucciarelli and Oyenhart 1987), squirrel monkeys (Dressino and 

Pucciarelli 1997; Pucciarelli et al. 1990), and pigs (Luke et al. 1979).  In general, these 

studies have found arrested growth in the skull as a whole and in the face in particular, 

as well as an associated reduction in tooth size.  However, it is unknown if the additives 

used to counteract the negative nutritional effects of food processing would mitigate 

these developmental issues.  

Further complicating this analysis of diet and change over time is the fact that 

changes in health and nutrition also vary by location and socioeconomic status.  

Differences in stature between those living in rural and urban areas suggest that 

different conditions in these two areas can affect overall growth (Cuff 2005; Larkin 1988; 

Levenstein 1988).  For example, in a study examining the variation in stature of 20,000 

Pennsylvanian Civil War soldiers, Cuff (2005) found that those born in rural areas were 

consistently taller than those from urban areas.  This is consistent with a shift to a more 

sedentary lifestyle, since the closer and more crowded living conditions associated with 

an urban environment facilitates the spread of disease (Larsen 1995).  Living in urban 

areas also increases the likelihood of eating more processed foods, which involve 
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reduced nutritional value (Cordain 2007; Cordain et al. 2005; Levenstein 2003).  

However, the food supply in rural areas was often dependent on the seasons and could 

be affected by environmental conditions (Dirks 2003; Larkin 1988).  Within locations, 

health disparities exist between the rich and the poor, which is reflected in the 

differences in height between groups of different socioeconomic status; the poor tended 

to be shorter compared to more affluent individuals (Larkin 1988; Levenstein 1988).  

Aside from being in better health due to a better diet, the rich were more likely to have 

access to medical care.  Doctors were less often found in rural areas, which led people 

to turn to folk medicine and herbal remedies in times of sickness (Larkin 1988).  Thus, 

the health and nutrition intake of U.S. populations has varied based on location and 

socioeconomic status, and have likely changed over time due to population movement 

from rural to urban areas.  Influence of these changes on craniofacial growth and 

development are likely yet specific effects are unknown. 

An additional nutrition-related factor that may be influencing craniofacial growth 

in recent years is the rise in rates of obesity, which has increased 30% over the last 50 

years (Danubio and Sanna 2008).  This trend is even more pronounced for those in 

lower socioeconomic groups (Anderson and Butcher 2006; Danubio and Sanna 2008; 

Levenstein 2003).  Currently, 34% of U.S. adults are obese, compared to 12% in 1991 

(Eckel et al. 2011; Mokdad et al. 2003).  Although the childhood obesity epidemic did 

not start until the 1980s, rates are now increasing as rapidly as that for obesity in adults 

(Anderson and Butcher 2006; Danubio and Sanna 2008).  Since the 1970s, daily caloric 

intake has increased by 150-300 kcal/day, and part of this increase is due to a greater 

proportion calories from beverages (Neeley and Gonzalez 2007; Popkin 2011).  
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Similarly, the prevalence of type 2 diabetes has increased from 4.9% of U.S. adults 

diagnosed in 1990 compared to 11% currently (Eckel et al. 2011; Mokdad et al. 2003).  

This increase is due in part to insulin resistance associated with obesity, and the 

increased rates of childhood obesity have led to the development of type 2 diabetes in 

children (Neeley and Gonzalez 2007).  In general, an increase in caloric intake coupled 

with a more sedentary lifestyle has contributed to these recent trends in weight gain and 

type II diabetes (Anderson and Butcher 2006).   

This combination of changing activity patterns and energy intake may have had 

an influence on craniofacial development in the past 150 years.  Obese individuals 

exhibit absolute denser bone compared to control groups, but less dense bone relative 

to their body weight (Clark et al. 2006; Leonard et al. 2004; Neeley and Gonzalez 2007; 

Rocher et al. 2008).  Thus, while increased weight involves greater stress on the 

skeleton and triggers a bone growth response, this response is not proportional to the 

amount of extra weight carried by obese individuals (Leonard et al. 2004; Rocher et al. 

2008).  Although type 1 diabetes is generally associated with decreased bone mass, the 

effect of type 2 diabetes on the skeleton is more complicated (Auwerx et al. 1988; 

Bouillon 1991; Krakauer et al. 1995).  Since type 2 diabetes develops in obese subjects 

who tend to have greater bone mass, mixed results have been observed when 

investigating the connection between type 2 diabetes and bone density (Auwerx et al. 

1988; Bouillon 1991).  Krakauer and colleagues (1995) have suggested that diabetes is 

associated with lower rates of bone formation and turnover.  Therefore, individuals with 

type 1 diabetes would have lower bone mineral density due to early age of onset.  

Those with type 2 diabetes tend to develop the disease later in life compared to type 1 
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diabetics, and lower bone turnover rates would result in decreased bone loss (Krakauer 

et al. 1995). 

The increased bone mass observed in obese individuals is consistent with 

studies of craniofacial abnormalities associated with obesity.  Specifically, larger 

dimensions have been found in obese individuals for mandibular length, total facial 

height, and the width of the skull base, face, and mandible; however, a reduction in 

upper facial height has also been found (Neeley and Gonzalez 2007).  The increased 

height and mandibular length dimensions are consistent with observed craniofacial 

secular trends in the U.S., but a narrowing of the cranial vault and face has occurred 

over time.  Since the increase in obesity rates has been relatively recent, the possible 

effects of this condition on craniofacial form may not be observed in the current sample.  

If future studies of craniofacial trends find a recent reversal in the trend toward a 

narrowing of the skull, increased obesity rates may be implicated.    

Aside from the increased prevalence of diet-related disease, other health-related 

changes have been associated with industrialization.  Although the time period 

examined excludes more recent skeletal change, Lewis (2002) compared several 

populations from medieval and postmedieval England (850-1859 AD) with the goal of 

assessing health effects of industrialization.  The industrialized population exhibited 

reduced rates of dental enamel defects (enamel hypoplasias), evidence of non-specific 

infections (periostitis), and maxillary sinusitis compared to non-industrialized rural and 

urban populations, but similar rates of anemia (cribra orbitalia).  However, enamel 

defects and cribra orbitalia both occur much earlier in life in the industrialized 

population, indicating a period of stress for young infants; many enamel defects formed 
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as early as 6 months old.  Additionally, the presence of enamel defects in deciduous 

teeth suggests a period of stress in utero, which would result from poor maternal health 

(Lewis 2002).  The presence of enamel defects in living populations has been linked to 

nutritional status (Larsen 1995).  As such, changes in maternal nutrition may have an 

effect on skeletal development in offspring.  This has been tested directly in an 

experimental setting by Fernandes and colleagues (2008) by restricting maternal protein 

and energy consumption in rats and measuring the skull dimensions of their offspring.  

In this study, malnutrition of the mother was started at the birth of the offspring to 

investigate the effects of malnutrition during lactation.  Despite the fact that malnutrition 

did not occur in utero, the offspring of the protein and energy restricted mothers 

exhibited reductions in all skull dimensions as well as lower body weights (Fernandes et 

al. 2008).  Although increases in height and anteroposterior length of the cranial vault 

and face have occurred in the United States, a lack of adequate nutrition associated 

with the greater consumption of processed foods may have contributed to the narrowing 

in the faces and vaults of U.S. populations.  Thus, the influence of changing nutrition 

over time, involving the intake of fewer vitamins and minerals, an increase in caloric 

intake, and a decrease in energy expenditure, should be investigated in the context of 

skeletal morphological trends in order to better understand the causal factors involved in 

craniofacial change. 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 

The connection between diet and craniofacial form has been examined in a 

variety of human populations that span a range of time periods and geographic 

locations, as well as in various animal species that vary in ingestive behaviors.  The 

current study investigated this connection in the context of recent craniofacial change in 

the United States.  Change over time in the temporomandibular joint was used to 

assess the possibility that a shift to a lighter, more processed diet resulting from 

advances in food processing and other diet-related trends has altered craniofacial 

dimensions in U.S. populations.  If changes in diet have altered craniofacial dimensions, 

one would expect dimensions of a structure so closely tied to mastication to change as 

well.  Aside from examining gross morphological change in the joint, the trabecular 

structure of the condyle was also examined in the event that dietary changes have 

resulted in more subtle changes to its internal morphology.    

Although the skeletal collections used in this study are well-documented, specific 

dietary information for these individuals is unknown.  To better understand the dietary 

habits of the population used in this study, the severity of tooth wear was scored for all 

individuals.  A decrease in tooth wear since the 1850s was observed for all populations, 

which supports the assumption that dietary consistency has changed over time.  

Specifically, this change has involved a shift to more processed food containing less 

grit, which would result in a decrease in stress in the temporomandibular joint.  This 

finding supports the assumption that changes in temporomandibular joint morphology 

should be observed despite the relatively short time period involved in this study. 
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Analysis of temporomandibular joint morphology found that overall dimensions of 

the joint did not change, aside from the anteroposterior dimension of the temporal 

aspect of the joint, which increased.  This is not consistent with previous studies that 

found that softer and more processed diets were associated with smaller TMJ 

dimensions.  In contrast, the decrease in eminence slope over time noted in the lateral 

aspect of the joint for white males and females supports a shift to reduced forces in the 

TMJ.  Since the joint is thought to be more heavily loaded at that aspect of the joint, it is 

expected that the slope on the lateral side would be the most affected by alterations in 

joint reaction force.  Analysis of bone density was also consistent with a shift to a more 

processed diet.  Specifically, bone density of the condyle decreased over time relative 

to systemic bone density, as assessed relative to the density of the ulna.  This decrease 

in condylar density without a concurrent decrease in density elsewhere in the skeleton 

strongly suggests a biomechanical explanation for this change.  Thus, subtle differences 

in temporomandibular joint morphology have occurred that are likely related to dietary 

changes over time.  However, since this biomechanical variation did not result in overall 

dimensional change in the joint, it appears unlikely that dietary change has altered the 

morphology of other aspects of the skull. 

This study was significant both in the context of investigation the link between 

craniofacial form and diet, and for the question of what factors are driving U.S. 

craniofacial secular change.  Connections were found between mediolateral condylar 

width and ingestive behavior in nonhuman primate species.  Analysis of condylar bone 

density provided further evidence of the influence of masticatory forces on craniofacial 

morphology.  Cercopithecus diana, which was the nonhuman primate species with the 
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softest diet, was found to have the lowest bone density in the condyle.  Bone density 

was also found to be reduced in the condyles of edentulous individuals with no 

corresponding decrease in systemic bone density.  Since edentulous individuals have 

been shown to produce smaller bite forces, this reduction in bone density likely results 

from decreased force in the joint during chewing.  As discussed above, change over 

time in condylar bone density was also found, which corresponds to a shift to a softer, 

more processed diet.  Thus, this study provides evidence of subtle changes in 

morphology that accompany changes in masticatory function.    

Although the lack of gross morphological change in the TMJ suggests that that 

change over time in food consistency and the amount of food consumed have not 

altered craniofacial form in the United States, this finding provides several avenues for 

future research.  Since changes in nutrition have accompanied advancements in food 

processing, a better understanding of nutritional effects on craniofacial form may clarify 

the underlying causes for craniofacial change in the United States.  This study was 

limited in that specific dietary information was not available for the populations used.  

However, analysis of dental calculus may provide some insight into the dietary habits of 

the individuals typically used for studies of change over time in the United States.  If 

more specific dietary information for this population was known, a better assessment of 

nutritional changes over time could be made.  These may include a reduction in the 

intake of certain vitamins and minerals, as well as change over time in overall caloric 

intake.  The effects of these nutritional changes on craniofacial form could be 

investigated in an experimental setting, and results could be compared to the observed 

secular trends in craniofacial form. 



 

229 

Other changes in health and stress over time may provide insight into change 

over time in the skull.  Growth disturbances may be evaluated through skeletal 

indicators of stress, such as linear enamel hypoplasias or Harris lines.  Since these 

features are indicative of arrests in skeletal growth, it is reasonable to assume that 

craniofacial dimensions could be affected by these periods of stress.  Change over time 

in the number and extent of these growth disturbances would explain some portion of 

trends observed in the long bones as well as in the skull.  However, the relationship 

between these stress indicators and craniofacial form must be better understood in 

order to assess their influence on trends in the skull.  Additionally, since much of 

craniofacial development occurs in utero and within the first few years after birth, the 

effects of maternal health on craniofacial growth may also be of interest in the context of 

secular trends in the skull.  Investigations into the nutritional status of mothers, which 

has possibly changed over time, and how this may affect craniofacial growth in offspring 

may further elucidate the causes of craniofacial change over time in the United States. 
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