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ABSTRACT 

The mechanical behavior of any bone depends upon structural and 

lIaterial properties. Therefore, whole bone, cross-sectional geometric 

and bone mineral data need to be integrated in studies of bone growth 

and aging. This dissertation examines femoral growth and aging in the 

prehistoric Grasshopper Pueblo population of Arizona (A.D. 1275 to 1400). 

The techniques include osteometrics, computed tomography and photon 

absorptiometryo 

Human osteological collections obtained from archaeological 

sites are useful for studies of bone physiology and mechanics. Even 

though the subjects are no longer living, non-invasive techniques must 

often be used because the skeletal collections are data bases for many 

researchers. This apparently limiting attribute of the sample used in 

the present study forced the application of computed tomography for 

analysis of cross-sectional geometry. As the availability of computed 

tomography to research increases, it will become the method of choice 

because digital images are well-suited to automated analysis and CT can 

also provide density data. 

Variability related to side, age and sex is explored. Addi

tionally, (1) structural properties increase much more than material 

properties in growth, (2) the morphology of the proximal femoral diaphy

sis depends more upon the angle of ante torsion than the cervicodiaphy

seal angle, (3) there is evidence suggestive of structural compensation 

xvi 



xvii 

for loss of bone mineral in aging, (4) osteoporosis is found not to 

protect the femoral compartment of th9 knee joint from osteoarthrosis, 

(5) the onset of bone loss in females seems to have been early by 

modern standards, although the rates of loss were similar, and (6) 

differential bone loss within the femur due to the amount of bone 

present at maturity and not different rates of lOBS. 



CHAPTER 1 

INTRODUCTION 

This dissertation examines femoral growth and aging in the pre

historic Grasshopper Pueblo population of Arizona. The immediate aim is 

to describe changes in whole bone geometry, cross-sectional geometry and 

bone mineral content. The ultimate goal is to understand the biomechani

cal consequences of these changes during growth and aging. 

The mechanical behavior of any bone depends upon structural and 

material properties. Specifically, cross-sectional geometry is related 

to the "structural strength": and bone mineral content is an important 

contributor to the "material strength" of a bone. Therefore. geometriC 

and bone mineral data need to be considered together because the bio

mechanics of whole bones depend upon the architectural arrangement of 

bone tissue as well as the amount of bone tissue present (Carter and 

Spengler 1978). 

Biomechanics is the study of biological structures and func

tions from a mechanical perspective. The methods and principles of 

mechanical engineering are applied to biological research questions in 

fields as diverse as orthopedics. cardiovascular surgery, traumatology. 

orthodontics. rehabilitation, sports medicine, biophysics, medical 

physics. physiology. functional anatomy and biomaterials (Huiskes 1984). 

Analysis of bones falls mainly within the domain of solid mechanics, 
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although rigid body mechanics is important because it considers the 

forces which act on the body. 
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Skeletal biology as practiced by physical anthropologists tra

di tiona11y has been descriptive in nature, utilizing ''historically 

oriented typological models as explanatory devices" (Arme1agos, Carlson 

and Van Gerven 1982:3(6). Measurement and analysis have been geared to 

"the definition and delineation of racial groups" (Armelagos et al. 

1982:310)" with little attention paid to "adaptation, structural

functional relationships, and more general biological phenomena" 

(Armelagos et ale 1982:316). Despite this bias within anthropology, 

studies of skeletal form and function have a long history (Russell 

1916; D. W. Thompson 1917) and are the subject of a "renaissance" with

in evolutionary biology (Lauder 1982). Skeletal biology and biomechan

ics are discussed in more detail in Chapter 2. 

There is increasing attention being given to biomechanics by 

anthropologists. The introduction of cross-sectional geometric analyses 

by Lovejoy, Burstein and Heiple (1976), the application of this approach 

to a study of age-related changes in a large human skeletal series by 

Ruff (1981) and to comparative studies of nonhuman primates by Burr, 

Piotrowski and Miller (1981), and Burr et al. (1982) are important 

developments within anthropological biomechanics. These studies demon

strate the advantage of a biomechanical approach. Long bones have 

complex cross-sectional geometries. Biomechanics provide a quantitative 

and behaviorally meaningful way to describe these complex shapes. 

Skeletal biology and biomechanics are interdependent. Empiri

cally, a homeostatic relationship between an, as yet unknown, aspect 



of a bone's mechanical environment and the activity of its cells is 

recognized (Treharne 1981). This relationship, called Wolff's Law, has 

been a subject of study ever since the 19th century when a number ot 

anatomists (most notably von Meyer 1867, and Wolff 1982) observed that 

bones appear to be well-designed for their mechanical roles (Murray 

1936; Evans 1957). Bassett (1965:18) rephrased Wolff's Law, emphasiz-

ing the plasticity of the skeleton: 

The form of the bone being given, the bone elements place or 
displace themselves in the direction of the functional pressure 
and increase or decrease their mass to reflect the amount of 
functional pressure. 
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Wolff's Law implies that an organism's posture and locomotion ultimately 

must be related to adaptive modeling and remodeling of its bones. 

The concepts of biomechanics are particularly germaine to 

anthropologists interested in structural-functional relationships be-

cause both disciplines integrate behavioral and biological factors. 

Wolff's Law is used in anthropology as a theoretical framework to 

interpret past behavior. (Burr (1980:109) states, 

Since bone must adopt the mechanical integrity commensurate 
with adequate aP~tomical function, its structure and form must 
reflect the v~i&d stresses to which it is subjected and the 
specific ways in which it is used. 

For instance, known or inferred relationships between bone geometry and 

behavior in living species are used to reconstruct behavior in extinct 

species (Fleagle 1979). Recently, analysis of cross-sectional geometry 

has been used to separate mechanically-induced changes from 

nutritionally-induced changes in skeletal form associated with the tran-

sition to agriculture (Ruff, Larsen and Hayes 1984). 



An important issue is that anthropologists must do more than 

borrow theory from other fields (such as biomechanics). Significant 

advances can be made when disciplines not only borrow theory from, but 

also make contributions to other disciplines. Anthropologists can con-

tribute to the data base of biomechanics through analysis of skeletal 

collections. Such contributions can be made more meaningful if data on 

both mineral content and morphology are available. 

Bone Mineral Content and Geometry in 
Growth and Agin.s 

There are many studies which include either bone mineral con-
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tent or geometry, but very few integrate both factors. In the following 

review of the literature, it is shown that biomechanical considerations 

and geometry are lacking and age-related changes in these variables are 

a matter of controversy. 

Growth 

Growth classically is considered to be a permanent change in 

size while Morphogenesis is a change in shape (Hall 1978). Bone develop-

ment involves both phenomena as well as changes in mineral density and 

microscopic anatomy. These changes alter the mechanical behavior of 

bone tissue and whole bones. At the tissue level, bending strength is 

known to increase during growth and is correlated with an increase in 

the percent ash content of bone (Currey and Butler 1975). Because of 

the lower mineral densities, subadult bone is also less stiff than 

adult bone (Sloof and Huiskes 1979). Thus, at the organ level, sub-

adult bones are thought to be less strong and less stiff than adult 

bones. This has not been demonstrated experimentally, but is 



corroborated by the common occurrence of "greenstick" fractures in sub

adult bones as opposed to sharp breaks in adults (Currey and Rutler 

1975; Sloof and Huiskes 1979). 
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Bone Mineral Content. Bone mineral content determination by 

photon absorptiometry is discussed in detail in Chapter 4. Bone mineral 

content (BMC) refers to the amount of bone mineral at a scan site and 

is expressed as grams per centimeter length of the bone. The bone 

mineral index (BMI) is BMC divided by the subperiosteal diameter, is 

used to adjust for differences in skeletal size and is often considered 

an estimate of density. 

Steichen et ale (1976) found no difference between male and 

female or black and white full-term infants in a study of BMC of the 

radius and ulna. Longitudinal data for the distal one-third of the 

radius and ulna for 42 appropriate-for-gestational-age term infants 

showed no change in BMC from birth to six weeks, but HMC increased ~ 

by the 12th week of life (Minton, Steichen and Tsang 1979). No differ

ences between males and females or blacks and whites were observed 

(Minton at al. 1979). 

There are no published data on changes in BMC for individuals 

between one and three years of age. Klemm, Banzer and Schneider (1976) 

measured BMC of the calcaneus of 66 white males (age 3 to 16) and 71 

white females (age 3 to 20) and found that for most ages BMI was closer 

to the adult value than was BMC. Krabbe et ale (1980) observed very 

little prepubertal increase in BMC of the radius in whites (ages 7 to 

13 in boys and 7 to 11 in girls), but a "sharp increase" after the 

growth spurt in a cross-sectional study of 119 boys and 111 girls. 
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These researchers found that "as longitudinal growth slows down, apposi

tional bone growth and mineralization accelerates (sic)" (Krabbe et al. 

1980:52). Furthermore, the means for boys and girls differed signifi

cantly only after the growth spurt. 

Increases in BMC of the distal one-third of the radius and the 

mid-humerus of 322 white children were "fairly linear" (r = 0.74 to 

0.80) from 6 to 14 years, with an average yearly change of 10.% and an 

annual incremental change of 8.% (Mazess and Cameron 1972). The BMI 

had an average yearly change of It% to % and an annual incremental in

crease of It% (Mazess and Cameron 1972). Growth-related changes in the 

mineral content of Alaskan and Canadian Eskimos are similar to those 

for Wisconsin whites, except that the Eskimo values tended to be ~ to 

10% lower for BMC and 5% lower for EMI at any given age (Mazess and 

Mather 1974, 1975). These differences were attributed to the smaller 

body size of Eskimos compared to Wisconsin whites. 

Bone Geometry. An increase in size is the most obvious change 

in whole bone geometry during growth. There are changes in whole bone 

shape, including decreases in the angle of ante torsion of the femoral 

head and neck (Shands and Steele 1958) and the cervicodiaphyseal angle 

(Brown and Ferguson 1978; Brown et al. 1980). These changes are associ

ated with changing stress distributions in the femoral neck and, 

perhaps, the proximal femur. As the angle of ante torsion decreases, 

anteroposterior (AP) bending stresses decrease, and as the cervicodi

aphyseal angle decreases, mediolateral (ML) bending stresses increase 

(Radin 1980; Brown and Ferguson 1978; Brown et al. 1980). 
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Changes in cross-sectional geometry involve increases in size, 

change in shape and relocation of regions and features (Enlow 1963; 

Frost 1973&). Subperiosteal deposition occurs at the midshaft through

out growth. Bone is resorbed at the endosteal surface until puberty, at 

which time deposition begins. The result is an immediate postnatal 

increase in cortical midshaft thickness, followed by "a transient infan

tile loss," a juvenile. gain and an adolescent spurt (Garn 19'70). Model

ing of the expanded re~ion of the bone near the growth plate (the 

"metaphysis") converts this region to shaft via subperiosteal resorption 

and endosteal deposition throughout longitUdinal growth. Elsewhere, I 

have documented Currey's (1977) observation that the femoral midshaft 

diameter is disproportionately large at birth (Sumner 1984). The 

effects of these growth changes and structural relationships on struc

tural strength are not clear because cross-sectional geometric properties 

of the kind used in this research have not been systematically studied 

during growth. 

Integration of TeChniques. There are no studies of human bone 

growth which consider both mineral content and geometric properties. 

The only study of growing bones Which considers bone density and 

geometry is research on tibiae, femora, humeri, radii and ulnae from 

22 Laborador Retrievers, aged one to 48 weeks (Torzilli et ale 1981). 

This study assessed bone density morphometrical1y and midshaft cross

sectional geometry with methods comparable to those used in the current 

investigation. Torzilli et ale (1981) also included tissue and whole 

bone mechanical tests and assessed cortical histology. They found that, 



There was an initial rapid growth phase from birth to approxi
mately 24 weeks of age, during which rapid increases in 
physical size, material and etructural strength and morpho
logical development occurred. This was followed by a 
substantially decreased, almost constant rate of growth up to 
48 weeks of age, at which time the bones resembled those of 
the mature adult (Torzil1i et ale 1981:148). 

These authors proposed an overall triphasic deYelopmental program, in-

volving the two phases described above and a third phase of senescence. 

Torzilli et ale (1981) extrapolated their results to humans and sug-

gested that the first phase continues until age 10, the second until 

maturity and the third begins in the third or fourth decade of life. 

During growth, changes in material properties and changes in geometry 

contributed equally to the overall increase in whole bone strength 

(Torzilli et ale 1981). 

Aging 

Although loss of bone in aging is considered a universal phe-

nomenon, there are oluy a few longitudinal stUdies to substantiate this 
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claim (Garn, Rohmann and Wagner 1967; Smith et ale 1976). Mazess (1982) 

has recently reviewed cross-sectional studies which used radiogrammetry 

or single beam photon absorptiometry. Male cortical bone loss begins 

around 40 to 45 years of age and proceeds at a rate of 3% to ~ per 

decade. Females begin to lose cortical bone at about the same time and 

rate, but experience an accelerated postmenopausal rate of 9% per decade 

until about age 75, at which tir,j.:fl the rate of loss slows to "% to ~ per 

decade. This deceleration of bone loss as seen in cross-sectional 

studies has been observed in at least one 1Qngitudinal study (Smith 

et al. 1976). Studies of trabecular bone loss yield more variable re-

sults, depending upon the measurement method and the skeletal site. 



Most cross-sectional studies show that the onset of loss begins in the 

third or fourth decade and that the rate of loss is about ~ to ~ per 

decade in both sexes. Longitudinal studies of trabecular bone loss 

suffer from methodological problems caused by variation in the fat com

position of marrow which preclude acceptance of their results (Mazess 

1982). 
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Bone Mineral Content. Age-related decreases in mineral content 

or density have been documented in several modern populations (Arnold 

et al. 1966; Atkinson and Weatherel1 1967; Mazess and Cameron 1974; 

Mazess and Mather 1974, 1975; Goldsmith 1974; Trotter and Hixon 1974) 

and in a few prehistoric populations (Perzigian 1973; Thompson and 

Gunness-Hey 1981; Ruff 1981). These studies show that an age-related 

decrease in mineral content is a universal phenomenon, but the age of 

onset and severity of mineral loss varies among populations. Mechanical 

analyses show that material strength begins to decrease somewhat later 

than the onset of bone mineral loss in adults (Burstein, Reilly and 

Martens 1976). 

Bone Geometry. Age-related decreases in cortical thickness or 

area have been documented in modern (Garn 1970; Pawson 1974; D. D. 

Thompson 1980) and archaeologically-derived samples (van Gerven, 

Armelagos and Bartley 1969; Dewey, Armelagos and Bartley 1969a; Dewey, 

Bartley and Armelagos 1969b; van Gerven 1973; Carlson, Armelagos and 

van Gerven 1976; Ericksen 1976; Ruff 1981; Ruff and Hayes 1983b). The 

age of onset of bone loss is variable (35 to 45 years), and females 

consistently begin to lose bone at an earlier age than males. These 
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studies all show that bone is lost at the endosteal surface and gained 

at the subperiosteal surface during aging. 

Carlson et 01. (1976) found an age-related decrease in cortical 

thickness in both sexes, but cortical area decreased only in females. 

D. D. Thompson (1980) found decreases in cortical thickness, bone 

mineral content and cortical bone density in females but not in males. 

Other studies of the femur (Arnold et ale 1966; Dewey et ale 1969a, 

1969b; van Gerven et ale 1969; van Gerven 197'; Ruff and Hayes 198,b) 

also reported this sex-related difference in cortical involution during 

aging. 

Increases in diaphyseal diameters and, inferentially, structural 

strength of the femur during aging have been reported by Smith and 

Walker (1964) and Trotter and Peterson (1967) for females. Direct con

firmations of these inferences were provided by Martin, Pickett and 

Zinaich (1980) and Martin and Atkinson (1977) for males and by Ruff and 

Hayes (1982) for both males and females. Martin and Atkinson (1976) 

analyzed both males and females, but, unlike Ruff and Hayes (1982), 

found increases in structural strength only in malese 

Differences in the nature of the samples or in activity patterns 

of the populations from which the samples were drawn may account for 

the conflicting conclusions reported by Ruff and Hayes (1982) and Martin 

and Atkinson (1976). Ruff and Hayes (1982) examined femora and tibia 

from the Pecos Pueblo archaeological site, whereas Martin and Atkinson 

(1976) examined femora obtained at autopsy. The former sample is 

genetically and environmentally homogeneous compared to the latter 

sample. but restricted in the age ranges included (age 20 to 60 years). 
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The difference between these two studies remains 6ven when only the age 

range common to both is considered. Assuming the opposing conclusions 

of these two studies are not artifactual (e.g., due to differential sur

vivorship in one or both of the samples), Ruff's (1981:445) citation of 

"general activity level differences between the two population samples" 

is reasonable. 

Summary and Critique 

There is a slow increase in BMC from a few months after birth 

until puberty at which time BMC increases more rapidly. Changes in 

cro~s-sectional geometry are more complex, but there seems to be a 

steady increase in area at the midshaft (although, not directly measure~ 

in any study). Relationships between growth-related changes in density 

and cross-sectional geometry in humans are unknown. Changes in angula

tion of the femoral neck and head are probably associated with changing 

stress distributions in the proximal femur. 

There is loss of bone at the endosteal surface and gain of bone 

at the subperiosteal surface during aging. Cortical thickness decreases 

in both sexes, but diminution cannot necessarily be extrapolated to area 

or cross-sectional structural strength because of subperiosteal expan

sion. 

The biomechanical consequences of many of the ontogenetic 

changes in bone mineral content and geometry reviewed in this chapter 

are difficult to assess. For instance, bone mineral content studies 

per se do not provide adequate information on density because changes 

at the endosteal surface are ignored. Apparent density (amount of 

mineral permit volume) avoids this problem and is estimated in the 



12 

present study by dividing bone mineral content (as determined by photon 

absorptiometry) by cortical area (as determined by computed tomography). 

Apparent density has known empirical relationships to compressive 

strength and stiffness (see Chapter 2). 

The structural strength of a croDs-section depeads upon the dis

tribution as vell as the amount of cortical bone. The relationship 

between cortical area and structural strength is not linear. In fact, 

cortical thickness and area could conceivably decrease while structural 

strength actually increases. These geometric considerations complicate 

the biomechanical interpretation of age-related changes and also suggest 

that very little, indeed, is known about the biomechanics of bone growth. 

HYpotheses to be Tested 

Four hypotheses are tested as the major aim of this dissertation. 

In addition, a large part of this dissertation is dedicated to develop

ment of technique and basic description of variability (related to age, 

sex and size). These hypotheses consider (1) the relationship between 

compressive strength and stiffness and structural strength during 

growth, (2) the role of structural compensation for loss of bone mineral 

during aging, (3) the relationship between the orientation of the femoral 

head and neck and the morphology of the proximal femoral diaphysis, and 

(4) the relationship between bone stiffness (as inferred by mineral 

content) and the severity of osteoarthrosis. 

The first hypothesis states that compressive strength increases 

more than cross-sectional structural strength during growth. There are 

three reasons for positing this relationship. (1) Bone mineral content 

and density increase rapidly early in life; (2) an ontogenetic 



13 

allometric analysis of the femoral length-diameter relationship showed 

that the human femur has a disproportionately wide midshaft diameter at 

birth (Sumner 1984); (3) bone width in the human radius at birth is 

closer to the m8k~imum adult value than is bone density (my calculations 

based on data in Steichen et ale 1976 and Mazess and Cameron 1974) and, 

as shown in Chapter 5. the width of the mid-femur during growth is 

closer to the adult value than is EMI or BHC. These observations imply 

that structural strength is closer than compressive strength to their 

respective adult values at birth. Therefore, compressive strength must 

increase more than structural strength during growth. 

The second hypothesis is that the age-related decline in mineral 

content is compensated by an increase in structural strength (Walker and 

Smith 1964). This hypothesis is controversial because previous re

searchers have found differences in males and females (see above). 

The third hypothesis posits that the angle of ante torsion of 

the femoral head and neck and the cervicodiaphyseal angle are associated 

with the distribution of material within proximal shaft cross-sections. 

The gluteal abductor moment arms increase with a decrease in the cervi

codiaphyseal angle (Radin 1980) and two-dimensional finite element 

analyses show that a decrease in this angle during growth leads to an 

increase in mediolateral bending stress in the femoral neck (Brown and 

Ferguson 1980). Furthermore, the moment arms of the hip flexors and 

extensors increase as the angle of ante torsion increases (Radin 1980), 

~jrhaps accentuating anteroposterior bending stress in the femoral 

neck. Thus this hypothesis tests the proposition that bending stresses 

are carried from the femoral neck into the proximal diaphysis. 
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Fourthly, it has been suggested that "increased subchondral bone 

stiffness contributes to progressive joint deterioration" (Burr et ale 

1983:299). Accordingly, "individuals with greater than average bone 

mineral content (ElMC) are more likely to experience osteoarthrotic 

changes; those with reduced skeletal mass (osteoporosis) should have 

B10re compliant bone and should be protected against osteoarthrosis (OA)" 

(Burr et al. 1983:299). 

This relationship has been tested by BUlT et al. (1983) with 

the human tibia. In contrast to the proposed relationship, females with 

low HMC of the midshaft tended to have more severe OA than females with 

average BMC even when the effects of age were removed statistically. 

In males, there vas no correlation between HMC and OA with or without 

the effects of age removed. This sex-specific relationship between BMC 

and OA is reinvestigated to determine if a similar pattern also holds 

for the femur. 

Summary of Materials and Metho,!!!! 

Femora from the Grasshopper R~in skeletal collection were 

analyzed. This sample is advantageous because of (1) the large number 

of individuals of all ages and both sexes, (2) its biological homo

geneity, and (3) lack of secular trends, differential survivorship or 

selective preservation. Therefore, variation due to age, sex and side 

could be investigated. These three sources of variability may be 

obscured in cadaver room samples by other sources of vari3bi1ity that 

are difficult to identify or control. The sample is described in 

greater detail in Chapter 3. 
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The research design included structural and bone mineral analy

ses so that both geometric and material aspects of remodeling are con

sidered. Only one element is analyzed because of the detailed nature of 

the protocol. The femur was chosen because ot its importance in human 

locomotion. 

The use of the Grasshopper sample necessitated application of 

non-destructive methods. Three techniques were used: (1) osteometrics; 

(2) computed tomography; and (3) photon absorptiometry. More direct 

means of determining cross-sectional geometry and mineral content are 

available, but these latter two methods offered the advantage of readily 

quantitative information in addition to being non-destructive. In fact, 

computed tomography, combined with automated image analysis, is intro

duced as a new approach to quantitation of cross-sectional geometry 

(see Chapter 4). 

Rationale 

Growth and aging are complex processes that involve changes in 

size, shape and composition. Although these changes are well known in 

humans in a general sense (Rossman 1977; Tanner 1978a; Falkner and 

Tanner 1978), their significance in bones is not adequately understood. 

Size, shape and material properties are important because they determine 

the mechanical behavior of a bone when loads are applied and this be

havior, in turn, influences bone growth, modeling and remodeling. Th~ 

mechanisms of bone modeling and remodeling will be better understood 

when bone growth and aging changes are assessed from a biomechanical 

perspective. 



CHAPTER 2 

SKELETAL BIOLOGY AND BI<J.fECHANICS 

Bone is a remarkable substance from both a biological and an 

engineering perspective. For instance, it "is the only tissue in the 

body of higher vertebrates to differentiate continuously, remodel in

ternally, and regenerate completely after injury" (Urist, Delange and 

Finerman 1983:685). The skeletal system has n~erous biomechanical 

functions in addition to important roles in mineral homeostasis and 

blood cell formation. These functions include support, movement and 

protection and are thought to be fulfilled with a minimum of material 

to reduce the metabolic costs to the organism (Wainwright et ale 1976). 

These biomechanical functions are remarkable from an engineering per

spective because they are met throughout postnatal growth, while the 

organism increases in weight by a factor of 20, and length by a factor 

of three to four. From a clinical perspective, the maintenance of a 

mechanically competent skeletal system throughout growth and, especially, 

aging is an increasing problem as the demographic structure of Western 

populations changes to include increasing numberu of older individuals. 

Skeletal BiologY 

Bone biology is a burgeoning discipline. Several comprehensive 

reviews are now available (Vaughn 1975; Hall 1978; Urist 1980). Here, 

only some aspects of this topic are considered. The discussion begins 

with bone cells, precedes from ultrastructural to macroscopic levels of 
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analysis, considers mineralization, calcium homeostasis, and develop

ment, and concludes with aging and the role of nutrition. 

Bone Cells 

17 

Cells make up about five to eight percent of the volume of cal

cified matrix (Triffitt 1980). Active osteob1asts synthesize a~d 

secrete collagen fibers and ground substance (Vaughn 1975). These pr'o

teins constitute the bone matrix or osteoid. Calcium phosphate is then 

deposited within the matrix. As osteob1asts become trapped in matrix 

they differentiate into osteocytes and occupy lacunar spaces (Vaughn 

1975). The function of osteocytes is in doubt,'although they may play 

a role in metabolite migration within the 1acuno-canalicular system, 

deposition of bone, osteolysis, regulation of plasma calcium levels and 

uptake of albumin from bone tissue fluid into matrix (Vaughn 1975). 

Osteoclasts are large multinucleated cells that function to 

resorb bone (Vaughn 1975). Resorption of bone is a two-step process in 

which the mineral phase is dissolved, followed by matrix degradation 

(Ibbotson et ale 1980). Active osteoc1asts occupy or, more accurately, 

create Howship's lacunae. A "brush border" or ftr uff1ed border" (convo

lutions of the cell membrane) is noticeable on the side of the cell next 

to the bone being resorbed. These cells have a high content of hydro

lytic' enzymes for the breakdo'm of bone (Ogden 1980). 

Ultrastructure 

Whole cortical bone is 6~ inorganic t ~ water and 22% organic 

matrix by weight (Triffitt J.98o). Ninety percent of the organic frac

tion is collagen and the remaining 10% is mainly nonco11agenous 
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proteins with some carbohydrates and lipids (Triffitt 1980). Bone 

collagen is type I collagen. Individual tropocollagen units polym~rize 

to form hollow tubes called micro fibrils which, ; .. n turn, polymerize to 

form ti}\rils (Matthews 1980). The collagen fibers are arranged within 

the amorphous phase of the noncollagenous proteins, carbohydrates and 

lipids (Hayes and carter 1979). 

Calcium phosphate compounds are aligned along the collagen 

fiber axis and within interfibrillar and intrafibrillar spaces (Matthews 

1980; Neuman 1980). Bone mineral is made up of at least five different 

calcium phosphate compounds. These com~und8 r~present a complete array 

of intermediaries between calcium and phosphate ions in solution and 

hydroxyapatite. Hydroxyapatite is the least acidic, least soluble and 

most thermodynamically stable of these compounds (Newman 1980). Bone 

mineral is microcrystalline with a surface area of 50 to 250 square 

meters per gram. Consequently, a wide variety of ions which occur in 

extracellular fluids are found within the crystalline lattice (Neuman 

1980). Anthropologists exploit the presence of these impurities to re

construct diet in prehistoric skeletal samples (Sillen and Kavanagh 

1982). 

Mineralisation 

The process of mineralization is complex and not yet fully 

understood. Glimcher (1976) has published an extensive review of this 

topic. Extracellular fluid concentrations of calcium and phosphate ions 

are not sufficient for spontaneous precipitation. However, once a seed 

has formed, the levels are high enough to support crystal growth. The 

body fluids are, therefore, "metastable" (Neuman 1980). For 



19 

mineralization to occur, either the concentrations of calcium and inor

ganic phosphate ions must be locally raised to promote spontaneous 

crystal formation or a nucleation seed must be formed. 

The current view is that mineralization depends on heterogeneous 

nucleation, i.e. g spontaneous precipitation is not iDYolved (Neuman 

1980). Special sites within collagen molecules "are capable in and of 

themselves of catalyzing nucleation and maturation of mineral crystals" 

(Neuman 1980:106). Proteoglycan content decreases which occur during 

mineralization may well "permit and facilitate nucleation of Ca-P by 

other structural components in the tissue spaces such as the collagen 

fibrils" (Glimcher 1976:107). 

Microstructure 

The nature of collagen fiber orientation determines the bone 

type at the microstructural level. In woven bone, the fibers are ran

domly arranged, while in lamellar bone the collagen fibers are oriented 

preferentially. Bone is deposited as woven bone and then is replaced 

by lamellar bone. Lamellar bone consists of sheets of tissue, each 

about eight micrometers thick, separated from one another "by a thin 

layer of less mineralized tissue referred to as an interlamellar cement 

line" (Hayes and Carter 1979:264). The collagen is organized into 

fascicles which are arranged in parallel fashion within each lamella. 

In adjacent lamellae the fascicles course in opposite directions, longi

tudinally in one lamella and circumferentially in the adjacent lamellae 

(Copenhaver, Kelly and Wood 1978). The cause of this texturing of 

lamellar bone is not known, although fluctuating levels of bone hormones 

have been suggested (Jones, Boyde and Shapiro 1981). 
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These lamellae are organized in four systems in compact bone 

(Fig. 1). An osteon or haversian system consists of a central canal 

surrounded by concentric lamellae. These central canals communicate 

with perforating canals (nutrient canals or Volkmann's canals) and house 

blood vessels and nerves. Interstitial lamellae fill the spaces between 

osteoDS and constitute the intermediate system. Circumferential 

lamellae parallel and juxtapose the endosteal and subperiosteal mem

branes and contribute to the outer and inner circumferential systems 

(Junqueira and Carneiro 1980). 

Macrostructure 

Macroscopically, bone is organized as spongy, cancellous or 

trabecular bone and as compact bone. Compact bone tissue is densely 

packed, while spongy bone is arranged as Ita system of sheets of compact 

hard tissue, with a distribution of widths, the lower limit correspond

ing to rods" (Pugh, Rose and Radin 1973:658). Long bones contain both 

cancellous and compact bone, the former is found at the ends of the bone 

and bordering the medullary cavity. Compact bone is restricted largely 

to the shaft, although a thin layer forms an external jacket around the 

cancellous bone of the metaphysis and epiphysis. 

Bone Tissue Turnover 

Bone tissue turnover is accomplished mainly by "modeling" during 

growth and "remodeling" in adulthood (Frost 1980). Resorption and 

deposition of bone occur at the periosteal, endosteal, haversian and 

trabecular surfaces (Enlow 1963; Frost 1973a, 1980). Activity at the 

periosteal and endosteal surfaces causes change in cross-sectional size 
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Figure 1. Schematic drawing of cortical bone microstructure. 
Redrawn after Junqueira and Carneiro 1980. 
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and shape (Frost 1973a). This proces8 is called modeling and is most 

noticeable during growth, but also occurs in adults. Remodeling refers 

to resorption and deposition within cortical bone or large trabeculae 

and begins about the time of birth (Frost 1964; Lacroix 1971). Bone 

tissue turnover is important to (1) bone growth (Frost 1980), (2) cal

cium homeostasis (Norman 1980), and (3) maintenance of a mechanicall,. 

competent tissue (Carter 1982). 

Remodeling occurs "in packets and in a 8tereotyped sequence, 

forming a basic multicellular unit of bone remodeling" (Frost 1980: 221). 

When a basic multicellular unit is activated, osteoclastic resorption is 

followed by osteoblastic formation of new matrix. After an eight day 

delay, mineralizat:~on begin£: and may take months to complete (Jowsey 

1960; Lacroix 1971). Each unit replaces about two-tenths of a cubic 

millimeter of old bone. This process of activation, resorption and for

mation takes about three months in humans. Packets of bone have life

spans of three to 20 years (Frost 1980). 

Calcium Homeostasis 

Bone tissue turnover is regulated at the systemic level by the 

endocrine system and is usually considered in terms of calcium homeo

statsis. Recent reviews of this topic have been published by Raisz 

et al. (1978), Neer (1979), Bringhurst and Potts (1979), Peacock (1980), 

and Norman (1980). Calcium has numerous biological functions. It is 

important in muscle contraction, conduction of nerve impulses, blood 

clotting, release and action of hormones, maintaining the structure and 

function of cell membranes, cyclic AMP-mediated responses and in struc

tural support and locomotion (Bentle,. 1976; Bringhurst and Potts 1980). 



A 70 kg man has about 1000 to 1200 grams of calcium in his 

skeleton. Of this amount, about O.~ is in the "readily exchangeable 

bone pool." Unfortunately, this pool is not anatomically defined. It 

"simply represents that fraction of calcium in bone that is in rapid 

equilibrium with calcium in plasma, in which 'rapid' implies the 

capability of exchange on a minute-by-minute basis" (Norman 1980:250). 

2, 

About 9.5 g of calcium is exchanged daily. It folloW's that about one

sixth of the skeleton may be resorbed and deposited annually (Krane and 

Schiller 1979). 

The three most important hormones in calcium homeostasis are 

dihydroxycholecalciferol, parathyroid hormone (PTH) and calcitonin. 

The dihydroxycholecalciferols are vitamin D metabolites. Vitamin D, 

(cholecalciferol) is synthesized in the skin in the presence of ultra-

violet light. It is initially converted in the liver to 25(OH)D, and, 

then, further metabolized in the kidney to produce the two biologically 

active forms of this hormone, 1,25(OH)ZO, (calcitrol) and 24,25(OH)2D, 

(DeLuca 1974). 

Calcitrol stimulates intestinal calcium and phosphate absorption, 

and in a synergistic relationship with PTH mobilizes skeletal calcium 

and phosphate (DeLuca 1974). Parathyroid hormone is produced by the 

parathyroid glands. When blood calcium levels are low, PTH is secreted. 

This hormone increases resorption of bone mineral, modulates production 

of l,25(OH)2D, and increases renal reabsorption of calcium (Turner and 

Bagnara 1976; Bringhurst and Potts 1979; Norman 1980). PTH promotes 

bone resorption only if vitamin D is present, but increases renal re

absorption of calcium independently of vitamin D (Neer 1979). 
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Parathyroid hormone and l,25(OH)2D3 have significantly different 

turnover times in the blood. PTH's turnover ocours in a matter of 

minutes~ but tritium-labeled l,25(OH)2D3 may remain in the plasma for 

as long as two days. The vitamin D metabolite regulates serum calcium 

levels over time intervals of hours or days, while PTH may be more 

important in short term perturbations of calcium levels (Neer 1979). 

Calcitonin is a product of thyroid gland C cells in mammals 

(Turner and Bagnara 1976; Bentley 1976; Copp 1979). The role of calci-

tonin seems to be the opposite of PTH. Calcitonin is released when the 

serum calcium concentration is high and acts upon bone to decrease 

calcium mobilization and on the kidneys to increase calcium excretion 

(Turner and Bagnara 1976; Copp 1979; Norman 1980; MacIntyre and 

Stevenson 1981). According to some researchers, this hormone is not 

necessary for the maintenance of calcium homeostasis in hUmans (Neer 

1979; Peacock 1980). Others propose that calcitonin may restrict the 

action of l,25(OH)2D3 to the gut during times of physiological calcium 

stress by inhibiting 1,25(OH)2D3-enhanced resorption of calcium from 

the skeleton (MacIntyre and Stevenson 1981). 

Calcium homeostasis in mammals, therefore, involves the skin, 

parathyroid gland, thyroid gland, the kidneys, intestines and, of 

course, the skeletal system. The effects of other hormones on calcium 

homeostasis have been less well studied. There is evidence, however, 

that th~ adrenal glucocorticoids, adrenal corticoids, estrogens, thry-

roxine, growth hormone, insulin and prolactin affect calcium homeostasis 

(Norman 1980). 
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Development 

Limb core development has "three discrete phases: (i) eesen-

chymal cell phase, (ii) the production of a chondrogenic model, and 

(iii) bone formation" (Caplan, Fiszman and Eppenberger 1983:926). "These 

three phases begin in the early, mid and late embryonic periods, respec-

tive1y. The second two phases continue until skeletal maturity is 

achieved (Gardner 1971). Cell types change from mesenchymal to chon-

nrocyte to osteoblast. These changes are accompanied by changes in the 

macromolecules of the extracellular matrix. For instance, the transition 

to bone is characterized by "the replacement of the polysaccharide-rich 

cartilage matrix with its type II collagen by type I collagen and 

calcium apatite" (Caplan et al. 1983:926). 

Long bone growth is largely cartilaginous growth. Hinchcliffe 

and Johnson (1983:257-258) note that, 

Endochondral ossification is often superimposed upon carti
laginous growth, and is often present in the same element at 
the same time, but is a quite separate process. Much of the 
growth of mammalian long bones is really cartilage growth, 
although it can be measured as an increase in bone. 

These growth zones are recognized in the cartilaginous models of long 

bones (Hinchcliffe and Johnson 1983). (1) Longitudinal growth ot the 

diaphysis occurs via the growth plates and is interstitial. Character-

istica11y, one end of the bone grows faster than the other end. For 

example, the distal femur outpaces the proximal end. (2) The growth 

plate widens by adding cell columns. (3) Longitudinal and transverse 

growth of the epiphydes occurs via both appositional and interstitial 

processes. 



Ossification of the cartilaginous model (i.e., bone formation) 

begins in the diaphysis with chondrocyte proliferation and hypertrophy. 

vascular invasion from the perichondrium and formation of hydroxyapatite 

crystals (Fig. 2). Perichondrium is converted to parisosteum as cella 

differentiate into osteoblasts and lay VldOWD a collar of 'membrane' 

bone around the ossification" (Matthews 1980:6). This occurs in the 

human femur before the end of the embryonic period (Gardner and Gray 

1970). The hypertrophic cartilage cells die and are replaced by osteo

blasts (which accompanied the invading vascular system as osteoprogeni

tor cells). Osteoid is then deposited on the mineralized cartilage and 

is, itself, mineralized. Primary trabeculae are formed in this way, 

but are subsequently replaced by secondary trabeculae which lack 

mineralized cartilaginous cores (Matthews 1980). 

The diaphyseal site of ossification is called the primary cen

ter. Secondary centers of ossification form in the developing epiphyses. 

The distal epiphysis of the femur begins to ossify by birth, but ossifi

cation of the femoral head is delayed until a few months after birth 

(Krogman 1962). The band of cartilage between these centers is the 

growth plate. Longitudinal growth occurs as "the sequence of hyper

trophy, matrix mineralization, vascular invasion, and osteoblastic 

activity" is continually played out at the cartilage growth plate 

(Matthews 1980:6). Consequently, the growth plates migrate away from 

the midshaft. Eventually, they "close" and longitudinal growth ceases. 

Closure of the growth plate is under the control of sex hormones (Ogden 

1980) • 
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Figure 2. Long bone formation and growth. -- The hyaline cartilage is 
stippled, calcified cartilage is black, and bone tissue is 
indicated by oblique lines (redrawn after Junqueira and 
Carneiro 1980). 
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Intramembranous ossification is characterized by "direct trans-

formation of connective tissue," unlike intracartilaginous ossification 

which is "preceded by the laying-down of a cartilage model" (McLean and 
\ 

Urist 1968:24). ,Intramembranous ossification plays an important role 

in growth remodeling of cartilaginous bone (Romer 1970; McLean and 

Urist 1968). In fact, much of "the metaphyseal and diaphyseal cortices 

of developing tubular bone are derived from specialized mesenchyme 

(periosteum) investing the cartilage model" (Ogden 1980:119). '!'his 

leads to a rather complicated arrangement of periosteal, endochondral 

and endosteal bone in adult long bones. Changes in cross-sectional 

geometry were discussed in Chapter 1. 

Aging 

There are many age-related Changes in the skeletal system 

(Jowsey 1960; Tonna 1977; Rossman 1977). Those of direct relevance to 

the present study were revie¥ed above. Here, some generalities are 

considered and the terms "osteoporosis" and "osteoarthrosis" are de-

fined. Inequities between resorption and deposition cause an increase 

in the total cross-sectional area (positive subperiosteal balance), an 

increase in the medullary cavity area (negative endosteal balance), an 

increase in cortical porosity (negative haversian balance) and ~ thin

ning of individual trabeculae (negative trabecular balance) during aging 

(Frost 1980). Consequently, the absolute bone volume, the actual amount 

of bone tissue irrespective of porosity, falls to about 60% of its 

maximum value by age 70 (Frost 1980). 

Osteoporosis refers to net loss of bone during aging and is 

caused by increased resorption or decreased deposition of bone (Nordin 
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1983). Primary osteoporosis has no known etiology. Secondary osteo

porosis is loss of bone due to disease (e.g., hyperthyroidism, Cushing's 

syndrom) or therapy (e.g., corticosteroid administration). 

Cross-sectional surveys (Newton-John and Morgan 1968; Mazess 

1982) and limited longitudinal data (Garn et ale 1967; Smith et ale 

1976) suggest that all individuals lose bone as they age. Surveys also 

show that population variability in mineral content does not increase 

with aging (e.g., MazesB and Cameron 1974; Smith et ale 1976). There

fore, some doubt the existence of a disease and believe that loss of 

bone is a physiological aspect of aging. Newton-John and Morgan (1968) 

were among the first to offer this view. Only prospective longitudinal 

studies can resolve this issue. 

Osteoarthrosis (OA) is the progressive deterioration of joints, 

involving osteophyte formation and the losa of cartilage (Radin 1982). 

The present study is concerned with degeneration of the femoral aspect 

of the kn'ee joint, although observations of the proximal femur also are 

reported. Osteoarthrosis, like osteoporosis, is an age-related 

phenomenon (Peyron 1982). The terms "osteoarthrosis," "osteoarthritis" 

and "degenerative joint disease" are used interchangeably. The former 

term is now favored because inflammation is a consequence, not a cause 

of joint deterioration. 

Cartilage breakdown involves fibrillation (splitting), shearing 

damage and abrasive wear (Meachim 1980). Destruction of the cartilage 

may precede to exposure of the underlying bone. If the condition pro

gresses sufficiently, the bone may be scored. There is necrosis of the 

superficial layer of exposed bone and this necrotic layer is underlain 
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by sclerotic regions (Meachim 1980; Sokoloff 1980). Additionally, there 

is necrosis of subchondral bone deep to areas of eburnation (Sokoloff 

1980). Osteophytes (lipping) develop around the periphery of the joint 

surface and may aid in transmission of load, but reduce movement 

capabilities (Sokoloff 1980). 

The etiology of OA is controversial, although Radin, Paul and 

Rose (1972, and elsewhere) have made a vory strong case for the role of 

mechanical factors. The initial site of invo1vembnt may be the articu

lar cartilage or the subchondral bone (Kempson 1981). Radin (1982~51) 

notes that "the progression of carti1~ge lesions to osteoarthrosis 

appears to require u relative stiffening of the underlying bone bed." 

One of the hypotheses tested in the present study examines the role of 

subchondral bone stiffness. 

Nutrition and Bone status 

Calcium absorption, bioavailabi1ity and homeostasis are in

fluenced by nutritional factors. Diet, therefore, can be expected to 

affect bone (Chinn 1981; L. H. Allen 1982). Phosphorous, protein, 

oxalate, phytate, fiber and alcohol have been proposed as dietary fac

tors which affect calcium bioavailability by inhibiting calcium absorp

tion. All of these except fiber and alcohol are now thought to be 

relatively unimportant (L. H. Allen 1982). Lactose is known to 

increase calcium absorption (L. H. Allen 1982). High intakes of phos

phorous and protein have physiological effects (secondary hyperpara

thyroidism and hypercalciuria, respectively) that may cause net loss of 

bone mineral (Chinn 1981; L. H. Allen 1982). 
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Despite these effects it has been difficult to demonstrate 

relationships between diet and bone because it is difficult to hold all 

factors besides diet constant in epidemiological surveys (Chinn 1981). 

Matkovic et al. (1979) have demonstrated a relationship between calcium 

intake, bone status and femoral neck fracture rate in two rural adult 

Yugoslavian popUlations differing only in calcium intake. The popula

tion with higher calcium intake had higher values for second metacarpal 

cortical thickness and area and lower fracture rates. However, calcium 

intake did not seem to affect age-related bone loss in these two 

populations. Matkovic et al. (1979:547) concluded that "the greater 

bone mass in the high calcium district maintained throughout life was 

••• presumably due to larger bone mass formed in childhood." This 

study supports the earlier studies of Garn (1975) who was unable to 

demonstrate a relationship between diet and age-related bone loss. How

ever, Mazess and Mather (1974, 1975) attributed the higher rates of bone 

loss they observed in North Alaskan and Canadian Eskimos (compared to 

Wiaconsin whites) to the exceptionally high meat content of Eskimo 

diets. Because size is a risk factor in osteoporosis (Nordin 1983) and 

Eskimos have small body size compared to the Wisconsin control group, 

the accelerated rate of bone loss in Eskimos may be a reflection of 

size rather than diet. 

The hypothesis that diet affects bone growth is well-documented 

in the case of protein-calorie malnutrition. Longitudinal growth and 

subperiosteal deposition slow, endosteal resorption increases, and the 

appearance of ossification centers and fusion of epiphyses are delayed 

in children suffering from protein-calorie malnutrition (Himes 1978). 



Diet, therefore, affects bone status through growth. Differences in 

achieved bone status during growth may affect age-related bone 108s, 
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but diet, itself, has not been conclusively shown to affect age-related 

bone loss. 

Biomechanics of Bone and Bones 

Bone shape and mineral content are compromises between bio-

logical, nutritional and mechanical factors. Biological and nutritional 

factors determine the amount of available tissue and biomechanical 

factors determine the arrangement of tissue in space. Bones are of 

interest from a biomechanical perspective because of their mechanical 

role in posture and locomotion. Applied forces (loads) are transmitted 

across joints and through bones. Swanson (1980:8) notes that, 

The knee, in common with the other joints of the lower limb, 
transmits force partly because of the weight which it supports, 
partly because of the muscles acting across it, and, sometimes 
partly because at least one of the body segments connected by 
it is being accelerated. 

Applied forces involve tension, compression, bending, shear and torsion 

(Frankel and Nordin 1980). In tension, loads are outwardly applied 

from a surface and in compression the loads are inwardly applied at a 

surface. A bending load causes a structure to bend about an axis. In 

shear, the load is applied parallel to the surface of the structure. A 

load applied so that the structure twists about an axie is known as 

torsion (Frankel and Nordin 1980). 

These externally applied forces cause internal loads which are 

discussed in terms of stress (force per unit area) and strain (relative 

deformation). The stress state of a point on an arbitrary plane 

through a structure can be decomposed into (1) direct stress which is 
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perpendicular to the plane, and (2) shear stress which is parallel to 

the plane (Huiskes 1984). Strain involves change in length and angular 

deformation. Strains can be calculated from stresses and Yice yersa 

using "constitutive equations" if the elastic mechanical properties 

(Young's modulus and Poisson's ratio) are known (Huiskes 1984). 

Pure tensile or compressive loads cause tensile or compressive 

stresses and strains on a plane parallel to the plane of loading. On 

any other plane there are also shear stresses and strains. In bending, 

there is a neutral axis along which no stress or strains are found. On 

one side of the neutral axis tensile stresses and strains act, while on 

the other side compressive stresses and strains act. The magnitude of 

the stresses and strains increases away from the neutral axis. Shear 

causes internal angular deformation. In torsion "shear stresses are 

distributed over the entire structure. • •• The farther the stresses 

are from the neutral axis, the higher their magnitude" (Frankel and 

Nordin 1980:34). 

Normal in~ loading of bones involves combinations of the 

loading modes mentioned above which, in turn, cause complex internal 

distributions of compressive, tensile and shear stresses and strains 

(Carter et ale 1980). For example, Lanyon and Bourn (1979:267) account 

for the ~~ surface strain pattern they observed in sheep tibiae 

during walking by postulating "a loading configuration involving cranio

caudal bending and torque." Carter et ale (1980: 34) explain the in .!!!2 

strain pattern they observed in the dog radius during walking by postu

lating "bending in the cranial/caudal plane." These interpretations are 



based on expected surface strain patterns in hollow cylinders subjected 

to these loading regimes. 

stress analyses document the orientation and magnitude of 

stresses within a structure. Both experimental and theoretical 

approaches are used (Rybicki 1980; Huiskes 198~). Experimental methods 

use an actual physical model, for instance, a bone in strain gauge 

studies, or a replica of a bone in photoelastic studies (Huiskes 198~). 

Theoretical methods use a mathematical model and are further classified 

into two categories. First, in the analytical approach, "closed-form 

theories" are used, including bar theory, beam theory and torsion shaft 

theory. These theories only apply to structures with simple geometrics 

and material properties (Huiskes 1984). Second, numerical methods are 

used to analyze complex structures. The finite element method (FEM) is 

used to analyze bones. A FEM model considers loading conditions, 

geometry, material properties and boundary or interface conditions. 

FEM stress analyses assume "that a loaded structure deforms in such a 

way that the energy stored within it is minimar'(Huiskee 1984). 

The Loading Environment of the 
Human Femur 

Forces acting on the normal human femur ~~ have not been 

measured directly. However the magnitudes of joint reaction forces have 

been calculated for the knee and hip (Paul 1976:163). Maximum joint 

force values for the hip and knee are summarized in Table 1. 

Joint reaction force at the hip actually has two maxima during 

level walking. These occur at 7% and 47% of the walking cycle (i.e., 

slightly after heel strike and slightly before toe-off). Joint reaction 
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Table 1. Maximum joint reaction forces in multiples of body weight. 
After Paul 1976. 

Level Walking Hip Joint Tibio-Femoral Joint 

Slow 4.9 2.7 

Normal 4.9 2.8 

Fast 7.6 4.3 

Ascending stairs 7.2 4.4 

DescenGing stail-s 7.1 4.9 



force at the tibio-femoral articulation actually has three maxima, tvo 

slightly after heel strike (~ and l~ of cycle time) and one slightly 

before toe-off (~ of cycle time). In the frontal plane the direction 

of the maximum hip forces varies from 12.5° to 21° medial to the 

mechanical axis (a line from the center of the femoral head to the cen-

ter of the condyles). Most Gf the load at the tibio-femoral joint is 

transmitted through the medial c:ompartment (Paul 1976). 

stress Distribution within the 
Human Femur 

The most complete FEM stress analysis of the human femur is 

that of Valliappan, Svensson and Wood (1977). These authors did three-

dimensional analyses of the proximal femur for the five positioDB in 

the walking cycle when the muscle and joint forces are at their peak 

values and for one-legged and two-legged stances. From mid-stance to 

toe-off the lateral cortex of the diaphysis haa tensile stresses and 

the medial cortex has compressive stresses, but at heel strike, the 

lateral cortex is in compression and the medial cortex is in tension. 

The superior cortex of the neck is in tension and the inferior cortex 

is in compression throughout the walking cycle. The maximum compres-

sive and tensile stress magnitudes were observed when the contralateral 

limb began heel strike. In walking, the maximum compressive stress is 

1.28 times greater and the maximum tensile stress is 2.03 times greater 

than in standing. Nevertheless, the stress distributions are similar 

in valking and standing. 

stress analyses of the femoral diaphysis based on beam theory 

are accurate, but the proximal regions require analysis by numerical 
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methods because the proximal one-third of the femur has a geometry un

like a beam and is subject to many applied muscle loadings (Rybicki, 

Simonen and Weis 1972). This observation is supported by the work of 

Huiskes, Janssen and Sloof (1981) who demonstrated good agr~ement be

tween actual strain readiness ia vitro and strain calculations based on 

beam theory. Valliappan et ale (1977) found good comparisons between 

the results of three-dimensional FEM and beam theory analyses for the 

femoral shaft, but substantial differences between the two methods for 

the neck and greater trochanter. 

Material Properties of Bone 

Material properties of bone depict the reaction of bone tissue 

to applied loads and usually are determined by testing small specimens 

machined from whole bones (Evans 1973; Hayes and Carter 1979). The 

material properties of bone haTe been characterized for various testing 

conditions, including tension, compression, shear, bending and torsion. 

The elastic, viscoelastic (i.e., ti~e-dependent), yield, ~acture and 

fatigue characteristics of bone tissue have been studied in this way 

(Hayes and Carter 1979). 

Strength and stiffness are the two most important mechanical 

properties of bone (Frankel and Nordin 1980). These properties are 

calculated from load-deformation curves. Such curves have an elastic 

region, a nonelastic or plastic region, a yield point and an ultimate 

failure point (Fig. 3). In the elastic region of the curve, the object, 

after being deformed, returns to its original shape. In the nonelastic 

region, the object does not return to its original shape. The boundary 

between these two parts of the curve is known as the yield point 
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curve for cortical bone tested in tension. Bt = yield 
stress, Btl = yield strain, ot = ultimate stress, Oil = 
ultimate strain. The lower figure shows stress-strain 
curves for three materials. Both figures redrawn from 
Frankel and Nordin 1980. 



(point B of Fig. 3). The ultimate failure point is at the end of the 

nonelastic part of the curve (point C of Fig. 3). 
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Strength of the material is characterized by its ultimate fail

ure stress (point C' of Fig. 3). Stiffness of the material is charac

terized by the slope of the curve in the elastic region. Stiffness, 

then is defined as stress divided by strain. This quantity is known as 

. the modulus of elasticity or Young's modulus. Young's modulus for human 

femoral specimens has a value of about 24.5 x 109 N/m2 when tested in 

tension (Reilly and Burstein 1974). For comparison, the value for 

plexiglass is 8.6 x 109 N/m2, for Douglas fir, 13.4 x 109 N/M2, and for 

steel, 210 x 109 N/m2 (Reilly and Burstein 1974). 

Unfortunately, strength and stiffness cannot be measured accu

rately in dry bones, the nature of the sample used in this project. 

However, these two mechanical properties of bone tissue depend upon 

mineral content, a variable that can be measured accurately in dry bones. 

Some empirical relationships between mineral content and mechanical 

properties are known and are discussed here. 

Strong positive correlations between bone mineral content (BMC; 

9/cm) and ultimate breaking force of the intact femoral neck (Dalen 

Hellstrom and Jacobson 1976), BMC and maximum compressive load for in

tact femoral midshaft sections (Wilson 1974) and mineral density 

(mg/mm3) and ultimate tensile and compressive stress of femoral 

specimens (Smith and Smith 1976) have been reported. The studies of 

Dalen et al. (1976) and Wilson (1974) demonstrated a linear relationship 

between BMC and strength, while Smith and Smith (1976) discovered an 

exponential correlation. 
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The work of Smith and Smith (1976) is particularly interesting 

in light of the relationship between apparent density and compressiTe 

strength observed by Carter and Hayes (1976). These authors found that 

"the compressive strength of bone is proportional to the square of the 

apparent density" (Carter and Hayes 1976:1175). Human and bovine tra

becular beme of widely varying apparent densities (0.07 to 0.97 glcm?;) , 

but similar tissue densities were tested eo that quantitative relation

ships between apparent density and compressive strength could be 

derived. 

Tissue density excludes porosity and is a measure of mineraliza

tion. Apparent density includes porosity and is a measure of the amount 

of mineral per unit volume (Galante, Rostoker and Ray 1970). Smith and 

Smith (1976) divided BHC by the specimen cross-sectional area to obtain 

mineral density. This variable is conceptually and dimensionally 

equivalent to apparent density. Many researchers have noted linear 

relationships between mineral content and strength, but the limited 

variation in tissue or apparent density in these stUdies may obscure an 

exponential relationship. 

The significance of a logarithmic relationship between apparent 

density and strength is that small changes in mineral content have large 

effects on strength. For instance, a reduction of BMC by one-third may 

cause strength to be only one-ninth of its previous value (Carter and 

Hayes 1976). 

Bone Geometry 

Geometric properties characterize size and shape. Traditionally, 

physical anthropologists have focused on whole bone geometry, i.e., 
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lengths, diameters, circumferences and angles. These variables are 

important for understanding structural relationships (e.g., Aiello 1981) 

and loading conditions (e.g., Lovejoy, Heiple and Burstein 1973; Burr, 

van Gerven and Gustav 1977), but they are inadequate for determining the 

structural strength of an element. 

Structural strength depends upon both the size and shape of 

diaphyseal cross-sections (Frankel and Burstein 1965). Recent appli

cation of beam theory to the study of cross-sectional geometry has 

provided a new way to assess the biomechanical significance of varia

bility in diaphyseal form (Rybicki et ale 1972; Martin 1975; Piziali, 

Hight and Nagel 1976; Lovejoy et ale 1976; Martin and Atkinson 1977; 

Piotrowski. Kellman and Wilcox 1971; Ruff and Hayes 1983a). These 

properties include the area of cortical bone, the second moment of area, 

the principal second moment of area, the polar moment of area and the 

angle between the anatomical and principal axes. Mathematical defini

tions of these variables are shown in Figure 4. 

The area of cortical bone is a measure of a section's ability 

to resist pure axial compression or tension. The shape of the crOSB

section is not important in this loading context. However, because 

bones are often subject to bending and torsion (e.g., Lanyon and Bourn 

1979; Carter et al. 1980), shape is an important factor. Moments of 

area quantify size and shape and are significant because the magnitudes 

of bending stress and shear stress in a cross-section are inversely pro

portional to the second moment of area and the polar moment of area, 

respectively (Fig. 5). The second moment of area is usually calculated 

about the anatomical axes and about the axes which yield the maximum 
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Cross-sectional geometric properties. -- After Martin and 
Atkinson 1977; Nagurka and Hayes 1980. Ix and Iy are second 
moments of area about the ML and AP axes. respectively. 
Ixy is the cross product and J is the polar moment of area. 
!MAX and IMIN are the principal momenta. 
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Figure 5. Bending and torque. -- (a) Note that the normal stress in a 
unit area (adA) depends upon the bending moment (HML) and 
the distance to the neutral axis, and is inversely propor
tional to second moment of area about the ML axis (IML). 
(b) Similarly, the shear stress in a unit area is inversely 
proportional to the polar moment of area (J). Redrawn 
after Frankel and Nordin 1980. 
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and minimum values. These latter axes are called the principal axes. 

The angle betveen the anatomical and principal axes is a simple measure 

of the distribution of material within the crosB-section. 

Bone Mineral Content, Geometry 
and Mechanical Properties 

Relationships among geometric, physical and mechanical proper-

ties of bone are important for understanding bone behavior and have 

been reviewed by Burr (1980). The relative importance of material and 

geometric properties to the mechanical behavior of whole bones has 

received little attention. Dalen et al. (1976) found linear corre1a-

tions between bone mineral content (glcm) and the ultimate breaking 

force and between two geometric properties and the ultimate breaking 

force for the intact femoral neck tested in bending. The correlation 

coefficient between HMC and ultimate force was greater than the corre-

lation coefficients between the two geometric properties and ultimate 

force (Dalen et ale 1976). 

Martens et al. (1980:675) tested whole femora in torsion and 

found that "whole bone behavior is largely influenced by differences in 

geometrical properties" (Martens et al. 1980:675). Variation in geometry 

rather than variation in material properties is more important in de-

termining the elastic and nonelastic behavior and the ultimate strength 

of whole bones loaded in torsion. 

These two studies seem to be contradictory. However, they are 

not strictly comparable because the macroscopic arrangement of bone 

tissue in the femoral neck differs from that in the shaft (trabecular 

vs. compact) and the loading environments in the two experiments were 



different. The relative importance of bone geometry and material 

properties to the mechanical behavior of bone may well vary according 

to many factors, including bone tissue type and loading conditions. 

Wolff's Law 
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Wolff's Law states t~at bone is adapted to its mechanical en

vironment. This adaptability involves bone geometry and bone quantity 

(Bassett 1971). A recent historical treatment of Wolff's Law is pro

vided by Roesler (1981) and its proposed means of operation are reviewed 

by Treharne (1981). Figures 6 and 7 summarize empirical observations 

of net remodeling behavior and the ~omplexity of the proposed mechanisms 

of Wolff's Law. Figure 6 shows that the amount of bone tissue depends 

upon the effective applied load, but the relationship is non-linear. 

t~roper" levels of tension and compression cause net increases in bone 

mass, but either excessive or insufficient loads cause reductions in 

bone mass. 

Mechanism of Wolff's Law (Fig. 7) 

Most proposed mechanisms of Wolff's Law involve a negative feed

back system in which mechanical energy is converted to electrical energy 

via an osseous transducer (Bassett 1971). Most authors (Bassett 1965; 

Frost 1964, 1973b; Currey 1968) have focused on locomotion as a source 

of the mechanical energy, but many factors contribute to the "total 

bioelectric response of bone to deforming forces" (Bassett 1971:38) and 

will eYentually require consideration. Lanyon, Magee and Baggott (1979: 

599) propose "that within the framework of a bone's overall shape, the 

tissue will adapt to keep some feature of its mechanical environment 
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constant." The nature of the osseous transducer, the nature of the 

error signal it generates and the feature of the mechanical environment 

kept constant are all matters of debate. The response involves cellular 

activity (bone resorption and deposition) which leads to an appropriate 

change in bone geometry and mineral content.. These changes, in turn, 

reduce the magnitude of the error signal. 

The possibilities for the biological transducer include collagen 

fibers, bone mineral, extracellular fluid or the bone cells themselves 

(Treharne 1981). On the one hand, if an electrical response is involved 

it may depend upon piezoelectricity, streaming potentials or bone's semi

conductor properties (Bassett 1971). On the other hand, the mechanism 

may not include electrical signals at all (Fig. 7). 

No matter, some aspect of stress or strain is thought to be 

involved. Carter (1982) relates net bone volume change to strain his

tory. Strain history depends upon the cyclic strain range, the mean 

strain and the number of loading cycles. Lanyon et ale (1979) point 

out that the ratio for the peak locomotor stress between the caudal and 

cranial cortices in sheep is "provocatively near" the ratio between 

compressive yield stress for the caudal cortex (which is subjected to 

compression) and tension yield stress for the cranial cortex (which is 

subjected to tension) for bovine bone. These researchers propose that 

the mechanical feature kept constant "could be a constant safety factor 

between peak customary stress and yield stress" (Lanyon et al. 1979: 

599). 
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Demonstrations of Wolff's Law 

Despite these uncertainties about the mechanism of Wolff's Law, 

there is little doubt that bone adapts to its mechanical environment. 

Experimentation has shown that alterations in the magnitude, rate and 

direction of loading affect bone geometry and mass. Increases in the 

magnitude of loading lead to increases in diaphyseal cross-sectional 

area in rats (Smith and Saville 1966; Saville and Smith 1966; Amtmann 

and Oyama 1976, 1976), rabbits (Liskova and Hert 1971), dogs (Pottorf, 

1916; Tschantz and Rutishauser 1967; Chamay and Tschantz 1972; Meade 

et ale 1981) and pigs (Goodship, Lanyon and McFie 1979). Increases in 

the rate of loading cause an increase in cross-sectional area and maxi

mum and minimum principal moments of inertia in pigs (Woo et ale 1981), 

and an increase in cross-sectional area in rabbits (Liskova and Hert 

1971) and sheep (Churches et ale 1979). Although little experimental 

work has been published in which the direction of loading has been the 

focus of study, loading in the frontal plane lead to increased thickness 

of the medial and lateral cortical walls in rabbit tibiae (Liskova and 

Hert 1971) and sheep metacarpals (Churches et ale 1979). 

Less experimental work has been done with bone mineral measure

ments, but it is well known that immobilization (Schock et al. 1975; 

Uhthoff and Jaworski 1978) and space travel (Whedon et al. 1977) cause 

net loss of bone mineral. Rubin and Lanyon (1981) imposed intermittent 

loading on chicken ulnae ~ vivo and found that 36 cycles/day led to an 

initial drop in bone mineral content, followed by an increase to 14~ 

of the original value within 28 days of the star~ of the experiment. 



Summary 

Bones are made up of collagen, ground lSubstance and hydroxy

apati te crystals of calcium phosphate. These components are arranged 

in characteristic ways at the ultrastructural. microstructural and 

macrostructural levels of observation. Bone tissue turnover and, hence, 

growth and age-related changes in bone structure are mediated by cells. 

Bone mineral content and geometry depend upon the interaction of 

genetic. hormonal, nutritional and mechanical factors. Skeletal mass is 

determined at the systemic level, but local factors are important in 

determining local bone quantity and geometry. The biomechanical ration

ale for measuring bone geometry and mineral content was explained. 

Whole bone geometry is related to loading conditions, cross-sectional 

geometry to structural strength and bone mineral content to material 

properties. 



CHAPTER , 

MATERIALS: THE GRASSHOPPER SAMPLE 

Anthropologists have at their disposal many large skeletal 

samples of limited temporal and geographic origl:l" Such samples are 

preferable to modern cadaver samples because their temporal and spatial 

homogeneity facilitate investigation of age, sex and side-related vari

ability. These three sources of variability are commonly obscured in 

cadaver samples by other sources of variability that are difficult to 

identify or control. Another attractive feature of anthropological 

skeletal samples is that they often include snbadult remains and, there

fore, permit investigation of growth. Finally, these samples are 

usually not biased with respect to the research questions being asked. 

This study analyzes prehistoric femora from the Grasshopper 

Ruin skeletal collection. Grasshop~er Ruin ia described and the suit

ability of the skeletal collection for growth and aging research is 

documented. Aging and sexing techniques are also described in this 

chapter, but other measurements and observations are defined in Chapter 

4. 

There are several potential sources of variability in this and 

any archaeological skeletal sample which could obscure true population 

sex and age-related variability. Such factors as secular trends, popu

lation admixture (Cadien et ale 1976), differential survivorship, 

selective preservation, and post-depositional changes in the bones 
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themselves may bias the results. Secular trends, population admixture 

and post-depositional chanees are addressed in the following discussion 

of the ruin and skeletal collection. The question of differential 

survivorship and selective preservation is considered in Chapter 5. 

where it is shown that no correlation between femoral length and age at 

death is evident, suggesting that neither of these factors distorts the 

analyses. 

Use of a skeletal sample also dictates that the research design 

is cross-sectional in nature, whereas, ideally, any growth or aging 

study should rely on longitudinal data. There are differences in the 

nature, analysis and use of longitudinal and cross-sectional data 

(Tanner 1978b). Subjects are measured repeatedly in longitUdinal 

studies but only once in cross-sectional studies. Therefore, aspects 

of individual growth are analyzed in longitudinal studies, and popula

tions are characterized in cross-sectional studies. These differences 

in the nature of the data affect their use. For instance, the amplitude 

of the adolescent growth spurt is lower if calculated from cross

sectional data than if calculated from longitudinal data (Tanner 1978b). 

Secular trends and differential survivorship can affect inter

pretation of cross-sectional data (Rossman 1977). For instance, the 

apparent age-related decrease in height found in many cross-sectional 

studies may actually reflect differences present at maturity (secular 

trend). Differential survivorship may give the impression that an ana

tomical parameter changes in aging when in reality the change is actually 

occurring at the population level and not the individual level of 

analysis. Nonetheless, many of the basic findings of cross-sectional 
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studies have been corroborated by longitudinal studies (Rossman 1977). 

Cross-sectional studies, therefore, provide a useful, and often the only, 

means of testing growth and aging hypotheses. 

The Skeletal Sample 

The skeletal sample comes from the Grasshopper Ruin (AZ:P:14:l), 

in east-central Arizona (1100 40' E, 340 5' N, elevation 1829 m) on the 

Fort Apache Indian Reservation near the town of Cibecue (Figs. 8 and 9). 

Limited excavations were conducted at Grasshopper as early as 1919, but 

systematic work began in 1963, under the auspices of the Archaeological 

Field School, a joint project of the Department of Anthropology and the 

Arizona State Museum, University of Arizona (Longacre and Graves 1982). 

The remains of six hundred and seventy-four individuals were 

recovered from 1963 to 1977 (Hinkes 1983). The limited temporal and 

spatial origin of this sample and its age composition make it suitable 

for cross-sectional growth and aging research. Subadults are particu

larly well-represented, making up nearly 60% of the collection. Hinkes 

(1983), based on the demographic profile of the subadults, argues that 

the entire skeletal series may well be representative of the population 

which inhabited the site. Her argument is not entirely convincing 

because there is a preponderance of adult females compared with adult 

males (Birkby 1973; Shipman 1982). The sex ratio of 0.67 (male/female) 

is enigmatic and currently unexplained. 

Geological Setting 

The ruin is located stratigraphically on alluvium resting on 

limestone of Pennsylvanian to Permian origin (Agenbroad 1982). 







Occasional flooding occurs below 1798 m and the main ruin is located 

above this contour (Holbrook and Graves 1982). The site was bisected 

by the Salt River Draw at the time of occupation, but the channel is now 

to the east of Room Block 1. Nearby resources, including limestone and 

sandstone outcrops, a spring, riparian habitats and alluvial bottomlands 

probably influenced the location of the site (Graves et ale 1982). 

Architecture and Culture HistorY 

The site is classified as Western Pueblo or Late Mogollon 

(Longacre and Reid 1974). The ruin 

contains approximately 500 rooms, distributed among 13 room 
blocks of varying sizes and 15 smaller groups of room spaces 
and construction units. The three largest room blocks are 
situated on either side of the 014 channel of Salt River Draw 
and are collectively referred to as the main ruin (Longacre 
and Graves 1982:1). 

Room Block 1 (93 rooms) is between the abandoned channel and the present 

channel of the Salt River Draw. Room Block 2 (92 roo~ and the Great 

Kiva) and Room Block 3 (99 rooms) comprise the west unit and contain 

the three plazas (Longacre and Reid 1974). 

Four phases of pueblo growth are recognized (Reid and Shimada 

1982): (1) establishment (1275 to 1300); (2) expansion (1300 to 1330); 

(3) dispersion (beginning around 1340); and (4) abandonment (completed 

by 1400). The boundary between dispersion and abandonment is poorly 

defined. Although there was earlier human activity at the site, dendro-

chronological evidence shows that the main pueblo was founded between 

A.D. 1295 and 1305 (Reid and Shimada 1982; Graves et ale 1982). Changes 

in the local environment associated with the Great Drought apparently 

made the area suitable for intensive agriculture (Dean and Robinson 



1982). The three main room blocks were built initially as three sepa

rate small pueblos of 5 to 10 rooms (Room Blocks 1 and 3) and 21 rooms 

(Room Block 2) (Graves et ale 1982). 
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The expansion phase is characterized by building and immigra

tion: "By 1325 most of the three main room blocks, containing nearly 

300 ground story rooms, had been built and were in use" (Graves et ale 

1982:114). ~he number of inhabitants of the site and surrounding area 

increased rapidly (Tuggle 1970; Reid and Shimada 1982). The estimated 

ten-fold increase in the pueblo's population which occurred during the 

first two phases (about 55 years) indicates that immigration took place 

(Longacre 1975, 1976). Growth of the pueblo is thought to have been 

dependent upon local and interregional exchange (Graves et ale 1982). 

Satellite villages were formed by emigration during the dis

persion phase (later half of the 14th century). The number o.f contem

poraneously occupied rooms decreased after 1325 at Grasshopper, although 

the Great Kiva was built at this time (Graves et ale 1982). Grasshopper 

Pueblo and surrounding communities were no longer occupied by A.D. 1400 

(Graves et ale 1982). It is unclear whether environmental or socio

economic changes caused abandonment. For instance, Graves et al. 

(1982:118) emphasize "loss of trade, coupled with rapid population 

growth and agricultural productivity constraints." Other researchers 

think environmental variables are important (Reid 1978, 1983). The 

question is unresolved. 

Subsistence 

The inhabitants of Grasshopper were agriculturalists who also 

relied heavily upon hunting and gathering for their Bubsistence. Co~n, 



beans, and squash were grown in the Grasshopper Region (Tuggle, Reid 

and Cole 1982), wild plants were gathered (Bohrer 1982) and game, par

ticularly deer, seems to have been readily available (Olsen 1982). 

There are no quantitative or qualitative published assessments of the 

nutritional status of the Grasshopper inhabitants. However, Hinkes 

(1983) did identify skeletal anomalies such as Harris lines in some of 

the subadults of Grasshopper that may be related to intermittent 

nutritional stress. 

Mortuary Behavior 

Most of the skeletons were discovered fully-articulated in sepa

rate burial pits. These pits were "located in extramural trash ueposits~ 

in the plazas, within rooms, and below the Great Kiva" (Whittlesey 1978: 

112). Variability in associated grave goods is apparent and is related 

mainly to the age and sex of the individual (Whittlesey 1978). 

Population Admixture and Secular Trends 

Although Birkby (1973) identified spatial variation in the dis

tribution of cranial nonmetric traits within the site, subsequent work 

by Shipman (1982) based on metric and nonmetric traits of the entire 

skeleton, indicated that there was a general lack of biological vari

ability within the site. Hinkes (1983) was unable to demonstrate the 

existence of consistent temporal differences in several growth-related 

stress indicators, although Harris lines were more frequent in subadults 

buried late in the site's history. These indications of biological 

homogeneity are important in light of the caveats outlined by Cadien 

et ale (1976). The Grasshopper sample is particularly well-suited to 



research on variability due to age and sex because biological vari

ability due to population admixture and secular trends is minimal. 

Post-depositional Changes in the Bones 

These skeletal remains were processed by the Human Identifica

tion Laboratory of the Arizona State Museum. Laboratory treatment of 

the remains included dry brushing, washing in tap water, preservation 

in a polyvinyl acetate resin (Gelva, Monsanto Company) and reconstruc

tion with Duco cement (Du Pont). Only the ribs were not treated with 

Gelva. 
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Post-depositional changes in bones recovered from the Grasshopper 

Ruin could include leaching or deposition of minerals of sedimentary 

origin, ~xchange of ions with the environment with no net loss or gain, 

simple filling of the medullary cavity or trabecular spaces with soil, 

and warping. There is a ready source of calcium carbonate from the 

pueblo walls (Scarborough and Shimada 1974) and underlying bedrock 

(Agenbroad 1982). Pottery from the site had to be cleaned with a weak 

acid to remove calcium carbonate crusting. Therefore~ a likely 

diagenetic source of bone mineral measurement error is precipitation 

of calcium carbonate. 

Here, I report on chemical analyses to assess the carbon, 

hydrogen, nitrogen and carbonate content of ribs from four adults (two 

males and two females, age 35+ years at death). The rib was selected 

because this element was not treated with Gelva in the stabilization 

process. The rib is also the element of choice because it is more sen

sitive than the femur to diagenetic processes that alter elemental 

proportions (Lambert et ale 1982). The samples were submitted to 
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MicAnal, IncQ (Tucson, Arizona) for chemical analyses. Less than ~ of 

the total carbon content is present as carbonate (Table 2). Only some 

of this carbonate may be present as calcium carbonate because carbonate 

is normally found in bone in small, but 'Yariable amounts (Neuman 1980). 

Thus, these chemical analyses indicate that there is very little, if 

any, contamination trom calcium carbonate. 

Age and Sex Determination 

I assigned subadult ages primarily on the basis of dental 

development, using the chart of Johanson (1971) and secondarily on the 

pattern of epiphyseal closures (Bass 1971; Ubelaker 1978). Individuals 

were assigned to one of the developmental age categories listed in 

Table 3. Observations on the onset of mineralization, crown completion, 

eruption and root completion were recorded for the upper and lower den

titions and an age was assigned. 

Most of the dental observations were made without the aid of 

radiography. However, individuals with intact mandibles required radio

graphic assessment because tooth formation is the most reliable indi

cator of developmental age (Ubelaker 1978). Maxillary radiographs 

proved to be difficult to interpret, provided little new information 

and were, therefore, not used. Accordingly, 29 mandibles (28% of the 

subadult sample) were radiographed (56kV, lOrnA, 1 second, ata tube to 

film distance of 15 inches) with Kodak ultra-speed periapical dental 

X-ray film. In 12 of these cases (11% of the total subadult sample), 

the age could not have been reliably determined without radio~'aphic 

evidence. 
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Table 2. Chemical composition of adult ribs. 

Sample %C % C as Carbonate ~H ~N 

504-, male 6.49 .80 1.29 1.62 

45-49, female 6.80 .. 91 1.28 1.63 

35+, male 9.08 .59 1.72 2.64 

50+, female 1l.93 .46 2.18 3.83 

Analyses done by MicAnal, Inc. (Tucson). 
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Table 3. Age categories, developmental age, and age used for regression 
analyses. -- Developmental age categories should be read as 
"two to less than three" or "twenty to less than twenty-five," 
for example. 

Age Category Developmental Age Regression Age 

1 fetal -.25-
2 prenatal 0 * 

3 prenatal to 1 .75* 
4 1 to 2 1.5 
5 2 to 3 2.5 
6 3 to 4 3.5 
7 4 to 5 4.5 
8 5 to 6 5.5 
9 6 to 7 6.5 

10 7 to 8 7.5 
11 8 to 9 8.5 
12 9 to 10 9.5 
13 10 to 14 12.5 
14 15 to 19 17.5 
15 20 to 24 22.5 
16 25 to 29 27.5 
17 30 to 34 32.5 
18 35 to 39 37.5 
19 40, to 44 42.5 
20 45 to 49 47.5 
21 50 to 54 52.5 
22 55 to 59 57.5 

*Not actually used in regression analyses, but these individuals do 
appear in some graphs. 
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Although development of deciduous dentition is chronologically 

similar in both sexes, females have accelerated development of the 

permanent dentition (Tanner 1962). This may affect the composition of 

subadult age classes of this study because chronologically older males 

will tend to be included with younger females in the same developmental 

age class. 

Another problem with this aging technique is caused by applying 

standards derived from one population to another population. The 

chronological timing of dental development varies among populations. 

C~nsequently, systematic error may occur. This problem is currently 

unavoidable in assigning chronological ages to prehistoric remains 

(Ubelaker 1978). 

I assigned an age category to adult skeletons based primarily 

on the morphology of the pubic symphysis (McKern and Stewart 1957; Todd 

1920) and secondarily on the pattern of epiphyseal closures (Bas~ 1971; 

Ubelaker 1978), dental attrition (Brothwell 1965) and closure of 

cranial sutures (Krogman 1962). Each individual was assigned to a 

five-year age category (15 to 19, 20 to 24, 25 to 29 ••• 55 to 59). 

The last two categories, namely 50 to 54 and 55 to 59, are problematic 

because it is not possible to discriminate among age categories for an 

individual over 50 years old based solely on the morphology of the 

pubic symphysis. These age assignments are extrapolations based on 

qualitative observations of the severity of physiological erosion of 

the pubic symphysis, dental attritiolt and closure of the coronal, sagit

tal and lambdoidal sutures. There are quantitative methode for aging 

based on dental attrition (Miles 1963) that might permit more precise 
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extrapolation, but tooth loss is common in this sample and precluded use 

of this technique. Use of cranial sutures for aging is problematic, 

particularly if only the outer table is observed (Krogman 1962). There

fore, I recorded observations from both the outer and inner tables. 

Nevertheless, these two age categories may well include individuals who 

were more than 59 years at death. 

Sex was assigned by this author to all individuals thought to 

be 15 years or over and to three individuals between 10 and 15 years at 

death. These determinations were based on the morphology of the pubic 

bone, the subpubic angle and the sciatic notch (Bass 1971; Phenice 1969). 

Other subadults were not sexed, although two attempts have been 

made to sex subadults from Grasshopper Ruin (Weaver 1977; Black 1978). 

Black's attempt was the more comprehensive of the two studies. He cal

culated a set of discriminant functions for crown measurements based on 

three mode~n native American populations and applied these functions to 

sexing subadults from Grasshopper Pueblo. These assignments were not 

used in this research because: (1) of problems inherent in applying 

discriminant functions derived from one sample to another sample 

(Rosing 1983); (2) age-sex groupings would have been too small for 

statistical analyses; and (3) the growth hypotheses to be tested are 

not sex-dependent. 

Sample Selection, Size and Composition 

The selection of individuals for study from the entire collec

tion depended upon (1) availability of a reasonably intact femur, (2) 

the availability of elements needed to estimate age, (3) lack of overt 

evidence of lower limb pathology, and (4) for adults, the confidence in 
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assignment of sex. Twenty-two age categories were established (Table 3) 

based on criteria described above. Sample size and composition for any 

given variable depend upon differential preservation and selection cri

teria unique to each variable or set of yariables. 

All available femora which met the selection criteria just out

lined were included in some phases of the analysis except for those 

belonging to the three youngest age categories. Here, five indiYiduals 

per age class initially were selected based upon the completeness of 

associated remains and the quality of femoral preservation. Subsequent 

re-examination of age assessments for individuals in age categories one 

through four resulted in reassignment of age for several individuals. 

Consequently, the number of individuals in these categories is not fiveo 

The age and sex composition of samples used in whole bone 

measurements and observations (Table 4), photon absorptiometry (Table 

5) and computed tomography (Table 6) vary. There is a hierarchy of 

inclusion not necessarily apparent in these tables. All individuals 

included in cross-sectional image atudies (Table 6) are also included 

in whole bone measurements and observations (Table 4), and all indi

viduals included in the latter analyses are also included in the bone 

mineral determinations (Table 5). Therefore, individuals analyzed with 

computed tomography have the total range of data. 

Summary 

The Grasshopper Ruin skeletal series was discussed and the rele

vance of this series to the research questions reviewed. There is no 

evidence of a secular trend, differential survivorship or selective 
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Table 4. Whole bone sample size and composition. 1 

Variab1e2 
Males} Females} Unknown} Total 

Left Right Left Right Left Right Left Right 

Lengths 

maximum 51 54 7} 72 25 }1 149 157 

diaphyseal 49 5} 7} 7} 79 8} 201 209 

Angles 

BA 19 21 24 24 25 29 68 74 

MAA 19 21 24 25 25 30 68 76 

AA 19 21 24 25 26 30 69 76 

CDA 19 21 24 25 25 30 68 76 

Osteoarthrosis 

head 57 59 89 86 

distal 55 5} 69 72 

~umber of observations presented by age, sex and side. 

2variab1es are defined in Chapter 4. 

}Males and females are 15 years or older 9 and "unknowns" are less than 
15 years of age. 
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Table 5. Photon absorptiometric sample size and composition. -- Figures 
refer to number of observations of "normals" (see text).l 

Males2 Females 2 Unknown 2 Total 
Scan Site Left Right Left Right Left Right Left Right 

2~ 46 46 67 64 70 78 183 188 

3~ 50 49 65 68 75 85 190 202 

50% 44 47 66 67 77 85 187 199 

6~ 48 48 '71 71 79 86 198 205 

8~ 46 48 70 73 '71 79 187 200 

NK 45 51 66 68 51 51 162 170 

Totals 276 289 405 411 423 464 1107 1164 

Totals 565 816 887 

Totals 1381 887 22'71 

~otal numbers of observations presented by age, sex and side. 

~ales and females are 15 years or over t and "unknowns" are less than 
15 years of age. 

Table 6. Computed tomography sample size and composition.l 

Ma1es2 Females2 Unknown2 Total 
Scan Site Left Right Left Right Left Right Left Right 

2($ 7 9 9 8 8 10 24 27 

3~ 8 8 3 8 6 10 173 26 

~ 8 9 7 9 10 10 25 28 

6~ 9 7 9 9 10 10 28 26 

8~ 8 8 _ 9 _9 _ 9 10 26 27 

Totals 40 41 37 43 43 50 120 134 

Totals 81 80 93 
Totals 161 93 254 

lNumber of observations (successfully analyzed images). 

~ales and females are 15 years and over t "unknowns" are less than 
15 years of age. 

3Low sample size is due to a system error (see Chapter 4). 
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preservation with respect to femoral size. Although there was immigra

tion at Grasshopper, the standardized burial treatment is indicative of 

a dominant cultural affiliation (Whittlesey 1978) and the morphological 

evidence (Shipman 1982) is indicative of biological homogeneity. This 

collection includes individuals from fetal life through at least 60 

years of age. The remains are extremely well-preserved. The nature of 

the depositional environment a~ Grasshopper, the relatively short time 

of interment, the normal gross and radiographic appearance of bones 

from the site and the lack of chemical evidence of calcium carbonate 

contamination all indicate that any post-depositional changes in bone 

mineral content or geometry are minimal. All of these factors indicate 

that this skeletal collection is an excellent data base for growth and 

aging studies. 



CHAPTER 4 

METHODS 

Biomechanical analyses often require the sample to be destroyed 

either through sectioning or ashing. This requirement has limitad the 

use of anthropological skeletal collections in biomechanics research. 

For instance, these collections have not regularly been used in analyses 

of diaphyseal cross-sectional morphology because it is often not pos

sible to section museum specimens. This study was predicated upon the 

ability to use non-invasive techniques. 

The methods of this investigation include macroscopic observa

tion, osteometrics, photon absorptiometry and computed tomography. None 

of these methods are destructive. These techniques give information on 

gross pathology, "whole bone" geometry, bone mineral content and 

diaphyseal cross-sectional geometry. With the exception of computed 

tomography, these techniques previously have been applied to growth or 

aging research using archaeological skeletal collections. Computed 

tomography, combined with automated image analysis, is introduced as a 

new approach to quantitation of cross-sectional geometry, bringing 

together techniques which have only recently become available. 

Other non-invasive methods for bone mineral determination in

clude radiogrammetry, photodensitometry, Compton scattering and computed 

tomography (Cohn 1981). The accuracy, preCision and availability of 

photon absorptiometry made it the method of choice. Computed tomography 
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is the only non-invasive method for obtaining accurate two-dimensional 

cross-sectional images and has the added advantage of being well-suited 

to automated analysis. 

Precision and Accuracy 

Precision and accuracy must be considered in any research in-

volving quantitative observation. These terms are defined here. 

Accuracy is the closeness of a measured or computed value to 
its true value; precision is the closeness of repeated measure
ments of the seo.me quantity (Sokal and Rohlf 1981:13). 

Precision leads to accuracy if the measuring instrument is unbiased 

(Soka1 and Rohlf 1981). The present concern is mainly with precision. 

However, computed tomography and photon absorptiometry are tested for 

both acct~acy and precision. The design and results of the accuracy 

and precision tests are reported in the discussion of each method. 

Precision error was calculated as follows: 

(1) 

This statistic yields information on the magnitude of the precision 

error (Utermohle, Zegura and Heathcote 1983). I used the paired t-test 

and the sign test to evaluate the significance and direction of differ-

ence between the paired original and repeat measurements. 

Accuracy was assessed in one of two ways.. If a "true" value 

was known, the percent error was calculated as follows: 

% error = /true-measured/ 100 
true ( 2) 

If a true value was not known, the percent error was calculated with the 

preCision formula. The first accuracy test is used for photon 
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absorptiometry where "true" values were known for a calibration stan-

dard, while the second accuracy formula was used for computed tomography, 

where the "true" values were unknown. 

Anatomical and Reference Axes and 
Standard Position 

The femur was placed in a standard position for measurement with 

photon absorptiometry and computed tomography. The anatomical (local) 

axes and planes of the femur need to be defined in order to describe 

this position. These axes and planes are based on Backman (1957). The 

standard position is based on Ruff (1981)0 Figure 10 shows three views 

of an intact femur with respect to the three-dimensional global coordi-

nate system. Figure 11 is an oblique view of the femur which gives a 

three-dimensional view of the two anatomical axes, longitudinal and 

cervical. 

The longitudinal axis is a straight line which divides the 

diaphysis into medial and lateral segments when viewed anteriorly and 

anterior and posterior segments when viewed laterally (Fig. lOa, c). 

In practice it was located by marking (1) the midpoints of the medio

lateral (ML) subperiosteal diameters at 2~ and 8~ of the shaft length 

(A and Ot respectively, in Figs. 10 and 11), and (2) the midpoints of 

the anteroposterior (AP) subperiosteal diameters at 2~ and 8~ of the 

shaft length (B and D, respectively, in Figs. 10 and 11). Diaphyseal 

(shaft) length is defined below. The longitudinal axis is parallel to 

the table when the bone is placed in standard position (Fig. 10). Ana

tomically, this axis is the intersection of the frontal and sagittal 

planes of the femur. The cervical axis is a straight line which 



z 
(0) ANTERIOR VIEW 

C--t-. 
80% 

A--t--t 
20% 

CERVICAL 
AXIS 

x 
O+---------~r_---------------

o 100 

y (e) LATERAL VIEW 

LONGITUDINAL AXIS 

B 
20% 

0 
0 

Z 

72 

(b) SUPERIOR VIEW 

y 

LINE IN 
SAGITTAL PLANE 
(AP AXIS) 

LINE IN 
ANTE TORSION 

PLANE 

--I-~~---::"F----LINE IN 
FRONTAL PLANE 

(MLAXlS) 

~X ____ ~~---------------_+o 
100 o 

(d) DIAPHYSEAL 
y 

CROSS SECTION 

-rf-
X1S 

ML AXIS 

X 
0 

0 

Figure 10. Three-dimensional coordinate system. 



73 

Figure 11. Three-dimensional view of the femur. 
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bisects the neck and head as viewed anteriorly (Fig. 10). By definition 

it intersects the longitudinal axis and the geometric center of the 

femoral head (points E and F in Fig. 11). 

The femur was put in standard position by initially placing the 

bone on a flat surface,dorsal side down. Then, the proximal end was 

raised until points B and D were equidistant above the table (Fig. 10). 

The bone was stabilized in this position with a clay block (for measure

ment on the osteometric table and analysis with computed tomography) or 

a ring stand and clamp (for measurement with photon abso~tiometry). 

The relationship between the longitudinal rud.s and an X, y. z

coordinate system is now described (Fig. 10). The ML direction is 

defined by the X axis and the AP direction is defined by the Y axis. 

The X axis increases in a positive sense from medial to lateral and the 

Y axis increases in a positive sense from posterior to anterior. The 

longitudinal axis lies in the Z direction with the supe~ior (proximal) 

end more positive than the inferior (distal) end of the femur. The 

longitudinal axis is assigned a value of 100 on the X axis. Its Y 

value is equal to the perpendicular distance between points B and D and 

the surface upon which the bone rests in standard position. The sagit

tal plane defines the AP anatomical axis and the frontal plane defines 

the ML anatomical axis used in cross-sectional analyses (Fig. 10d). 

The frontal plane (XZ) of the femur contains the longitudinal 

axis and is parallel to the table when the bone is in standard position 

(Fig4 10). The sagittal plane (YZ) of the femur also contains the 

longitudinal axis, but is perpendicular to the table when the bone is in 

standard position (Fig. 10). The ante torsion plane is that plane which 
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contains both the longitudinal and cervical axes. This plane is oblique 

to the table (Fig. 10). Cross-sectional or transverse planes (XY) are 

perpendicular to the sagittal and frontal planes (Fig. 10 ). 

!, Y t Z Coordinates 

The global reference axes were used to locate points in three

dimensional space. These points were then used (1) to calculate four 

angles, and (2) to locate the diaphyseal cross-sections in space. Co

ordinate values for these points were determined with an osteometric 

table. The surface of the table is a plexiglass plate located in an 

XZ plane. A piece of graph paper was placed beneath the plate and was 

used to obtain X and Z coordinates. Values in the Y direction were 

determined with the aid of a wooden triangle covered with graph paper 

or a plexiglass "L" and a thin, plastic ruler. The ''L'' was constructed 

of two rectangular, perpendicular faces. All values were recorded to 

the nearest millimeter. 

The table has a wire framework onto which strings are attached. 

These strings are movable and lie in an XZ plane above the bone. The 

femur was placed in standard position on the osteometric table. A 

string located at X=lOO was used to place the bone with its longitudinal 

axis correctly oriented. The cervical axis was defined by positioning 

a string so that it paralleled a line drawn on the neck. This line was 

drawn before the bone was placed on the table by placing the long arm 

of a sliding caliper across the anterior surface of the head and 

trochanteric region so that the head and neck were bisected. Locating 

this axis in the XZ plane was done by positioning my eye directly over 



the intersection of the longitudinal and cervical axes to reduce 

parallax distortion. 

The X, I, Z coordinates of most points were determined by 

placing the vertical edge of the wooden triangle against the point. 
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The X and Z coordinates were then read from the graph paper beneath the 

plexiglass plate and the I coordinate was read from the graph paper 

glued to the triangle. The wooden triangle was too bulky for use on 

some points and the plexiglass "L" and ruler were used for these pointe. 

As with the triangle, the X and Z coordinates were read from the graph 

paper beneath the plexiglass plate. The ruler was placed along the 

appropriate vertical edge of the "L" and the I coordinate was read. 

Seven coordinates were recorded for each bone. These points are illus

trated in Figure 12. Frequent reference to this figure is useful as 

the location of these seven points is described. 

Point one is the point where the cervical axis exits the femoral 

head. Point two is the point where the cervical axis exits the tro

chanteric region. In practice, these points were found by moving the 

wooden triangle in line with the cervical axis string until the vertical 

edge of the triangle touched the bone. This head contact point is 

assumed to be on the cervical axis. It is unlikely that point two is 

coincident with the cervical axis in the I (i.e., AP) direction, but 

error in this direction is not important because this I coordinate Was 

not used in any of the calculations. Point three is the most anterior 

aspect of the patellar notch as viewed anteriorly and its coordinates 

were determined wi th the "L" and ruler. Points four and five are the 

medial and lateral condylar contact points, respectively. They were 
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found by placing the plexiglass OIL" on its side and moving it in the 

positive Z direction until its face touched the inferior aspects of both 

condyles. The ruler was then gently placed between the face of the ''L'' 

and the contact point and the coordinates were recorded. The lateral 

ridge of the patellar surface often prevented contact with the lateral 

condyle and this "ridge" point was used in the calculations. Again, the 

location of this point in the AP direction is not important, but its Z 

value is somewhat underestimated, causing a slight decrease in the 

calculated bicondylar angle. Point six was found by positioning the 

"L" on its side with one face parallel to the X axis and the other face 

parallel to the Z axis. The ''L'' was then moved in the negative Z 

direction until it contacted the femoral head. The coordinates were 

determ~.ned as in points four and five. Point seven is the intersection 

of the cervical and longitudinal axes. By definition, its X value is 

100 and its Y value is equal to the height of points B and D above the 

table top (Fig. 10). The Z value of point seven was determined by 

sliding the wooden triangle in a positive or negative Z direction (as 

needed), being sure to keep its face perpendicular to the longitudinal 

axis. The triangle was moved until the face was in register with the 

intersection of the longitudinal axis and cervical axis strings. The 

proper alignment of the triangle ~as verified by holding the ruler 

against the triangle's face and moving the ruler until it touched the 

intersection of the two strings. Other coordinates recorded were the 

Z values for the five diaphyseal cross sections. Their location in 

the XY plane is described below. 
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Section Locations 

Bone mineral content and croBs-sectional geometry vere assessed 

at five locations along the length of the shaft. Research by several 

groups (Minns. Bremb1e and Campbell 1915; Lovejoy et al. 1916; Piziali 

et al. 1916; Piziali. Hight and Nagel 1980; Miller and Purkey 1980) has 

shown that five equally-spaced sites are adequate for describing vari

ability within the diaphysis. Bone mineral content measurements also 

vere made through the femoral neck. Neck measurements proved impracti

cal for cross-sectional geometric determination with computed tomography 

because of positioning difficulties. The diaphyseal sections were 

located at 2~. 3~. 50%. 6~ and 80}6 of the diaphyseal length (Fig. 

13). By definition, the moat distal section location was at 2~ and 

the most proximal was at 80}6 (following Ruff 1981). Other researchers 

base scan locations on total length, but diaphyseal 1p.ngth was used in 

the present study because subadults were included. 

Comparability of Subadults and Adults 

One difficulty in studies which include subadu1ts and adults is 

the development of methods which provide comparable findings across all 

ages. Comparability of section locations was assured by using a measure 

of bone length that could be determined on bones lacking fused epi

physes. Additionally, many of the measurements were taken with the bone 

placed in a standard position that required the presence of the distal 

condyles for proper orientation. Epiphyses of subadu1ts were tempo

rarily fixed to their diaphyses with modeling clay for these measure

ments. Individuals less than 3 to 4 years of age did not need this 



80 

---ll----f-- 80% 

--+--1---- 50% 

---1---4-- 200/0 

Figure 13. Section locations. 



81 

treatment because the femoral condyles were poorly developed and did not 

affect orientation of the bone. 

Whole Bone Measurements and Observation 

Whole bone geometry refers to the external size and shape of an 

element. Lengths, angles and observations of femoral joint surfaces 

were included in this research. Subperiosteal mediolateral diameters 

were measured with photon absorptiometry and are discussed in the con

text of that technique. 

Linear Measurements 

The maximum morphological and diaphyseal lengths were each 

measured to the nearest millimeter (Fig. 14). The maximum morphological 

length was determined with an osteometric board (Bass 1971). Diaphyseal 

length is the distance between the intersection of the patellar joint 

surface and the shaft and a point just inferior to the superior border 

of the neck. It vas measured along the longitudinal axis on the an

terior surface with a sliding caliper or an anthropometer. This 

variable was used to locate the sections scanned in photon absorp

tiometry and computed tomography. These two variables were each meas

ured with a precision error of less than 1% (Table 7). Paired t-tests 

and sign tests indicated a systematic error between the original and 

repeated measurements which I am at a loss to explain. Maximum length 

was measured on 149 left bones and 157 right bones, while diaphyseal 

length was measured on 201 left bones and 209 right bones (Table 4). 
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Table 7. Measurement precision error in whole bone variables. 

Variable N ~ Error Paired t_testl Sign Testl 

Maximum length 34 .1 ••• 

Diaphyseal length 35 .5 ••• 
Bicondylar angle 9 18.9 NS 

Mechanical axis angle 9 8.8 NS 

Angle of ante torsion 9 17.9 NS 

Cervicodiaphyseal 9 1.7 NS 
angle 

OASCR 27 14.0 NS 

Significance levels: NS = nonsignificant 
" = p .05 •• = p .01 

••• = p .001 

••• 
• •• 

NS 

NS 

NS 

NS 

NS 

lThese tests are for paired comparisons between original and repeated 
observations. For the osteoarthrosis score (OASCR) the Wilcoxon 
matched-pairs sign-rank was used. 

Precision error is calculated as: ~ error = ~100 
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Angles 

Four angles were computed from the coordinate data. These 

angles are the bicondylar angle (BA), the mechanical axis angle (MAA) , 

the angle of antetorsion (AA) and the cervicodiaphyseal angle (CDA, Fig. 

14). The angle of antetorsion was computed as if measured in a trans

verse plane, the cervicodiaphyseal angle as if measured in the plane of 

ante torsion and the other two angles as if measured in the frontal 

plane. Trigonometric formulae were derived (Table 8) and a simple com

puter program was written to calculate these angles. 

The cervicodiaphyseal angle is the angle between the longi

tUIUnal axis and the cervical axis. It can be measured in the plane 

of ante torsion or in a frontal plane. Ruff (1981:106) found that the 

angle is somewhat larger if measured in the frontal plane. The bicon

dylar angle is the angle between the X axis and a line connecting the 

contact points of the distal femur. The mechanical axis angle is the 

angle between the mechanical axis and the longitudinal axis. The 

mechanical axis is used clinically to represent the line of force 

through the femur (Macquet 1976). The angle of ante torsion is the 

angle between the plane of ante torsion and the frontal plane. The 

angle of ante torsion and the cervicodiaphyseal angle are directly re

lated to the length of lever arms about the proximal femur (Radin 1980) 

and, therefore, may be related to stress distribution and cross

sectional geometry of the proximal femur. 

Nine left femora, four from subadults and five from adults 

were reanalyzed to assess precision of the angle determination method. 

Paired t-tests and sign tests showed no significant differences 



Table 8. Trigonometric formulae used in calculating the external 
angles. -- See Figure 12. 

Bicondylar Angle 

BA = tan-l (Z5-Z4)/(X5-X4~ 

Mechanical Axis Angle 

MAA = tan-l /(X3-X6)/(Z3-Z6)/ 

Angle of Antetorsion 

AA = tan-l /(Yl-Y?)/(Xl-X7)/ 

Cervicodi.aphyseal Angle 

where Pl = V (Xl-X7)2 + (Yl-Y7)2 + (Zl-Z7)2 

P2 = V (Z7-Z3)2 * 

d = V (Xl-100)2 + (Yl-Y3)2 + (Zl-Z3)2 

*By definition, X7 = X3 and Y7 = height of midshaft (points B, D of 
Figs. 10 and 11). 
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between the original and repeated assessments, but the magnitude of the 

precision error was high (Table 7). One-way analysis of variance showed 

that although age did not significantly affect precision statistically, 

the mean error for subadults was of ten twice that for adults. This is 

to be expected because small bones are much more sensitive to small 

discrepancies in measurement than are large bones. 

Because of these difficulties and because the rationale for 

collection of angle data was to compare this aspect of Whole bone 

geometry with cross-sectional geometry, only three individuals per age 

category (subadults) or age-sex category (for those 15 years and over) 

were chosen. Additionally, only those individuals one year or older 

were includad because the method is not suitable for smaller bones and 

cross-sectional images were obtained only for individuals over one year 

of age. Differential preservation reduced the total sample size from 

the goal of 84 per side to 76 left femora and 80 right femora for most 

of the angle computations. Even this small sample required a con

siderable number of observations of X,Y,Z coordinates (156 bones x 7 

points/bone x 3 coordinates/point = 3276 coordinates). Some of these 

specimens were rejected because they had previously been judged to have 

some sort of pathology. Consequently, the number of bones actually used 

in the analyses was further reduced (Table 4). 

Osteoarthrotic Observations 

Determinations of osteoarthrotic involvement of the hip and 

knee were restricted to observations on the femur because of the 

hypothesis to be tested. Lesions of the joint surface and the develop

ment of osteophytes (lipping around the joint surface margins) were 
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scored on an ordinal scale (modified from Jurmain 1977, 1980), where 1 

implies no involvement and 4 implies severe involvement. Observations 

were made separately on the head, the patellar surface and the lateral 

and medial condyles of the distal femur. Additionally, the locations 

of condylar lesions were recorded. An osteoarthrotic score for the 

distal femur (OAnIS) was calculated by summing the scores for the 

patellar and condylar joint surfaces. Similarly, an osteoarthrotic 

score for the proximal femur (OAPROX) and the entire bone (OASCR) were 

calculated. The precision error for OASCR was l~ (n=27), calculated 

as described above, but a Wilcoxon sign test indicated that the differ

ence was not significant (Table 7). A variation of one on the average 

total osteoarthrotic score causes an error of l~, therefore, a l~ 

precision error is not considered to be detrimental to the present 

study. 

The selection criterion for inclusion in this phase of the 

study was the presence of largely intact joint surfaces. The number of 

individuals with scores for the proximal femur was 57 males and 89 

females on the left side and 59 males and 86 femaleo on the right side. 

Sample sizes for the distal femur were somewhat lower due to differen

tial preservation of these joint surfaces (Table 4). 

Photon Absorptiometry 

Bone mineral content was measured with single beam photon 

absorptiometry (Cameron and Sorenson 1963). The SPl bone mineral data 

collection system (Lunar Radiation Laboratory, Madison, Wisconsin) 

housed in the Physical Anthropology Laboratory of the Department of 

Anthropology was used. This is a direct readout system (Mazess, 
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Cameron and Miller 1972), consisting of a North Star Advantage computer, 

a bone mineral scanner and an Epson MX-Bo printer. The system calcu-

lates (1) the bone mineral content (BMC) in grams per centimeter, (2) 

the ML subperiosteal diameter (WIDTH) in centimeters, and (3) the bone 

mineral index (BMI), the ratio of HMC to WIDTH, in grams per centimeter 

squared. These values, calculated to three decimal places, are dis-

played on the computer monitor, stored on 5 1/4 i.nch floppy diskettes 

and printed on paper. 

Photon absorptiometric determination of" skeletal mass depends 

upon the amount of photon energy absorbed by bone (Cameron and Sorenson 

1963). In single beam photon absorptiometry the photon beam is emitted 

by a monochromatic radionuclide source, j.n this case iodine-125. The 

beam is highly collimated and the source is mechanically coupled to a 

scintillation detector. The amount of mineral in the path of the 

photon beam, ~, is calculated according to the equation 

where = the microscopic density of bone tissue, = the microscopic 

density of soft tissue, ~ = the mass absorption coefficient of bone 

mineral, ~ = the mass absorption coefficient of soft tissue, 10· = the s 

count rate for the beam traversing only soft tissue (the "baseline"), 

and I = the count rate through both bone and soft tissue. Thus, ~ is 

the amount of mineral per unit area for a Single point measurement. 

The transmission rate of the photon beam measured by the detector varies 

as the beam traverses the bone, reflecting variation in the amount of 

bone mineral encountered. A curve based on the natural logarithms of 
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I and 10· is constructed. BMC is the mass of mineral per unit length of 

bone and is proportional to the area enclosed by the curve of lnI and 

the extension of lnIo·. WIDTH is determined by assigning edges to the 

bone where the count rate through both bone and soft tissue (I) is 8~ 

of the baseline count rate (10·). Arbitrary units are stored by the com

puter. These units are converted to actual values by using appropriate 

density and absorption coefficients with equation (3) or by calibrating 

to a known standard. 

This technique is highly accurate and precise (Sorenson and 

Cameron 1967; Cameron, Mazess and Sorenson 1968; Mazess et ale 1972). 

Furthermore, Sorenson and Cameron (1967:488) have shown that mineral 

content determined with this technique is "independent of the thickness 

of overlying tissue; independent of the position of the bone relative to 

top and bottom of the tissue; and independent of the orientation of the 

bone in soft tissue." 

However, the total thickness of the scan path must remain con

stant. When measuring dry bones constant thickness is assured by 

placing the bone in a water bath. The water bath also reduces inaccur

acy due to variable nonmineral content in bone (Cameron et al. 1968). 

Collagen and water are the "soft tissue" components of dry bones as 

measured here. At the photon energy used (27.4 keV) , the absorption 

properties of collagen and water are insignificantly different (Cameron 

et al. 1968). Therefore, the "soft tissue" in this research can be 

considered a single absorber. 

Each femur was placed in standard position in a plexiglass box 

which had been put on the scanner and filled with water. The box was 
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made of 1/8 inch p1exig1ass, with inside dimensions of 105 mm in the ML 

direction, 90 mm in the AP direction and 600 mm in length. A line 

scribed on the floor of the box and a string stretched over the top of 

the box were used to orient the bone in the correct longitudinal posi

tion. The bone was held in standard position with a clamp and a ring 

stand. Water was then siphoned from the box until the water level was 

just above the bone. For small bones, a relatively higher water level 

was used. Every effort was made to fill the medullary cavity with water 

to ensure that only two tissue types were in the beam path, but exami

nation of images obtained with computed tomography showed that the 

cavity was not always filled. An experiment is described below to 

assess the effects of differential filling of the medullary cavity with 

water on BMC, WIMH and BMI calculations. The scan path of the dia

physeal sites was in the ML direction, perpendicular to the longitudinal 

axis of the bone. Each femoral neck was scanned perpendicular to the 

cervical axis in the AP direction. Positioning of this site was done 

by eye. 

Each site was scanned four times in succession. If the coeffi

cient of variation for the calculated variables (BMC, WIDTH or EMI) 

exceeded ~, individual scans were eliminated until the variation among 

scans was less than 3%. In most cases no scans were eliminated. The 

computer required a minimum of two scans to calculate the variables 

mentioned above. 

Although software-supplied calibration coefficients were used 

in this study, the system was calibrated against a known standard each 

day bone mineral analyses were done. A 3.0 mm collimated beam at a 
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scan speed of 1 mm/sec was used. Baseline count rates occasionally were 

below the recommended minimum of 1,000 per second, but this has not 

seriously affected the precision of the technique. The effect on accu

racy is unknown. A total of 469 femora were scanned, although some we~e 

not included in the analyses because they have evidence of gross pathol

ogy or were thought to have soil in their medullary cavities. Thirty

five bones were rescanned in a replicability test. Differential 

preservation along the length of the bone affects the number of observa

tions at each scan site (Table 5). 

Accuracy 

The bone mineral analysis system used in this research was 

calibrated at the site of manufacture and appropriate calibration co

efficients were supplied in the software. The default option of the 

system is to use these coefficients. Two other sets of calibration 

coefficients are potentially available: (1) the day's calibration co

efficients, determined by scanning a standard; and (2) average calibra

tion coefficients, calculated from repeated scans of the standard. 

I tested the accuracy of the system using all three sets of 

calibration coefficients. The standard was scanned on five separate 

occasions. The standard has three "phantom bone" cylinders (large, 

medium and small) which represent perfectly cylindrical bone diaphyses. 

These phantoms have known values for BMC and WIDTH. For each set of 

calibrated coefficients ("software," "day" and "a.,erage") the percent 

error between the known values and the calculated values for BMC and 

WIDTH were determined (Table 9). 
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Table 9. Photo~ absorptiometry: errors and calibration coefficients. 
-- Mean percent errors for calculated bone mineral variables 
using "software," "daily" and "average" calibration coeffi
cients for five separate scans of the standard are presented. 
Error was calculated as 

Large 

BMC 
WIDTH 

Medium 

BMC 
WIDTH 

Small 

BMC 

WIDTH 

Overall 

~ error = /real ai xl 100, 
re 

where "X" is the calculated value using software, daily or 
average calibration coefficients and "real" is the value 
supplied by the manufacturer. 

Real vs. Software 

0.9 
1.3 

1.0 

Real vs. Day 

1.0 

1 0 0 

1.2 

Real vs. Average 

0.9 
0.6 

0.8 
1.5 

1.3 
1.0 

1.0 
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All errors are less than or equal to l.~, except for the width 

of the small cylinder when using the software calibration coefficients. 

The overall means of the errors are also less than or equal to l.~. 

The most accurate results are obtained by using the average calibration 

coefficients (1.0%). The day's values and the software-supplied values 

cause a reduction in accuracy. 

The software-supplied calibration coefficients were used in this 

research because there were no data with which to calculate average 

calibration coefficients at the beginning of this project. These co

efficients were calculated retrospectively, using data from 77 st.andard 

scans obtained during the course of this research. Future research 

using this system might benefit from use of average calibration coeffi

cients. 

An experiment designed to assess error in accuracy due to dif

ferential filling of the medullary cavity (with water) is described 

here. Six diaphyseal bone sections were cut from three adult femora of 

unknown archaeological provenience. The sections were approximately 

5 cm in length and were sectioned with a diamond-tipped jewler's saw. 

These sections were scanned under two conditions. In the first instance, 

the sections were s~anned in a water bath, but the water was prevented 

from entering the medullary cavity by placing clay plugs over the cut 

ends of the sections. In the second instance, the plugs were removed 

ann the bones were scanned with the medullary cavities completely filled 

with water. Error in BMC and BMI due to differential filling of the 

medullary cavity averaged about 7%. The width measurement was unaffect

ed. Paired t-tests and sign tests indicated that the differences for 



BMC and BMI were significant at the ~ level and that BMC and BMI were 

systematically underestimated when the medullary cavity was void of 

water. 

Precision 
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There are several sources of precision error in photon absorp

tiometry of archaeological bones. Data presented here show that reposi

tioning error is the most significant. The nature of the software and 

the extent to which the medullary cavity is filled with water also may 

contribute to error. Mazess et ale (1972) recommend that the baseline 

count rate (Io·) should be between 1,000 and 10,000 counts per second. 

This rate is inversely exponentially proportional to the depth of the 

water bath. Some of the larger male femora had to be placed in a water 

bath of 80 mm to achieve a constant scan thickness •. Consequently, when 

the source was not at its peak activity the baseline count rate dropped 

below 1,000 counts per second. 

Thirty-five adult femora were re-analyzed to assess precision 

error. Each bone was positioned and scanned at the six sites as pre

viously described. For 15 bones, each site was rescanned a total of 

three times ("rescan 1," "res can 2" and "rescan 3"). The bone was not 

moved between the first and second rescans. Hence, differences between 

values for these two rescans were due solely to error inherent in the 

system. The third rescan, which included repositioning of the bone, was 

done immediately after the first two rescans. Therefore, differences 

between values for rescan 1 and rescan 3 were due to repositioning 

error and system error. Differences between the original scan and 



rescan 1 were due to repositioning error, system error, differential 

filling of the medullary cavity and any error associated with the 

activity of the source or slight variation in the depth of the water 

bath. 
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Error inherent in the system is summarized in Table 10. This 

error is less than or equal to l.~ at all six sites. Error due to 

both repositioning and the system is shown in Table 11. Differential 

filling of the medullary cavity may contribute to the error reported in 

Table 11, but because rescan 1 and rescan 3 occurred on the same day 

without significant drying of the bone this source of error is probably 

negligible. The average difference for BMC is~. Widths vary much 

less except for the width of the neck. This is to be expected, con

sidering that this scan site was positioned by eye. 

Error due to all possible source is reported in Table 12. 

Tables 11 and 12 have similar values, suggesting that differential fil

ling of the medullary cavity, activity of the source and depth of the 

water bath were not major sources of precision error. Table 12 also 

shows that repositioning of the femoral neck was somewhat problematic. 

Error due solely to repositioning can be calculated by subtracting 

values reported in Table 10 from the corresponding values reported in 

Table 11. Accordingly, on average, there is a repositioning-caused 

error of 2.3% for BMC, 0.6% for WIDTH and 2.~ for BMI. 

Cross-Sectional Geometry 

Cross-sectional geometry refers to the distribution of bone 

tissue in space. The variables calculated in these analyses were de

fined in Chapter 2 (Fig. 4). Sections for the five diaphyseal sites 



Table 10. Photon absorptiometry: error inherent in the system. -
Mean percent errors for rescan 1 and rescan 2 are presented 
(n=15). Error was calculated as 

% error = rescan 1 - rescan 2 100 
rescan 1 + rescan 2 /2 

Scan Site BMC WIMH BMI 

2~ 0.7 0.6 0.8 

3% 0.8 0.8 1.2 

~ 0.8 0.4 0.8 

6% 1.0 0.9 1.2 

8~ 0.6 0.6 1.0 

NK 0.3 0.3 0.4 

Overall 0.7 0.6 0.9 

Table 11. Photon absorptiometry: combined system and repositioning 
error. -- Mean percent errors for rescan 1 and rescan 3 are 
presented (n=15). Error was calculated as 

% error = rescan 1 - rescan 100 
rescan 1 + rescan 3 /2 

Scan Site BMC WIMH BMI 

2~ 2.2 1.0 2.4 

3% 4.2 0.8 4.1 

~ 2.9 0.9 2.9 

6% 3.5 0.8 3.3 

~ 2.1 0.6 2.1 

NK 2.9 3.3 4.9 
Overall 3.0 1.2 3.3 



Table 12. Photon absorptiometry: error due to all sources. -- Mean 
percent errors for the original data and rescan 1 are pre
sented. Error was calculated as 

Scan Site EHC WIDTH BMI 

~ 2.5 1.1·· 2.7 

3~ 2.9 1.0··· 4.6 

~ 1.8 0.9· 2.0 

6% 2.1 1.0··· 2.2 

8~ 2.7 0.9 2.6 

NK 3.3 1.5 4.7 

Overall 2.6 1.6 3.1 

paired t-tests 
.p <.05 

•• p <.01 
••• p <.001 
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were obtained with computed tomography. These sections were analyzed 

with an interactive, automated image analysis system using the SLICE 

program (Nagurka and Hayes 1980). The variables outputted by this sys

tem are listed in Table 13 and discussed further below. 

Computed Tomography 

Computed tomography (CT) has been under development for over two 

decades and machines for clinical use have been available for a little 

over ten years (Ledley et ale 1974). CT is well-suited to quantitative 

morphology (Robb 1982; Tate and Cann 1982). The basic principle of CT 

is that with multiple angular projections "the amount of attenuation of 

each square of tissue can be calculated knowing only the amount of 

attenuation of the beam as it passes completely through the body" 

(Winter and King 1983:8). In most commercially available scanners an 

X-ray tube is rotated around the body, numerous projections are obtained 

and mathematical techniques are used to reconstruct a cross-sectional 

image (Robb 1982). 

The image is called a slice, but actually represents the dis

tribution of X-ray attenuation in a series of volume elements (voxels). 

The computer stores a "CT number" for each voxel. These numbers are 

assigned values on a grey scale and the image can, therefore, be dis

played on a monitor. The size'of a voxel, and hence, the resolution of 

the image depends upon the picture element (pixel) size of the display 

moni tor and the thickness of the slice (Robb 1982; ''l'inter and King 

1983). 

Images obtained with computed tomography are stored on magnetic 

tape and on X-ray film. These images may be analyzed directly from the 



Table 13. 

Variable 

AREA 

IXBAR 

IYBAR 

IXPBH 

IYPBH 

PHI 

SLICE variables used in this study. 

Definition 

cortical area (mm2) 

second moment of area about ML axis (mm4) 

second moment of area about AP axis (mm4) 

principal second moment of area (mm4) 

principal second moment of area (mm4) 

angle between anatomical and principal axes (radians) 
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film, on the CT monitor or on a separate image analysis system. The 

latter method is preferred because access to CT monitors is limited and 

X-ray film images may be distorted. 

A General Electric CT/T 8800 whole body scanner was used in this 

research. The bones were scanned in a water bath, using 320 MFA, a tube 

potential of 120 KVP, 576 views per slice and a slice thickness of 1.5 

Mm. The images were reconstructed with the "bone" algorithm and ana

lyzed at a window level of 101 and a window width of 1000. The 

development of this technique is described in the context of factors 

which affect image quality. 

Total dose (energy level of the X-ray tube and number of views 

per slice), slice thickness and beam hardening affect image quality 

(Robb 1982). Equally good images of dry bones were obtained with energy 

levels of 320 and 600 MFA. The lower energy level was used because less 

time between scans was required for tube cooling. The maximum number 

of available views per slice (576) and the minimum slice thickness 

(1.5 mm) were used. 

A water bath was used to reduce image distortion due to be~ 

hardening. Beam hardening refers to preferential absorption of the 

lower energy X-rays of the polyenergetic beam (Robb 1982). The beam, 

therefore, becomes more penetrating as it passes through an object. 

Beam hardening is linear for soft tissues and is corrected \\lathemati

cally. Beam hardening is nonlinear for dense objects such as bone. 

The resulting image distortion is corrected partially by the "bone" 

image reconstruction algorithm and by use of the water bath. 
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The CT scan protocol is described here. A plexiglass box with 

a central longitudinal partition was built for this study (Fig. 15). 

The paired bones of an individual were placed in standard position in 

the box (which had been filled with water), using scribe lines and 

strings to ensure correct orientation. The bones were placed "head-to

toe" (with their 50% scan sites in register) so that the scan images 

were comparable, i.e., with the X direction increasing in magnitude 

from medial to lateral. This procedure was equivalent to reversing 

images from one side. The box was placed on the table and oriented in 

the correct longitudinal direction with CT lasers (Fig. 16). Therefore, 

all images were perpendicular to the longitudinal axis. The location 

of the box in the longitudinal direction was calibrated by placing a 

small metal tick mark on the transverse scribe line, well away from the 

bone. The box was then moved into scan position by moving the table 

into the gantry. Movement of the table is controlled by the CT computer 

and is accurate to one-half millimeter. Several cross-sections were 

obtained at one millimeter intervals (Fig. 17). The image with the 

clearest indication of the tick mark was used to calibrate the table 

position in the longitudinal direction. This procedure was necessary at 

each scan session because the lasers which locate the table in the 

longitudinal direction were found to be improperly calibrated. (Differ

ent sets of lasers were used for longitudinal orientation and localiza

tion). The table location was incorrect by as much as 9 mm. Although 

this table calibration error was present, table movement error was not 

detectable; the metal tick mark was invariably found when the midshaft 
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~-~----~-TABLE 

Figure 16. Schematic or CT apparatus. -- The Water box was placed on 
the motor-driven table. Table movement was controlled via 
the CT computer. The gantry houses the X-ray tube and 
detector. 
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Figure 17. Localization at the midshaft. -- Three slices at one 
millimeter intervals are shown. Note that the metal marker 
(on the left side of the water box) is most noticeable in 
the upper right scan. Therefore, the table calibration 
value for this scan session was based on the upper right 
scan position. 
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location was rescanned regardless of how many times the table had been 

moved. 

Once the table was calibrated, data collection could begin. An 

intrasite scan distance was calculated by subtracting the Z value of the 

2~ section location from the Z value of the 80% section location and 

dividing this quantity by four. This distance was similar for paired 

bones, justifying simultaneous scanning of the two femora from one in

dividual. The CT computer, supplied with the table calibration value 

(i.e., the 50% section location) and the intrasite scan distance, com

puted distances to the other scan locations. Localization on the mid

shaft reduced error propagation along the length of the diaphysis. For 

instance, if the bone were localized at either the 2~ or 8~ scan site, 

a one millimeter error in the calculated intrasite scan distance would 

result in a four millimeter error in longitudinal placement of the fifth 

scan site. By localizing at the midshaft, a one millimeter error in the 

intrasite scan distance would cause a maximum error of two millimeters 

in scan location. 

Five images per pair of bones were obtained. Each original 

image contained a cross-section of the left and right bone (Fig. 18). 

The original five images were retargeted retrospectively and ten new 

images, each containing just one cross-section were reconstructed with 

a magnification factor of 2.5. Hard copies (X-ray films) were made of 

each image for documentation. Each of the original five images and any 

"scout views" were saved as one file and the ten reconstructed images 

were saved as a second file. These files were then dumped to magnetic 

tape. 
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Figure 18. Image reconstruction. --
A. This is a "scoutview." Note the "head-to-toe" orien

tation of the paired femora and the location of the 
five scan sites. Each slice is viewed in the direction 
indicated by the arrows. 

B. An example of the five images obtained initially. The 
water level and location of the metal marker are indi
cated .. 

C. The image in (B) was retrospectively retargeted and two 
single images were reconstructed. These images were 
analyzed for cross-sectional geometry. 



Image Analysis 

Cross-sectional image analyses were done with a Vicom Digital 

Image Processor, using tape reading software and machine time donated 
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by Medinet, Inc. Ms. Katie Morse of the Interactive Graphics Engineering 

Laboratory (IGEL) of the University of Arizona adapted the "SLICE" com

puter program (Nagurka and Hayes 1980) to the Vicom system and developed 

an outlining routine for automated tracing of the subperiosteal and 

endosteal borders. Her outlining program was written and designed for 

the present study. The SLICE program "divides a cross-sectional area 

into a series of trapezoids (or rectangles) and then adds or subtracts 

the properties of the elemental areas to determine the composite proper

ties of the total area" (Nagurka and Hayes 1980:59). 

A magnetic tape was loaded and the ten images of one file (i.e., 

one individual) were dumped to the hard disk of the Vicom. These images 

were displayed on a Ramtek 9050 display system monitor which was inter

faced with the Vicom. The software supplied by Medinet permitted the 

CT "level" (brightness) and "window" (contrast) to be set. A level of 

101 with a window of 1000 was used. Informal comparison of calculations 

done at different level and window settings showed that these factors 

had little effect on quantitative analyses as long as the CT number of 

bone (about 800) was well within the window. The image to be analyzed 

was selected and the outlining routine was called. This routine re

quired the operator, i.e., this investigator, to locate the cursor first 

in the lower left corner and then in the lower right corner of the water 

bath. One corner was actually the central longitudinal partition of the 

water box. These corners were used by the outlining routine to define 
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the X and Y axes and set the scale. Thus, the sections were automati

cally located in the XY plane. The Z coordinates had been recorded on 

the osteometric table (see above). The outlining program found the 

subperiosteal and endosteal borders using a threshold algorithm. The 

borders were traced on the Ramtek monitor, thus allowing me to evaluate 

the accuracy of the outline. This system is still under development and 

occasionally an obviously incorrect trace occurred. If this could not 

be corrected by re-entering the outline routine and retracing the bor

ders, the image was eliminated from further analyses. After the image 

was outlined, the values of the calculated geometric properties were 

reported on the Vicom monitor. These values were recorded by hand, but 

further development of this image analysis system will facilitate auto

matic data storage and retrieval. 

Analyses of 360 images were attempted and 330 were successfully 

analyzed. Some of the unsuccessfully analyzed images were from fragmen

tary bones and some were due to problems in the analysis system or the 

outlining routine. Nearly one-half of the images from the 3~ location 

of left femora could not be analyzed due to an unidentified system error. 

(The original data are stored on magnetic tapes and are available for 

re-analysis.) Twenty-eight individuals were analyzed as part of a 

growth and aging study (10 images per individual). One individual per 

subadult age category, beginning at one year of age and one individual 

per five-year adult age-sex category were included. Individuals were 

selected to maximize the number of images available; fragmentary femora 

were avoided if possible. As shown in Table 6, 254 (of a potential 280) 

images were successfully analyzed and included in the growth and aging 
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study. Additionally, for each of these 28 individuals, one scan loca

tion was outlined twice to assess the precision error of the Vicom 

system (28 images). Three individuals were CT scanned on two separate 

occasions to assess the overall precision error (30 images, 28 success

fully analyzed). Ten of 12 images from an experiment similar to the one 

done in photon absorptiometry were also successfully analyzed. Finally, 

one obviously pathological individual was scanned and ~lyzed to assess 

the diagnostic ability of computed tomography (10 images). 

The six cross-sectional geometric variables outputted by SLICE 

and used in tbis research are listed in Table 13. Some of these vari

ables were used "as is" whereas others were used to construct new 

variables (Table 14). 

Theta Conversion and Transformation 

THETA is the angle (in degrees) between the ML axis and the 

principal major axis. This variable had to be converted from SLICE 

variable PHI and "transformed" for some cross-section locations. Both 

processes are somewhat involved and are explained here. PHI is the 

angle (in radians) between the ML axis and the nearest principal axis 

(Table 13). The nearest principal axis may be the major or minor axis, 

depending upon cross-sectional geometry. If SLICE variable IIPBH is 

greater than IXPBH, PHI is between the ML axis and the principal major 

axis, but if IIPBH is less than IXPBH, PHI is between the ML axis and 

the principal minor axis. If IXPBH and IYPBH are equal the distinction 

between major and minor axes is arbitrary. Knowing these relationships, 

PHI was converted to THETA. 



Table 14. Cross-sectional variables used in this study. 

Variable 

AREA 

IX 

II 

IRAT 

IMAX 

IMIN 

IPHI 

THETA 

J 

ArONS 

Definition 

second moment of area about ML axis (mm4) 

second m~ment of area about AP axis (mm4) 

(IX/II) 100 

maximum principal second moment of area (mm4) 

minimum principal second moment of area (mm4) 

(IMAX/IMIN) 100 

angle between ML axis and major axis (degrees) 

torsional second moment of area (mm4) 
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THETA varies between -45 and +135, when converted from PHI as 

just described (Fig. 19a). The range of THETA values defines an axis, 

here called the "measurement reversal axis" (MRA). THETA is positive 

through 135°, but when the angle between the major and ML axes is 

greater than 135°, THETA is measured in the negative direction. This 

location of the MRA is appropriate if the range of THETA values does not 

approach both "legs" of the MRA (Fig. 19b,c). THETA values ~ approach 

both legs of the MRA for some cross-sectional locations (Fig. 20a). 

This situation is not desirable because the mean for THETA lacks statis

tical and morphological relevance (Fig. 20b,c). For example, an average 

cross-section for the right 6~ site is shown in Figure 2Oc. The mean 

vBlue for THETA is used to locate the major axis. Clearly, the major 

axis is incorrectly positioned. The MRA can be rotated to a position 

where it is not approached at both ends by the range of THETA (Fig. 21a). 

When the MRA is appropriately rotated, the mean becomes statistically 

and morphologically significant (Fig. 21b,c). 

The appropriate location of the MRA depends upon the cross

sectional geometry characteristic of the section location and is deter

mined by examining frequency distributions of THETA (Ruff 1981). When 

a frequency distribution such as the one in Figure 20b was discovered, 

the MRA was rotated by adding 1800 to all THETA values less than some 

angle. This angle was chosen so that it fell in a naturally occurring 

gap in the frequency distribution. For instance, the M&~ of the right 

6~ section location (Fig. 20) was rotated by adding 180° to all THETA 

values less than 45° (Fig. 21). THETA values no longer approached both 

legs of the MRA and the mean value of THETA became statistically and 
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morphologically relevant. Some THETA values were "transformed" (Ruff 

1981), but the effect was to rotate the MRA. 

Frequency distributions of THETA were examined for each section 

location and appropriate MRA rotations were made where needed. The 

"default" MRA is appropriate for the distal (2~) and mid-distal (3%) 

sites. The MRA's for the other sites (50%, 6~ and 8~) had to be 

rotated (Table 15). THETA transformations (i.e., MRA rotations) for 

right and left femora were identical. 

Accuracy 

An experiment was performed to de'termine if a water bath was 

necessary and, if so, to assess the effects of differential filling of 

the medullary cavity. The six diaphys'eal sections used in the photon 

absorptiometry experiment were CT scanned under three conditions: (1) 

in air; (2) in a water bath, but with no water in the medullary cavity; 

and (3) in a water bath with water in the medullary cavity. Subperi

osteal and endosteal AP and Mt diameters were measured to the nearest 

tenth of a millimeter on the CT monitor by Mr. Brent Mockbee and on the 

actual specimens by this author with a Helios dial caliper. The sub

periosteal diameters were easily defined, but comparability of the 

endosteal diameters as measured on the CT monitor and the actual sec

tions was problematic because the endosteal border was difficult to 

define. 

Accuracy was assessed by calculating the absolute magnitude of 

the difference between actual physical measurements and CT monitor 

measurements. Paired t-tests and sign tests were used to assess direc

tionality in the error (Tables 16 and 17). Small sample size precludes 
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Table 15. Summary of MRA rotations (THETA transformations). -- The 
default range for THETA is from -45° to +135°. 

Site MRA Rotation THETA Transformation MRA Location 

2~ none none -450 to 1350 

3% none none -45° to 1350 

~ +450 if THETA <0° 9 add 1800 0° to 1800 

6% +900 if THETA <450
, add 1800 450 to 2250 

~ +450 if THETA < 0°, add 1800 0° to 1800 

Table 16. Accuracy of computed tomography I. -- Mean percent errors 
between actual physical measurements and CT cursor measure
ments are presented (n=6)4 Error was calculated as 

% error - /(method - physical)/ 100 
- (method + physical)/2 

Method1 Subperiosteal Subperiosteal Endosteal Endosteal 
ML Diameter AP Diameter ML Diameter AP Diameter 

AA 0.7 3.0- 3.9 6.3-

WA 1.7- 1.6 5.4 4.8 

WW 1.1 0.9 3.4 5.7-

~ethods: AA = Air-Air, WA = Water-Air; WW = Water-Water (see text). 

paired t-tests 
-p < .05 
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Table 17. Accuracy of computed tomography II. -- Mean percent errors 
from Table 16 are grouped and the directionality of error 
is shown. 

Method 

AA 

WA 

Subperiosteal Diameters 
Directionality 

% Error - ties + 

1.9 

1.7 

1.0 

11 

4 

5 

o 1 

o 8 

o 7 

Endosteal Diameters 
Directionality 

% Error - ties + 

5.1 

5.1 

4.6 

1 

2 

2 

o 11 

1 9 

1 9 
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putting much confidence in the results for the diameters considered 

separately, but Table 17 shows some clear trends. The magnitude of the 

error was small for all three techniques for subperiosteal diameters. 

The important thing to note is that use of a water bath eliminated direc

tionality in the error for subperiosteRl diameters. It is particularly 

important to eliminate systematic error at this surface because many of 

the geometric properties calculated in this research are proportional to 

the square of the distance from an elemental area to the neutral axis 

(see Fig. 4). Bias is evident at the endosteal border and apparently 

was not corrected by filling the medullary cavity with water. Table 18 

shows the results for comparison of the calculated geometric properties 

scanned (1) in a water bath but without filling of the medullary cavity, 

and (2) with the sections totally immersed. The sample size was five 

rather than six because one of the cross-sections was not arialyzable. 

These results show that differential filling of the medullary cavity 

caused an error of ~ to l~. The area-dependent variables were under

estimated when water did not fill the medullary cavity. Nevertheless, 

beam hardening artifacts were reduced by using the water bath. 

Precision 

Precision error inherent in the Vicom system is summarized in 

Table 19. The source of this error was differential positioning of the 

cursor in either corner of the water bath. The error was remarkably 

small and statistically insignificant. One-way analysis of variance 

indicated that scan location had no effect on this error. 

Precision error inherent in the entire protocol was evaluated 

by res canning three individuals (one subadult between five and six 
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Table 18. Effect of water in medullary cavity on cross-sectional 
geometric variables. -- Mean percent errors for sections 
scanned (1) in water bath with no water in the medullary 
cavity, and (2) in water bath with water in medullary cavity 
are presented (n=5). Error was calculated as 

~ method 1 - method 2 
~ error = method 1 + method 2 /2 100 

% Errorl 
Directionality 

Variable ties '+ 

AREA 10.2 3 1 1 

IX 12.6 4 0 1 

IY 9.1 3 0 2 

IRAT 4.0 3 0 2 

IMAX 9.1 3 0 2 

IMIN 13.0 4 0 1 

IPHI 4.0 1 0 4 

THETA 13.4 0 0 5 
J 10.8 4 0 1 

~aired t-tests: no significant differences. 
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Table 19. Precision error for the digital image processing system. 
Mean percent errors are presented (n=28). Error was calcu
lated as 

Variable % Error1 

AREA 0.8 

IX 1.4 

IY 1.7 
!RAT 0.6 

IMAX 1.4 

IMIN 1.6 

!PHI 0.6 

THETA 0.3 

J 1.3 

~aired t-tests: no significant differences. 
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years, one 25 to 29 year old male and one 45 to 49 year old femala). 

Each scan site was treated as a separate case to increase the sample 

size. Two sites could not be analyzed, resulting in a sample of 28 

images. The results are shown in Table 20. The precision error was 

low for all variables except THETA, the angie (in degrees) between the 

ML axis and the principal major axis. Slight repositioning errors 

affect THETA of cylindrical sections because the location of the prin

cipal axes is somewhat arbitrary in these sections. The actual error 

can be assessed by comparing one of two ratios, either IRAT (the ratio 

of IX to IY) or !PHI (the ratio of IMAX to IMIN). Examination of the 

error for these two variables indicates that the system actually had a 

low precision error for THETA. 

Data Management and Analysis 

Several thousand separate observations were recorded during the 

course of this research and entered into the University Cyber 175 com

puter. Data entry, verification and management proved to be one of the 

more onerous tasks of this dissertation. Much of the data were key 

punched and verified by comparing listings of the data to the original 

data sheets. Later, I used the Anthropology Department's Cromenco 

minicomputer to enter and verify data. Programs were written that 

prompted for and stored data values. Each data set was entered twice, 

stored in separate files and verified. The verified values were dumped 

to floppy disks, read at the University Computer Center and combined 

with the complete data file stored on the Cyber 175. 



Table 20. Precision error for the entire cross-sectional geometric 
protocol. - Mean errors are presented (n=28). Error was 
calculated as 

~ /origina1 - repeat/ 100 
~ error = (original + repeat)/2 

Variable % Error1 

AREA 2.6 

IX 3.3 
IY 4.3 
IRAT 3.6 
IMAX 3.5 
IMIN 3.3 
IPHI 1.9 

THETA 29 .. 3 

J 3.3 

~aired t-tests: no significant differences. 

122 



Data analyses were dona on the Cyber using the Statistical 

Package for the Social Sciences (Nie et ale 1975; Hull and Nie 1981) 
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and the BMDP statistical package (Dixon 1983). SPSS subprograms used 

in this research include CONDESCRIPTIVE, AGGREGATE, CROSSTABULATION, 

BREAKDOWN, T-TEST, PEARSON CORR, NONPAR CORR, SCATTERGRAM, PARTIAL CORR, 

ANOVA, ONEWAY and PLOT. B~mp program PKM also was used. 

Summary 

The three main analytical teChniques were osteometrics, photon 

absorptiometry and computed tomography. Precision statistics for all 

variables were provided and the accuracy of cross-sectional image 

analysis and photon absorptiometry were discussed. Precision and 

accuracy were generally within 3%. 



CHAPTER 5 

RESULTS: SIDE, AGE AND SEX RELATED VARIABILITY 

Although integration of results from the techniques used in 

this study is necessary to gain an appreciation of the biomechanics of 

bone growth and aging, it is also important to provide a full descrip

tion of each set of data. The three classes of data collected in the 

present study were: (1) whole bone geometry and macroscopic observa

tions; (2) bone mineral content; and (3) cross-sectional geometry. A 

standard format is used to present the results. First, bilateral com

parisons are made. Second, growth and aging are analyzed and discussed. 

Third, adult males and females, here defined as those individuals 20 

years of age and over, are compared. Appendix B has descriptive 

statistics for each variable by age class for individuals less than 15 

years of age and by age-sex class for individuals 15 and over for the 

first two data sets. Descriptive statistics for the cross-sectional 

geometric variables are presented within this chapter. The presentation 

of basic results is followed by comparisons with other studies. These 

comparisons are organized around side, age and sex differences. This 

chapter concludes with tests of the four hypotheses outlined in Chapter 

1. 

Developmental age categories used in this research are listed 

in Table 3. Boundaries between adjacent categories need to be clearly 

defined. Thus, for individuals less than 10 years of age, the 
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developmental category includes the lower limit, but excludes the upper 

limit. For instance, age one to two implies "one to less than two." 

For individuals 10 and over, the five year categories are reported as 

10 to 14, and 15 to 19, etc., and imply age 10 to less than 15, and age 

15 to less than 20. respectively. 

Side differences were calculated as percent differences and as 

absolute percent differences. The latter technique is useful where bi

lateral differences exist, but are random with respect to side. The 

significance of the percent differences was tested with paired t-tests. 

The effect of age on side differences was assessed with one-way analysis 

of variance for the entire sample, using seven age categories (less than 

one year, 1 to 10, 10 to 19, 20 to 29, 30 to 39, 40 to 49, and 50+ 

years). Two-way ANOVA's were used to test for age, sex and age-sex 

interaction effects for individuals 20 years and older, using the appro

priate ten year age categories. Both ANOVA's were calculated for the 

two methods of characterizing side differences. 

Growth is described with distance curves and linear regressions. 

The sexes were combined for individuals less than 20 years of age in 

these analyses. For the computed tomography sample, t-tests between 

three age groups (1 to 5. 5 to 10, and 10 to 19) were calculated because 

of the small sample size. Growth rates were calculated with the assump

tion that linear regressions adequately characterize the relationship 

between the variable of interest and developmental age. This assumption, 

of course, is not strictly valid because one would expect an inflection 

in the growth curve associated with the adolescent growth spurt. 

Accordingly, linear regressions were not only calculated over the 
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entire span of postnatal growth (ages one to 19), but also for ages one 

to 10 and 10 to 19. No attempt was made to find the best mathematical 

description of the entire growth period. 

Post growth period age changes were characterized by comparing 

individuals agAd 20 to 39 to those 40 years and older. In addition, 

linear regressions were used to describe and analyze bone loss after age 

30. The sexes were analyzed separately because of sexual differences 

in aging and unequal sample composition for age 50 and older. 

The linear regression equation has the form Y = a + bX. In 

the present situation, Y is the dependent variable and X is the "regres

sion age" in years (Table 3). The two constants, a and be, represent 

the intercept and slope of the regression line, respectively. The inter

cept is of little biological interest here because the relationship 

between dependent variables and developmental age is nonlinear OV8r the 

entire span of growth and aging. The slope, however, is of interest 

because it represents the rate of change. Slopes were considered to be 

significantly different when their 95% confidence intervals did not 

overlap. These calculated rates are not true rates because they are 

based on cross-sectional data. However, cross-sectional and longitudi

nal rates for loss of bone mineral, at least, are similar (Smith et a1. 

1976). 

Sexual dimorphism is considered for individuals more than 20 

years of age. For some analyses, where aging has little effect (e.g., 

lengths and external angles) age was ignored in calculating the index 

of sexual dimorphism «male mean/female mean) X 100). For other 
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variables (e.g., those of photon absorptiometry), age must be consider2d 

because the aging process itself varies with sex. 

Whole Bone Variables 

Whole bone variables discussed here include the maximum and 

diaphyseal lengths, the bicondylar angle (BA), mechanical axis angle 

(MAA), angle of antetorsion (AA), cervicodiaphyseal angle (CDA) and 

observations of osteoarthrotic (OA) involvement of femoral joint sur

faces. Diaphyseal diameters could be considered here, but they have 

important implications for understanding the bone mineral m~asurements, 

were measured with photon absorptiometry and are discussed in that con

text. 

Lengths 

Side Differences. Paired t-tests for the maximum morphological 

and diaphyseal lengths show that left femora tend to be slightly longer 

than right femora in this sample (Table 21). The magnitude of the dif

ference is small, but may have produced an artifact in cross-sectional 

geometric side differences (see below). One-way and two-way analyses 

of variance indicate that neither age, sex nor age-sex interaction 

affect these differences between left and right sides. 

Growth. As anticipated, dramatic irlcreases in maximum morpho

logical and diaphyseal lengths are evident in subadults. As an example, 

the distance curve for the left diaphysis is presented {Fig. 22). Lon

gitudinal growth was most rapid early in life, slowed to a l~ average 
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Table 21. Bilateral differences: whole bone variables. 

4 Twoway 
Variable N 

~ 
D:i.ffll 

~ 2 One'3 
Diff2 war Age Sex Age-Sex 

Lengths 

maximum 

diaphyseal 

Angles 

BA 

MAA 

AA 

CDA 

Osteoarthrosis 

OASeR 

OAPROX 

OADIS 

119 

156 

65 -13.8 

67 - 9.4 

68 7.9·· 

67 1.8" 

101 - .8 
135 - .5 

107 - 1.3 

.6 NS,NS 

,,7 NS,NS 

25.5 NS,NS 

16.1 NS,NS 

28.0 NS, + 

4.2 NS,NS 

7.0 NS,NS 

8.9 NS,NS 

NS,NS 

NS,NS 

• ,NS 
NS,NS 

NS,· 

NS,NS 

NS,NS 

NS,NS 

NS,· 

Levels of significance for paired t-tests and ANOVA;s: 

NS,NS 

NS,NS 

NS,NS 

NS,NS 

NS,NS 

NS,NS 

NS,NS 

NS,NS 

NS,NS 

+ p <.1, • p<.05, •• p <.01, NS = nonsignificant 
(osteoarthrosis scores were tested with Wilcoxon matched-pairs 
sign test.) 

~ Diffl = L[left-right)/lef!7100 
~ Diff2 = Z1(left-right)l/lefj7l00 

NS,NS 

NS,NS 

NS,NS 

NS,NS 

NS, + 

NS, + 

NS, + 

3Seven age categories «1, 1-10, 10-19, 20-29, 30-39, 40-49, 50+) were 
included and significance was tested for both ~ Diffl and ~ Diff2. 

4Restricted to individuals 20 years of age and older, using four age 
categories (20-29, 30-39, 40-49, 50+). 
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annual increase in shaft length from age one to 10 and ceased between 

15 and 20 years of age. 

Linear regressions of shaft length on age suggest that the annual 

rate of increase was around 10% f~r individuals between one and 10 years 

of age (Table 22). These regressions are a reasonable decade average, 

but are insensitive to accelerations and decelerations of growth rates. 

The growth rate for the second decade of life was considerably lower 

than that for the first (Table 22). This rate obscures the adolescent 

growth spurt, but is of interest when compared to similar calculations 

for the bone mineral content (see below). 

Aging. No age-related changes in long bone lengths are statis

tically evident in adults when the sexes are considered separately (Fig. 

23). This lack of age-related change indicates that there was no dif

ferential survival or selective preservation with respect to femoral 

length. This is an important consideration because it suggests that 

age-related differences discovered in this population are real. 

Sex Differences. Male femora are longer than female femora 

(Table 23)0 The differences between the means are statistically sig

nificant and average eight to nine percent. 

Angles 

Side Differences. Paired t-tests show significxnt differences 

for the angle of antetorsion and the cervicodiaphyseal angle (Table 21). 

Left femora tend to have more antetorsion (27.5° vs 23.8°) and a larger 

CDA (136.5° vs 133.9°) than right femorao The average absolute 
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Table 22. Growth: diaphyseal length rates. 

Age N Rate (se)l +22 % Annual Change3 

1 to 19 
left 71 16.5 (.5) .98··· 7.6 
right 76 16.2 (.5) .98··· 7.4 

1 to 10 
left 53 18.5 (.8) .96**· 10.6 
right 56 17.6 (.8) .96·" 9.9 

10 to 19 
left 18 11.3 (2.7) .76** 3.3 
right 20 12.6 (2.4) .80··· 3.7 

lvalue of "b" in Y = a + bX, where Y = diaphyseal length and X = age. 
The units are mm/yr. 

2so °fo l.gIll. l.cance 
.. p <.01; • ** p < .001 

3. rate % annual change = -- 100 mean 
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Table 23. Sex differences: femoral lengths. 

Male Female (Male!Female)100 N ! std N Y std 

Maximum 

left 45 439 16 67 406 IB 10B.l·" 
right 4B 43B IB 65 403 IB 10B.7"· 

Diaphyseal 

left 43 3B3 14 67 353 16 108.5··· 
right 47 3B2 15 66 351 16 10B.B··· 

Two-sample t-test 
••• p <.001 
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magnitude of the side difference for the angie of ante torsion ia high 

(28%), and much of this variation would, at first, seem to be due to 

problems with the measurement technique which showed high precision 

error (Table 7, Chapter 4). If measurement error were a source of thia 

large absolute difference, one would anticipate larger differences in 

subadults, because small bones are more sensitive than large bones to 

measurement error. The one-way ANOVA is significant at the 0.1 level 

(Table 21), but examination of the age group means showed that the age 

effect does not vary in a consistent manner across age groups. There

fore, measurement error does not account for this large bilateral dif

ference in the angle of ante torsion. 

The bicondylar angle and the mechanical axis angie show large 

average, but statistically insignificant, differences between the two 

sides. This lack of statistical difference is due to large standard 

errors relative to the mean differences. These two angles have small 

mean values and relatively large precision errors, factors Which also 

undoubtedly contributed to the lack of statistically significant side 

differences. 

Although the two-way ANOVAs show no significant sex effects on 

side differences (Table 2l), examination of group means indicated that 

the role of sex on side differences merited further examination. Paired 

t-tests for adults show that all side differences except for the cervi

codiaphyseal angie, are statistically significant (Table 24). When 

tests were run for males and females separately, the male differences 

were not significant, but the female differences were significant, this 

time, including the cervicodiaphyseal angle. Females have considerably 



Table 24. Bilateral differences: external angles {adu1ts).1 

N % Difn2 

All Adults 

BA 35 -12.6" 

HAA 36 -12.0" 

AA 36 +10.3--

CDA 36 1.7 

Males 

BA 15 - 9.3 
MAA 15 - 4.9 
AA 15 7.8 
CDA 15 .5 

Females 

BA 20 -15.2-

MAA 21 -17.6--

AA 21 12.1-

CDA 21 205-

1Individuals 20 years of age and older. 

3% Diffl = L11eft-right)/lefj/ 100 
3% Diff2 = L1{left-right)1/1efj/ 100 

Paired t-tests 
- p <.05, $III p <.01 

% Diff23 

18.4 

16.4 

26.1 

4.2 

16.3 

11.7 

28.4 

4.9 

19.9 

19.7 

24.4 

3.8 

135 
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larger bicondylar and mechanical axis angles and less ante torsion with 

smaller cervicodiaphyseal angles on the right side (Table 24). Males 

have similar, but smaller and statistically nonsignificant, differences. 

Right femora probably experienced larger ML-bending moments (due to the 

smaller CDA) and smaller AP bending moments (due to the smaller angle of 

antetorsion) in the proximal femur. Relationships between external 

angles and proximal diaphyseal morphology are examined further below. 

Growth and Aging. There are fewer demonstrable growth-related 

changes in the external angles than anticipated at the beginning of this 

project. This is due partially to exclusion of the youngest age groups 

(where the greatest change in angles occurs) and partially to the poor 

performance of the angle determination technique. Distance curves for 

the four external angles on the left side are shown in Figure 24. Adult 

values for the bicondylar angle are reached well within the first decade 

of life end then this angle changes little throughout maturity (Fig. 24). 

The mechanical axis angle shows little age-related variability (Fig. 25). 

Clinically, this angle is said to represent the line of force through 

the femur. It is interesting that the line of force remains nearly con

stant while the other angles show some change. The angle of antetorsion 

shows considerable variability early in life (Fig. 26). This angle is 

much greater from age 3 to 7 years (with the exception of the 5 to 6 

year olds) than previously or subsequently and, then, "stabilizes" by 

the end of the first decade of life. The CDA decreases erratically early 

in life and then continues to decrease after the first decade (Fig. 27). 

Regression analyses of these angles on age indicated few sta

tistically significant relationships. The bicondylar angle increases 
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in a linear fashion during growth from ages one to 19. The correlation 

is not strong. however (r = .38 for left bones and r = .41 for right 

bones. p < .01 for both sides). 

Sex Differences. Sex differences are statistically significant 

for the mechanical axis angle and the CDA on the left side. but only 

for the bicondylar angle on the right side (Table 25). The directions 

of difference are the same on the two sides o Females have larger bi

condylar and cervicodiaphyseal angle. more ante torsion and smaller me

chanical axis angles than males. The larger bicondylar and cervicodia

physeal angles of females are probably related to their broader pelves. 

The sex differences in CDA and in ante torsion suggest that the 

distribution of stress in the proximal femur may differ between males 

and females. Smaller ML bending moments (due to the larger cervicodia

physeal angle) and greater AP bending moments (due to the larger angle 

of antetorsion) are anticipated for females. 

Osteoarthrosis (OA) 

The severity of OA was determined by rating the joints for 

peripheral lipping and surface lesions. The frequency of individuals 

with at least some lipping around the joint surfaces is high in this 

population. but the frequency of individuals with the presence of joint 

surface lesions is much lower (Table 26). Condylar lesions are most 

often found on the posterior aspects of these joint surfaces (Table 27). 

The lesions which occur on the inferior aspect of the condyles are found 

exclusively in the medial compartment. This distribution is interesting 

in light of studies of load transmission through the knee joint which 
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Table 25. Sex differences: external angles. 

Male Female 
N X std N X std (Male/Female)l00 

Left Side 
BA 16 8.3 1.8 21 8.7 2.2 95.4 
MAA 16 5.2 0.8 21 4.3 0.9 120.9" 
AA 16 24.8 8.8 21 27.7 6.4 89.5 
CDA 16 130.5 6.3 21 136.3 5.3 95.6" 

Right Side 

BA 18 8.4 1.8 21 9.7 2.5 75.0+ 
MAA 18 5.2 0.9 22 4.9 0.8 106.1 

AA 18 21.0 6.5 22 24.1 7.3 87.1 
CDA 18 129.6 10.5 22 132.8 5.0 97.6 

Two sample t-tests 
+ p <.1 

•• P <.01 
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Table 26. Osteoarthrosis: frequency of lipping and lesions. 

Males Females 
Left Right Left Right 

(A) Sample size (number of individuals meeting selection criteria). 

observations of lipping 

head 58 59 90 86 
patellar surface 59 57 77 83 
condyles 60 59 79 87 

observations of lesions 

head 57 59 88 86 
patellar surface 59 58 77 87 
condyles 55 55 71 75 

(B) Frequencies (percent of individuals in A), with lipping or lesions. 

lipping 

head 68.9 62.8 80.0 79.1 
patellar surface 84.8 80.8 76.6 71.1 
condyles 88.3 91.6 89.8 86.2 

lesions 

head 1.8 4.1 1.1 1.1 
patellar surface 6.8 8.5 10.4 10.3 
condyles'" 25.5 25.5 21.2 18.7 

lateral 18.9 14.3 14.1 11.8 
medial 9.1 10.6 12.2 10.2 

·Percentages for the medial and lateral condyles summed exceed the 
value for the condyle if lesions are found on both condyles. 
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Table 27. O~teoarthrosis: location of condylar lesions. -- Percentage 
of individuals with condylar lesions who have lesions on 
the inferior, posterior or both aspects are presented. 

Lateral condyle 

inferior 

posterior 

both 

Medial condyle 

inferior 

posterior 

both 

Males 
Left Right 

0.0 

60.0 

20.0 

20.0 

0.0 

100.0 

0.0 

16.7 
50.0 

33.3 

Females 
Left Right 

0.0 

100.0 

0.0 

22.2 

77.8 
0.0 

0.0 

100.0 

0.0 

0.0 
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show that th~ medial compartment carries most of the load (Paul 1976). 

Laterally, lesions are found almost exclusively on the non-weight

bearing posterior aspect of the joint surface. 

Side Differences. Wilcoxon matched-pairs signed-ranks tests 

show no significant bilateral differences for OA scores summed over the 

entire bone, the distal femur or the proximal femur (Table 21). The 

magnitudes of the absolute bilateral differences are much larger than 

the average differences (Table 21), an observation which is particularly 

interesting for the distal femur. Here, both the one-way and two-way 

ANOVAs show that age affects the absolute, but not the average magnitude 

of side differences. Older individuals tend to have a greater absolute 

bilateral difference than younger individuals. The average bilateral 

differences are not statistically significant because neither left nor 

right femora are preferentially more involved. However, the analyses 

of variance on the absolute magnitude of difference suggest that during 

aging either the left side or the right side becomes more arthrotic. 

Aging. Osteoarthrosis is an age-related phenomenon in this 

sample. Positive Spearman rank-order correlations between age and 

severity of osteoarthrosis are evident for both sexes (Table 28). The 

severity of osteoarthrosis increases with age, and the statistical rela

tionship between osteoarthrosis and aging is stronger in females than in 

males. This difference may be prejudiced by sample composition because 

there are few males over 50 years of age in this skeletal collection. 

Sex Differences. Sex differences in the severity of osteo

arthrosis are not evident. Neither Mann Whitney U tests, which compare 
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Table 28. Aging: severity of osteoarthrosis. -- Spearman rank-order 
correlation coefficients are presented. 

Left Rifiht 

OA Score 1 
N Coefficient2 N Coefficient2 

Total Sample 

Total 118 .50-- 118 .40--
Proximal 146 .19- 145 .23--

Distal 124 .51-- 125 .41" 

Males 

Total 51 .37-* 51 .30-
Proximal 5;7 .20 59 .26* 

Distal 55 .37-· 53 .31· 

Females 

Total 67 .58-- 67 .48-· 

Proximal 89 .19* 86 .19* 

Distal 69 .58" 72 .49*· 

10steoarthrosis score summed for total bone, proximal femur (head) and 
distal femur (patellar surface and condyles). 

2Significance of the coefficients: 
* <.05; u <.01 
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the medians of two samples, nor Kolmogorov-Smirnov two-sample tests, 

which compare the distributions of two samples, indicate statistically 

significant differences between males and females for total OA score 

(OASCR), proximal OA score (OAPROX) or distal OA score (OADIS) for 

either right or left femora (results not shown). 

However, in light of the sex-related difference in the strength 

of correlation between severity of osteoarthrosis and age, two-way 

analyses of variance were calculated for OASCR, OADIS and OAPROX with 

age and sex. Age-sex interaction and sex as a main effect are not 

statistically significant. Age does affect OASCR (F = 4.5, p = .001) 

and OADIS (F = 5.0, p = .001). These analyses support the conclusion 

that age, but not sex, affects the severity of femoral osteoarthrosis 

in this sample. 

Photon Absorptiometric Variables 

Variables measured with photon absorptiometry are the bone 

mineral content (BMC), the ML subperiosteal diameter (WIDTH) and the 

ratio of these two variables, the bone mineral index (BMI). 

Side Differences 

Side differences in the variables measured by photon absorp

tiometry are summarized in Table 29. There are very few statistically 

significant differences in BMC, WIDTH or BMI. The diaphyseal sites 

tend to have higher values on the right side, but the differences are 

not statistically significant. The femoral neck site shows evidence of 

more mineral on the right side and a larger diameter on the left side, 

resulting in a rather large difference in EMI. Although this scan site 
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Table 29. Bilateral differences: bone mineral variables. 

Two-way 4 
Variable 12· 3 % Diffl % Diff2 One-way- Age Sex Age-Sex 

m site (11=133) 

BMC 

WIDTH 

BMI 

3% site (11=146) 

BMC 

WIm'H 

BMI 

5~ site (n=14l) 

HMC 

WIDTH 

BMI 

6~ site (n=156) 

BMC 

WIDTH 

BMI 

8~ site (11=149) 

BMC 

WIIn'H 

BMI 

Neck site (11=118) 

BMC 

WIDTH 

BMI 

-.4 
-.8· 
.2 

o 
o 
o 

-1.0 

- .2 

- .8 

- .5 
- .5 
- .2 

- .8 
-1.3 

.4 

6.6 

3.0 

6.6 

6.4 

4.0 

5.9 

-1.5 6.6 

2.0"· 4.8 

-3.8"· 8.2 

NS,·· 

NS,NS 

NS,·· 

NS,·· 

··,NS 
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Levels of significance for paired t-tests and ANOVAs: 
• p < .05; .. p < .01; ... p < .001 

~ Diffl = Lrleft-right)/lefjJ100; ~ Diff2 = Ll(left-right)l/lefi7l00 

3seven age categories ( 1, 1-10, 10-19, 20-29, 30-39, 40-49, 50+) were 
included and significance was tested for both % Diffl and % Diff2. 

4Restricted to individuals 20 years of age and older, using four age 
categories (20-29, 30-39, 40-49, 50+). 
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was the most difficult to position and had the highest precision error 

(Chap. 4), the bilateral difference probably is biologically real. 

The absolute differences between sides are much larger than the 

average differences (Table 29), indicating that bilateral variability 

is considerable, but random with respect to side. The one-way ANOVAs 

for absolute bilateral differences indicate that younger individuals, 

particularly th08e less than one year old, tend to have a greater bi

lateral difference than do older individuals. Precision error may 

contribute somewhat to this age effect, but it is also reasonable to 

suggest that during growth the femora become more similar as they are 

subjected to the forces of locomotion. 

Growth 

Distance curves for three femoral sites (neck, ~, and 20%) 

are presented in Figure 28. Growth in BMC is similar at all three 

sites throughout the first decade of life (Fig. 28). During the second 

decade of life, increases in BMC at the two diaphyseal sites are greater 

than at the femoral neck. Addition of mineral ceases between 15 and 20 

years of age in the femoral neck, but continues into the third decade 

within the diaphysis. 

WIDTH increases very rapidly within the diaphysis before one 

year of age, particularly at the distal femur (20% site) where modeling 

occurs (Fig. 29). Similar data for the femoral neck are lacking early 

in life because it was not possible to scan this site in individuals 

less than one year of age. The rates of growth slow considerably after 

one year of age. 
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Changes in BMI are similar at the distal femur and neck, whereas 

the midshaft shows a greater increase during growth (Fig. 30). This 

similari ty ::.13 due to the greater diameter of the distal femur. Thus, 

although the bone tissue is arranged quite differently at the distal 

femur and the neck (compact vs. trabecular bone), the BMI is similar. 

At any given developmental age WIDTH is nearest to and BMC is 

farthest from their respective adult values at the femoral neck, mid

shaft, and distal scan sites (Figs. 31-33). Adult values are taken to 

be the average of the male and female means for the 25 to 29 age cate

gory because scatterplots show that maximum values for BMC and BMI occur 

at this age. These graphs suggest that structural strength, as repre

sented here by WIDTH, increases more rapidly early in life than does 

material strength, as represented by BMC or BMI (see below). 

Rates of growth may differ along the length of the bone. Growth 

rates were calculated with linear regressions as described above. An 

important consideration is the method of including cases. Two possi

bilities exist: (l) include only those individuals with values for all 

six scan sites, or (2) include individuals with values at any of the 

scan sites. The former approach was taken here because intra-bone 

variation in growth rates is of interest and an adequate sample size 

and distribution were available. 

From age one to 19 the scan sites at 80%, 6;1% and 50% have the 

steepest slopes, followed by the distal diaphysis and femoral neck for 

BHC (Table 30)" WIDTH follows the BMC pattern except the ~ Bite also 

has a relatively steep slope. The largest rates of growth in BMI are 

at the 6;1%, 50% and 3;1% scan sites. Increase in BMI of the femoral 
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Table 30. Growth: slopes for bone mineral variables. -- Left femur, 
n = 47, age = 1-19. 

BMC WIDTH BMI 

~ slope .144 .070 .046 

BE .006 .006 .003 

r .959 .865 .925 

3~ slope .144 .064 .056 

BE .007 .004 .003 

r .957 .923 .957 

~ slope .155 .071 .060 

SE .008 .004 .003 

r .950 .929 .,,957 

6~ slope .161 .074 .059 

BE .008 .005 .003 

r .946 .919 .943 

80% slope .155 .076 .053 

SE .007 .004 .002 

r .955 .939 .959 

NK slope .099 .065 .030 

SE .007 .004 .003 

r .908 .927 .R09 

Note: all correlation coefficients are significant at the .001 level. 



158 

neck is considerably slower. None of the diaphyseal rates differ, using 

the criterion of overlapping 9~ confidence intervals, but the rates of 

increase of BMC and BMI of the femoral neck are lower than those of the 

diaphysis. 

Considering just ages one to 10, a similar pattern is generally 

evident with the midshaft growing faster than either end (Table 31). 

An exception occurs at the most distal scan site (a~) where there is a 

high rate of increase in BMC and WIDTH due to growth modeling. The 

femoral neck adds bone at a slower, but statistically nonsignificant1y 

different, rate. 

Rates of growth in BMC are much higher during the second decade 

of life (compare Tables 31 and 32). The growth rate for this variable 

nearly doubles compared with the previous decade, but the differences 

are not statistically significant (except for the distal femur) because 

of the high standard errors of the slopes. Rates of growth in WIDTH are 

similar at the 6~, 50% and 35% sites when the first two decades of life 

are compared. The growth rate for the most distal site decreases when 

compared to the previous decade, because flaring of the bone is now 

distal to this scan site. Proximally, the growth rates in WIDTH seem 

to increase compared to the first decade. BMI of diaphyseal sites 

(except for the 8~ site) increases somewhat faster in the second decade 

of life than in the first, but the EMI of the femoral neck increases at 

a much slower rate. Within the second decade, increases in BMC and 

BMI, but not WIDTH, of the femoral neck are much slower than those of 

the diaphysis. 
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Table 31. Growth: slopes for bone mineral variables from age 1 to 10. 
-- Left femur, n = 33. 

BMC WIDTH BMI 

20% slope .108 .081 .041 

SE .011 .014 .007 

r .877 .709 .748 

3~ slope .102 .065 .049 

SE .009 .009 .005 

r .906 .801 .871 

50% slope .109 .072 .055 

SE .010 .010 .006 
r .896 .804 .843 

6~ slope .119 .076 .059 

SE .012 .012 .007 

r .876 .754 .826 

8~·slope .108 .066 .050 

SE .011 .009 .005 

r .878 .786 .852 

NK slope .088 .059 .036 

BE .014 .009 .008 

r .760 .755 .655 

Note: all correlation coefficients are significant at the .001 level. 
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Table 32. Growth: slopes for bone mineral variables from age 10-19. 
-- Left femur, n = 14. 

BMC WIDTH BMI 

20% slope .200 .067 .056 
SE .034 .029 .014 

r .863"· .557· .763" 

3% slope .202 .064 .067 
SE .037 .022 .015 

r .842"· .649· .. 799·· 

.5C1% slope .220 .076 .069 

SE .046 .022 .013 

r .811 ... • .708" .830··· 

6% slope .222 .077 .066 

SE .050 .021 .016 

r .791U .737·· .762** 

80% slope .194 .079 .049 

SE .042 .021 .011 

r .797-- .729·· .786·· 

NK slope .104 .083 .015 

SE .039 .019 .016 

r .606· .788·· .264 

Significance of correlation coefficients: 
• p < .05; •• p < .01; ••• p < .001 
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Comparison of transverse (Tables 30 to 32) and longitudinal 

(Table 22) growth rates in the femur is interesting because length in

creases faster during the first decade of life whereas HMC and BMI 

increase more rapidly during the second decade of life. Longitudinal 

growth may cease as early as age 15, but bone mineral is added through

out the second decade. "This difference in the timing of cessation of 

growth probably accounts for most of the difference in growth rates for 

length and BMC, but endosteal deposition of bone during adolescence 

(Garn 1970), increased apparent density of cortical bone and continued 

subperiosteal deposition of bone (see below) also contribute to the 

difference in growth rates. 

Despite the increased rate of growth during the second decade 

compared with the first for BMC and BMI, there are declines in the 

estimated average annual percent increases (Table 33). These declines 

are puzzling until one is reminded that the calculation takes into 

account the amount of bone already present. Thus, compared to the 

amount of bone present, less bone is added per year during the second 

decade. Bone is added on surfaces and as size increases more surface 

must be available. Therefore, the growth rate per unit surface area 

must be considerably reduced in the second decade. 

Aging 

There are sex-related differences in bone-loss in this sample. 

Over the age range available for analysis, males cannot be shown to 

lose bone within the diaphysis, but females lose bone at all six 

measurement sites. These observations are summarized in Figures 34-36, 
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Table 33. Growth: percent annual changee for left femora. 1 

N = 33 for agee 1-10, N = 14 for agee 10-19. 

BMC WIDTH BMI 

2a;, 

1-10 14.3 4.3 10.4 

10-19 8.8 2.6 6.3 

3~ 

1-10 14.6 4.8 9.9 

10-19 9.0 3.1 6.1 

5CJ1, 

1-10 15.1 6.1 9.4 

10-19 9.2 3.9 5.7 

6~ 

1-10 15.2 6.2 9.5 

10-19 8.9 3.9 5.3 

8a;, 

1-10 14.0 4.7 9.4 

10-19 3.6 4.5 

NK 

1-10 11.1 3.6 7.5 

10-19 5.6 3.6 1.9 

~ SLOPE annual change = MEAN 100 
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which display plots of five-year means of BMI on age for the left neck, 

50% and 20% scan locations. 

Separate graphical consideration of BMC and BMI is not necessary 

because changes in WIDTH, although evident, are much less pronounced 

during aging than during growth. The peak value for EMI at the femoral 

neck occurs between 20 and 25 years of age in males and 25 to 29 years 

of age in females (Fig. 34). Bone is lost during aging in both sexes 

at this site. 

Bone-loss is not evident within the male diaphysis but is 

noticeable within the female diaphysis (Figs. 35-36). There actually 

may be loss of bone in males because the means at the midshaft decrease 

between 35 and 50 years of age and decline at the distal site between 

30 and 50 years of age. The values plotted beyond 50 years for males 

are based on a very limited sample and sampling error is the most likely 

explanation for the apparent increase in BMI beyond 50 years of age 

(Figs. 35-36). 

Females began to lose bone from the diaphysis by 25 years of 

age (Figs. 35-36). There is no apparent change in the rate of loss 

during the age range included. In studies of modern populations, rates 

of loss are greater between the menopause and age 75 than previously or 

subsequently (Chapter 1). Variability in the onset of menopause within 

this population and the cross-sectional research design probably account 

for this lack of evidence of post-menopausal increased rates of bone 

loss. 

Comparison of young adult males with older males indicates that 

the only statistically significant changes in the male femur are 



167 

proximally, where WIDTH increases at the subtrochanteric (80%) site and 

BMI of the neck decreases (Table 34). 

Comparison of young adult females with older females indicates 

that BMC and BMI decrease in aging whereas WIDTH actually increases 

(Table 35). Changes in BMC and BMI are significant at most of the scan 

sites. Decrease in BMC is most noticeable at the femoral neck and the 

distal shaft while the mid-diaphysis is comparatively "protected." In

creases in WIDTH are greatest at sites which demonstrate the smallest 

declines in BMC. All changes in BMI are highly statistically signifi

cant and greater than changes in BMC. The pattern of bone loss is 

similar whether assessed by BMC or BMI, with the femoral neck and distal 

diaphysis experiencing the greatest decline. 

The rate of bone loss as examined with linear regressions is 

restricted to individuals 30 and over because visual examination of 

scatterplots showed that BMC and BMI do not begin to decline at all 

sites until the fourth decade of life. Therefore, only this part of 

the curve is linear. Recall that the magnitude of bone loss was great

est at the femoral neck and distal diaphysis in females (Table 35). 

This pattern of bone loss may be caused by differences in rates of loss 

or it may be a function of the amount of bone present at age 30. 

As with the growth rate calculations, only those individuals 

with scans at all six sites were included in the bone loss-rate analy

ses. No loss or gain of bone (BMC, BMI) is demonstrable with linear 

regressions for males aged 30 or over at any of the scan sites of either 

the left or right femur (Tables 36-37). The only statistically signifi

cant correlations are increases in WIDTH at the 80% site on both sides. 
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Table 34. Aging: bona mineral variables (a.dult males). - Left fOIlllr. 

SamEle Sizes Percent Differencel 

Site 20-39 40+ HMC WIDTH BMI 

~ 18 22 - 5.5 1.4 - 6.9 
3~ 23 21 - 2.1 0.7 - 104 
~ 20 20 2.0 0.1 2.2 
6~ 22 20 - 0.8 0.7 - 1.2 
~ 19 21 - ,.1 3.6· - 6.6+ 
NK 22 18 -1005 2.3 -13.4· 

Two sample t-tests: + p <.1; • p <.05 

~ difference = (40 + X) - (20-~9 X) 100, where X = mean value. 
(20-39 X) 

Table 35. Aging: bone mineral variables (adult females). -- Left 
femur. 

SamEle Sizes Percent Difference 1 
Site 20-39 40.- BMC WIDTH BMI 

~ 34 28 -19.0··· 2.8 -22.4··· 

3% 33 27 -14.0··· 2.8 -14.2u 

50% 36 25 -11.2·· 4.1· -15.5"· 
6~ 35 30 - 9.0" 5.7· -15.1·" 
8~ 36 28 -10.1·· 3.6+ -13.6·" 
NK 33 28 -19.7··· 0.7 -20.5··· 

Two sample t-tests: + p <.1; • p <.05; •• p <.01; ... p <.001 

~ difference = (40 + X) - (20-~9 X) 
(20-39 X) 

100, where X = mean value. 
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Table 36. Aging: slopes for bone mineral variables (males, left femur). 
-- N = 18. 

BMC WIDTH BMI 

2"" 
slope -.030 .014 -.015 
SE .022 .009 .009 

r -.321 .352 -.384 

3% 
slope -.013 .006 -.008 
SE .018 .006 .008 

r -.177 .247 -.270 

~ 

slope .007 .005 -.002 

SE .015 .006 .006 

r .011 .185 -.090 

6% 

slope -.119 .006 -.007 

SE .014 .008 .006 
r -.208 .176 -.271 

8"" 
slope -.012 .019 -.012 

SE .015 .006 .006 

r -.190 .615** -.442 

NK 

slope -.008 .006 -.004 

SE .017 .009 .006 
r -.113 .177 -.158 

Significance of slopes: •• p <.01. 
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Table 37. Aging: slopes for bone mineral variables (males, right 
femur). -- N = 20. 

BMO WIDTH BMI 

2CJ1, 

slope .005 -.004 .003 

SE .014 .005 .005 

r .076 -.174 .139 

3% 
slope .017 -.001 .007 

SE .017 .004 .006 

r .234 -.028 .2e7 

~ 

slope .021 .004 .006 

SE .017 .006 .005 

r .287 .154 .249 

6~ 

slope .015 .005 .003 

SE .016 .007 .005 

r .213 .150 .126 

8CJ1, 

slope .022 .006 .005 
SE .018 .006 .005 

r .270 .223· .205 

NK 

slope -.005 .003 -.002 

SE .015 .008 .006 

r -.078 .081 -.093 

Significance of slopes: • p <.05. 
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Results for females for the left femur are presented in Table 

38, while those for the right side are presented in Table 39. The 

slopes are negative and significant, indicating that there was bone loss 

at all si tes (13r~c and BMI). Posi ti ve WIDTH slopes are suggestive of age

related subperiosteal gain within the diaphysis. 

An interesting phenomenon is the consistently higher absolute 

values of the s~opes on the right side, except at the femoral neck 

suggesting that bone was lost at a greater rate on this side. Here, 

again, the problem of method of inclusion of cases must be considered. 

For each side, only those individuals with scans at all six sites were 

included. When the same criterion was applied to individuals (i.e., 

all 12 scan sites represented) the impression of faster bone loss with

in the right femur is less strong (Table 40). 

It is possible to calculate the average amount of bone loss per 

year in the same way average bone gain per year was calculated. For 

instance, the slope of -.022 for BMC at the left 2~ site (Table 38) 

implies that .022 grams/cm of mineral was lost per year. Taking the 

slope as a percentage of the mean value of BMC at this site for indi

viduals included in the regression equation, the average loss per year 

was 0.9% from age 30 to 59. These calculations for the individuals of 

Tables 38 and 39 are presented in Table 41. 

The rates for cortical and trabecular bone loss on the left side 

are similar and indicate loss of about 0.02 glcm per year at all six 

scan sites (Table 38). However, the average percentage loss per year 

is higher at the femoral neck site because there is less bone at this 

site than at the diaphyseal sites (Table 41). On the right side, 
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Table 38. Aging: slopes for bone mineral variables (females, left 
femur). - N = 32. 

BMC Wlm'H BMI 

2~ 

slope -.022 -.002 -.008 
SE .007 .005 .002 

r -.513" -.056 -.486·· 
3% 

slope -.021 ,.002 -.010 
SE .007 .003 .004 
r -.463" .105 -.400· 
~ 

slope -.021 .003 -.010 
SE .009 .003 .003 
r -.394· .202 -.502·· 

6% 
slope -.022 .005 -.012 
SE .008 .003 .003 
r -.447'" .265 -.602"''' 

~ 

slope -.020 .002 -.008 
SE .008 .004 .003 
r -.410'" .098 -.499"'· 

Nt<: 

slope -.022 -.001 -.009 
SE -.006 -.005 -.003 
r -.567" -.043 -.492 

Significance of slopes: • p <.05; •• p <.01; ••• p <.001. 



Table 39. Aging: slopes for bone mineral variables (females, right 
femur). - N = 34. 

2D.' 
slope 

SE 

r 

slope 

SE 

r 

slope 

BE 

r 

6~ 

NK 

slope 

SE 

r 

slope 

SE 

r 

slope 

SE 

r 

BMC 

-.027 

.007 
-.582··· 

-.026 

.008 
-.510" 

-.032 

.009 
-.542·· 

-.021 

.008 
-.430· 

WIDTH 

-.001 
.005 

-.023 

.002 

.003 

.120 

.004 

.003 

.206 

.003 

.004 

.147 

.0 

.005 
-.007 

Significance of slopes: • p <.05; •• p<.Ol; ••• p<.OOl. 

BMI 

-.011 
.003 

-• .544 •• 

-.013 

.003 
-.589·" 

-.014 
.003 

-.610·" 

-.014 
.003 

-.649·" 

-.009 
.003 

-.482" 

173 



174 

Table 40. Aging: slopes for bone mineral variables (females with 
scans at all 12 sites). -- N = 19. 

BMC WIDTH BMI 
Left Right Left Right Left Right 

2~ 

slope -.021 -.027 -.003 -.006 -.007 -.008 

SE slope .014 .011 .008 .009 .004 .004 

r -.335 -.512- -.076 -.158 -.399+ -.450 

3~ 

slope -.029 -.026 .001 -.002 -.013 -.010 

SE slope .010 .012 .005 .005 .004 .005 

r -.526- -.472· .059 -.092 -.589" -.451+ 

~ 

slope -.028 -.027 .002 .000 -.013 -.012 

SE slope .012 .013 .004 .005 .004 .005 
r -.497· -.467· .102 .020 -.579" -.493· 

6~ 

slope -.031 -.033 .002 .002 -.014 -.014 
SE slope .012 .014 .004 .005 .005 .005 

r -.528· -.489· .143 .084 -.602** -.544· 

8~ 

slope -.023 -.029 .. 001 .001 -.009 -.011 

SE slope .013 .014 .006 .• 006 -.005 .005 

r -.385 -.448+ .027 .036 -.431+ -.501· 

NK 

slope -.010 -.015 -.004 -.002 -.004 -.006 
SE slope .015 .013 .007 .008 .005 .005 

r -.165 -.274 -.126 -.057 -.189 -.298 

Significance of slopes: + p< .1; -P< .05; .-P< .01. 
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Table 41. Aging: percent annual change in bone mineral variables 
(females). -- N = 32 for the left side and N = 34 for the 
right side. Percent annual change was calculated as 
(slope/mean)lOO. 

BMC WIDTH BMI 
Scan Site Left Right Left Right Left Right 

20% ,.. .9 -1.1 0 0 - .9 -1.1 

3~ - .8 -1.0 .1 0 - .9 -1.0 

~ - .7 -1.0 0 .1 - .8 -1.1 

6~ - .8 -1.0 .2 .2 - .9 -1.1 

80% - .7 -1.1 .1 .1 - .7 -1.2 

NK -1.3 -1.2 0 0 -1.2 -1.2 
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bone-loss occurred at a greater rate within the diaphysis than at the 

femeral neck (Table 39). Consequently, even though the femo~al neck has 

a lesser amount of bone at age 30 than the diaphyseal sites, the percent 

annual loss is similar at the neck and diaphysis within the right femur 

(Table 41). The explanation for this bilateral difference in bone-loss 

is not clear, but it may be related t~ ~ightly higher mineral content 

within the right femur, particularly at the femoral neck (Table 29). In 

any case, the greater loss of bone at the femoral neck and distal 

diaphysis compared with the rest of the diaphysis (Table 35) must be 

attributed to the amount of bone present at maturity rather than to 

differences in rates of bone loss. 

Sex Differences 

Sexual dimorphism in EMC, WIDTH and BMI is discussed in the con

text of aging because females lose significant amounts of bone during 

aging, but males do not. The degree of sexual dimorphism in BMC and 

EMI, therefore, increases with age (Table 42). Sexual dimorphism in 

WIDTH, however, is not affected by aging. The average difference in 

WIDTH is about~. Differences in EMC vary from 20% to 60%, depending 

upon scan location and age. BMI varies by 10% to 50% depending upon 

scan location and age. Comparisons between sixth decade males and 

females must be considered in light of the extremely small sample size 

for males. 

The lack of increase in sexual dimorphism in WIDTH indicates 

that remodeling differences at the subperiosteal envelope do not account 

for age-related differences in EMC and EMI between males and females. 

In fact, the de~ee of sexual dimorphism in WIDTH in the fifth decade 
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Table 42. Sex differences: bone mineral variables by decade. -- The 
index of sexual dimorphism is calculated as the male mean 
divided by the female mean, multiplied by 100. 

Sa!!!,E1e Size Index 
Site Male Female BMC WIDTH BMI 

Age 20-29 

2~ 8 17 121.2·" 109.4 111.4" 

3% 9 17 128.0·" 109.0" 117.5" 

~ 7 18 121.6· 108.9· 111.5· 

6% 9 17 12l.8** 111.2**· 109.6· 

~ 7 18 125.0** 111.0" 113.1··· 

NK 8 16 136.5··· n8.1" 116.6· 

Age 30-39 
2(d, 10 17 138.3··· 101.4 135.8··· 

3~ 14 16 131.4··· 106.0· 124.0"· 

~ 13 18 130.0·" 107.2" 12l.8"· 

6% 13 18 127.5··· 110.7" 115.6"· 

~ 12 18 126.5··· 108.5·· 116.8··· 

NK 14 17 137.2··· 110.8" 123.3·· 

Age 40-49 

2(d, 19 13 144.3··· 105.8· 136.6··· 

3% 18 14 141.2··· 104.4 128.3·· 

~ 17 - 11 137.1·" 104.3 131.7··· 

6% 18 15 130.9··· 105.7 123.8"· 
8(d, 18 12 130.1··· 111.8··· 116.3·" 

NK 17 13 137.0·" 115.0··· 118.3· 

Age 50+ 
2(d, 3 15 147.5 101.9 145.2 

3% 3 13 160.7 104.5· 153.7 

~ 3 14 161.1· 109.4·· 147.0· 

6~ 2 15 143.2 116.1··· 123.3 

~ 3 16 143.6 115.6· 124.8 

NK 1 15 142.l""" 131.3··· 107.6 

Two sample t-tests: • p <.05; •• p <.01; ... p <.001 • 
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of life (Table 42) is less than in the previous two decades, indicating 

that subperiosteal deposition of bone may have occurred more rapidly in 

females than in males. 

Variability Within the Diaphysis 

Distribution of mineral within the femoral diaphysis is of 

interest because it may vary with age, sex and locomotor behavior 

(Sigmon 1970). Here, I document variability within the left femoral 

shaft as a function of age with the purpose of summarizing the bone 

mineral observations. An "intra-diaphyseal" coefficient of variation 

(CV) for the five diaphyseal scan sites waR calculated. This statistic 

yields information on the degree of variability within the diaphysis. 

Similar patterns emerge whether males and females are combined or con

sidered separately. Therefore, results are presented for the sexes 

combined. 

Intra-diaphyseal variability in BMC increases between fetal and 

perinatal life and then decreases steadily until the third decade of 

life (Fig. 37). Diaphyseal variability then slowly increases. Intra

diaphyseal variability in WIDTH increases from fetal to perinatal life 

and then decreases throughout growth and aging (Fig. 38). Variability 

of BMI roughly parallels that of BMC, although the period of peak vari

ability (ca. one year) is somewhat delayed (Fig. 39). BMI variability 

decreases until the third decade when it commences a steady increase. 

Growth and aging processes explain these changes in diaphyseal 

variability. Modeling of the shaft accounts for the steady reduction 

in the WIDTH CV during growth and continued subperiosteal deposition of 

bone, particularly in the midshaft, accounts for the continued decline 
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throughout aging. Modeling also accounts for the growth changes in BMC 

and BMI. Here, the timing is somewhat different. At first, growth in 

WII1l'H is faster than growth in BMC (Fig. 35). Hence, maximum vari

ability in EMI occurs somewhat later than maximum variability in BMC. 

Intra-bone variability in BMI declines as modeling occurs. Then, com

mencing in the third decade, variability increases. This increase 

cannot be attributed to site-specific differences in bone loss rates, 

but rather is a function of the amount of bone present at age 30. 

Cross-sectional Geometry 

Ten cross-sectional geometric variables are used to describe and 

analyze growth and aging of the femur (Table 14, Chapter 4). It is 

useful to review the biomechanical significance of these variables. The 

area of cortical bone (AREA) defines the resistance of a cross-section 

to pure axial loads. IX and IY define resistance to bending moments 

about the anatomical axes. IRAT is analagous to AP/ML indices tradi

tionally used in osteometrics such as the platymeric index of the 

proximal femur. A value over 100 means that resistance to bending is 

greater in the AP direction than in the ML direction. The major axis 

defines the plane of maximum resistance to bending and the minor axis, 

which is perpendicular to the major axis, defines the plane of minimum 

resistance to bending (Figo 40). Therefore, IMAX quantifies the resis

tance to bending about the minor axis and IMIN quantifies the resistance 

to bending about the major axis. THETA describes the location of the 

major axis with respect to the ML axis. !PHI is a ratio which describes 

shape. A perfectly cylindrical cross-section has a value of 100, 

implying that there is little directionality with respect to bending 
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Figure 40. Two cross-sections from a 25 to 29 year old male (right 
side). -- Note the similarity in size, but the vastly 
different shapes. These shape differences are most clearly 
appreciated when !PHI is considered in conjunction with 
THETA. 
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loads at that location. J represents the resistance to torsion and can 

also be considered an average bending strength because it is the Bum of 

IX and IY. Finally, APDNS is the apparent density of the cortical area 

and is related to material properties such as strength and stiffness 

(see Chap. 2). It is not a geometric property, but it is convenient 

and appropria~e to consider it here. 

Side Differences 

With the exception of the most distal scan site (20% location) 

and IX at 65% of shaft length, there are no statistically significant 

differences between paired femora (Table 43, Fig. 41). One-way and two

way analyses of variance indicate that neither age nor sex affect side 

differences with any consistency. Because of the small sample size, 

t-tests comparing side difference between individuals 20 and over and 

individuals less than 20, and males and females also were computed. 

These analyses supported the conclusion that bilateral differences were 

not affected by age or sex (results not shown). 

Side differences at the 20% level are consistent. While it is 

true that THETA is smaller on the left side than on the right, most of 

the differences between the two sides appear to be related to size and 

not shape. 

the right. 

For instance, the area of cortical bone is 3.~ greater on 

The second moments are 8% to 10% larger on the right side, 

reflecting, indeed, magnifying, the difference in area. Above, it was 

noted that left bones tend to be slightly longer than right bones. 

Recall that both members of a pair were scanned simultaneously (see 

Chap. 4). Therefore, the 20% scan site on the right side is slightly 

more distal with respect to diaphyseal length than on the left side. 
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Table 43. Bilateral differences: cross-sectional geometry. 

Two-wa;I Ii 
~ Difn1 ~ Diff22 One-wa~ Age Sex Age-Sex 

2~ Site (n=23) 
AREA - 3.4· 8.5 NS,NS NS,NS NS,NS NS,NS 

IX - 9.1·· 12.8 NS,NS NS,NS NS,NS NS,NS 

IY - 8.8· 13.8 NS,NS NS,NS NS,NS NS,NS 

IRAT - 1.0 7.7 .07,NS NS,NS NS,NS NS,NS 

!MAX - 9.7·· 13.4 NS,NS NS,NS NS,NS NS,NS 

IMIN - 7.8· 11.9 NS,NS NS,NS NS,NS NS,NS 

!PHI - 2.2 7.6 NS,NS NS,NS NS,NS NS,NS 

THETA -53.5 92.4 NS,NS NS,NS NS,NS NS,NS 

J - 8.7·~ 11.8 NS,NS NS,NS NS,NS NS,NS 

APDNS - .5 7.7 NS,NS NS,NS NS,NS NS,NS 
(n=23) 

3~ Site (n=16) 
AREA - 1.3 5.8 NS,NS NS,NS NS,NS NS,NS 

IX - 3.7 8.5 NS,NS NS,NS NS,NS NS,NS 

IY - 4.3 8.4 NS,NS NS,NS NS,NS NS,NS 

!RAT .2 9.3 .01, .04 NS,NS NS,NS NS,NS 

IMAX - 5.1 7.6 NS,NS NS,NS NS,NS NS,NS 

IMIN - 2.6 7.8 NS,NS NS,NS NS,NS NS,NS 
]PHI - 2.8 7.6 .09,NS NS,NS NS,NS NS,NS 

THETA - 5.4 5.7 NS,NS .06,.08 NS,NS NS,NS 

J - 3.9 6.1 NS,NS NS,NS NS,NS NS,NS 

APDNS - 2.3 5.1 NS,NS NS,NS NS,NS NS,NS 
(n=14) 
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Table 43--continued Bilateral differences: cross-sectional geometry. 

4 
% Difn1 % Diff22 One-way3 

Two-wal 
Age Sex Age-Sex 

~ Site (11=25) 
AREA - 1.2 5.7 NS,NS NS,NS NS,NS NS,NS 

IX - 3.3 10.3 NS,NS NS,NS NS,NS NS,NS 

IY - 3.5 9.3 NS,NS NS,NS NS,NS NS,NS 

IRAT - .3 10.2 a03,NS NS,NS NS,NS NS,NS 

IMAX - 5.1 10.9 NS~NS NS,NS NS,NS NS,NS 

IMIN - 1.2 6.8 NS,NS NS,NS NS,NS NS,NS 

!PHI - 4.1 8.8 NS,NS NS,NS NS,NS NS,NS 

THETA - 6.0 18.3 NS,NS NS,NS NS,NS NS,NS 

J - 3.4 8.7 NS,NS NS,NS NS,NS NS,NS 

APDNS - 1.3 5.0 NS, .03 NS,NS NS,NS NS,NS 
(n=21) 

6% Site (n=26) 

AREA - 1.6 4.2 NS,NS NS,NS NS,NS NS,NS 

IX - 2.6· 6.3 NS,NS NS,NS NSiNS NS,NS 

IY - 1.1 11.7 NS,NS NS,NS NS,NS NS,NS 

IRAT - 3.2 12.7 NS,NS NS,NS NS,NS NS,NS 

lMAX - 3.2 8.1 NS,NS NS,NS NS,NS NS,NS 

IMIN .1 8.7 NS,NS NS,NS NS,NS NS,NS 

!PHI - 4.1 9.6 NS,NS NS,NS NS,NS NS,NS 

THETA - 3.2 11.1 NS,NS NS,NS NS,NS NS,NS 

J - 1.7 7.6 NS,NS NS,NS NS,NS NS,NS 

APDNS .1 4.6 NS, .06 NS,NS NS,NS NS,NS 
(n=26) 
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Table 43--continued Bilateral differences: cross-sectional geometry. 

4 
% Diffll % Diff22 one-wa~ 

Two-wal 
Age Sex Age-Sex 

8~ Site (11=25) 

AREA .3 6.3 NS,NS NS,NS NS,NS NS,NS 

IX 2.8 10.6 NS,NS NS,NS NS,NS NS,NS 

IY 2.9 12.3 NS,NS NS,NS NS,NS NS,NS 

IRAT - 2.2 12.7 NS,NS NS,NS NS,NS NS,NS 

lMAX 3.7 11.4 NS,NS NS,NS NS,NS NS,NS 

IMIN 2.0 10.0 NS,NS NS,NS NS,NS NS,NS 

IPHI 1.0 9.1 NS,NS NS,NS NS,NS NS,NS 

THETA .1 5.5 NS,NS NS,NS NS,NS NS,NS 

J 3.6 9.4 NS,NS NS,NS NS,NS NS,NS 

APDNS - 2.0 6.8 NS,NS NS.NS NS,NS NS,NS 
(11=23) 

Levels of significance for paired t-tests and ANOVAs: 
+ p<.lj • p<.05; NS = nonsignificant. 

~ Diffl = L\left-right)/lefi7100 

~ Diff2 = L1(left-right)1/lefJV100 

3Six age categories (1-10, 10-19, 20,29, 30,39, 40-49, 50+) were 
included and significance was tested for both % Diffl and % Diff2. 

4Restricted to individuals 20 years of age and older, using four age 
categories (20-29, 30-39, 40,49, 50+). 
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Cross-sectional geometry changes rapidly in this part of the diaphysis. 

A slight bias in scan location may account for the significant bilateral 

differences at the 20% site. These differences are not evident in the 

variables of photon absorptiometry because left and right bones were 

scanned independently. 

Although statistically insignificant, right femora also tend to 

have slightly larger cross-sectional geometric properties at 3~, 50% 

and 6~ of shaft length, but not at the 80% site. Bone mineral vari

ables also tend to have larger values for right femora (Table 30). The 

cause of this side-related variability is not clear, but it suggests 

that a slight bias in positioning of right femora for computed tomog

raphy combined with a tendency for the right side to be slightly bigger, 

produced statistically significant bilateral differences in the distal 

femur. 

Growth 

Growth of cross-sectional geometric properties is summarized in 

Table 44 where means and standard deviations for three age categories 

(1 to 5, 5 to 10, and 10 to 19) are presented. Naturally, variables 

related to size (i.e., AREA, IX, IY, IMAX, IMIN and J) display consider

able variability both within and between the three age categories. Pure 

shape variables (i.e., IRAT, !PHI, THETA) tend not to change in the 

proximal femur during growth, but do change in the distal femur. 

It is convenient to consider changes in diaphyseal morphology 

by scan location and then to consider changes in apparent density. 

Figure 42 summarizes diaphyseal shape changes during growth. This 

figure shows age changes at each scan location (rows) and variability 



Table 44. Growth: cross-sectional geometry. -- Right side reported because of problems with 
analyzing the 3~ site on the left side. Columns labeled "SIG" refer to two-
sample t-tests between adjacent age groups (+ p<.l, • p <.05, •• p <.01, 
••• p .001, NS = not significant) • 

1-5 (n=4) 5-10 (n=5) 10-19 (n=3) 
X STD CV SIG X STD CV SIG X STD CV 

2'$ Scan Site 

AREA 69 35 50.7 • 137 35 25.5 • 251 42 16.7 

IX 1176 993 84.4 • 4814 2199 45.7 • 13544 3130 23.1 

IY 2412 1860 77.1 • 6368 2676 42.0 • 15022 3123 20.7 

IRAT 47.0 2.9 6.2 • 76.5 17.8 23.3 NS 91.5 21.6 23.6 
!MAX 2443 1913 78.3 • 6528 2687 41.2 • 16071 3030 18.9 
!MIN 1145 940 82.1 • 4654 2152 46.2 •• 12496 2358 18.9 

IPHI 217.6 7.0 3.2 • 146.0 37.8 25.9 NS 129.1 14.8 11.5 
THETA - 4.1 6.3 153.6 + - 18.9 12.7 67.2 NS 14.9 62.8 421.0 

J 3588 2853 79.5 • 11182 4747 42.5 • 28567 5821 20.4 

APDNS .679 .048 7.1 NS .785 .130 16.6 NS .875 .070 8.0 

.... 
'8 



Table 44--continued Growth: cross-sectional geometry. 

1-5 (n=4) 5-10 (n=5) 10-19 (11=3) 
X = = STD CV SIG X STD CV SIG X STD CV 

3% Scan Site 
AREA 59 27 45.8 • 118 24 20.3 •• 222 25 11.3 
IX 753 625 83.0 .... 3109 952 30.6 • 10231 2368 23.1 
IY 956 696 72.8 • 2715 979 36.1 • 7565 1526 20.2 
IRAT 74.9 8.2 10.9 • 117.4 24.2 20.6 NS 138.8 39.4 28.4 

IMAX 976 717 73.5 •• 3253 981 30.2 • 10536 2122 20.1 
IMIN 733 603 82.2 •• 2570 884 34.4 • 7261 1249 17.2 
IPHI 140.3 14.9 10.6 NS 128.3 15.7 12.2 NS 147.0 30.8 21.0 

TIIDl'A - 14.7 4.2 28.6 NS 44.6 69.1 154.9 NS 51.9 77.6 149.5 
J 3588 2853 79.5 • 5824 1898 32.6 •• 17796 2705 15.2 
APDNS .742 .086 11.6 • .902 .045 5.0 NS .940 .038 4.0 

~ Scan Site 
AREA 63 24 38.1 • 121 29 24.0 •• 236 26 11.0 
IX 617 390 63.2 • 2728 1115 40.9 + 9218 3476 37.7 
IY 613 412 67.2 • 2045 784 38.3 •• 6154 882 14.3 
IRAT 101.9 7.2 7.1 • 132.3 16.6 12.5 NS 151.5 56.6 37 .. 4 
!MAX 673 423 62.9 • 2755 1098 39.9 + 9408 3312 35.2 
IMIN 557 378 67.9 • 2018 806 39.9 •• 5963 880 14.8 
IPHI 123.2 5.2 4.2 NS 136.9 18.9 13.8 NS 158.8 51.7 32.6 
THETA 132.9 10.1 7.6 •• 95.0 12.1 12.7 NS 77 .. 6 36.3 46.8 
J 1230 802 65.2 •• 4773 1882 39.4 • 15372 3588 23.3 
APDNS .776 .099 12.8 • .935 .092 9.8 NS .977 .028 8.2 I-' 

~ 
I-' 



Table 44--continued Growth: cross-sectional geometry. 

1-5 (n=4) 5-10 (n=5) 10-19 (n=3) 
X STD CV SIG X STD CV SIG X STD CV 

6% Scan Site 
AREA 73 29 39.7 • 142 31 21.8 •• 247 25 10.1 

IX 831 214 25.8 •• 3393 1222 36.0 • 9131 2156 23.6 

IY 770 542 70.4 •• 2615 921 35.2 • 7150 1315 18.4 

IRAT 116.4 18.7 16.1 NS 129.2 4.3 3.3 NS 131.4 lto.3 30.7 

!MAX 990 594 60.0 •• 3539 1193 33.7 ••• 10314 1100 10.7 

!MIN 610 371 60.8 • 2470 960 38.9 • 5966 1233 20.7 

!PHI 161.5 16.9 10.5 NS 146.1 14.2 9.7 NS 176.7 31.3 17.7 
THETA 126.1 10.5 8.3 + 109.8 10.6 9.7 NS 118.5 27.4 23.1 

J 1600 964 60.2 •• 6008 2141 35.6 •• 16281 2131 13.1 
APDNS .743 .061 8.2 .. .862 .081 9.4 NS .942 .039 4.1 

80% Scan Site 
AREA 92 30 32.6 • 143 28 19.6 •• 246 22 8.9 
IX 1660 732 44.1 •• 4418 1111 25.1 • 10024 2292 22.9 
IY 1492 896 60.1 •• 3994 1216 30.4 • 10130 2414 23.8 
IRAT n8.5 22.0 18.6 NS 113.1 14.6 12.9 NS 100.2 16.0 16.0 
!MAX 19lto 971 50.1 •• 5166 1378 26.7 + 12765 3187 25.0 
!MIN 1213 644 53.1 •• 3246 1003 30.9 • 7455 1456 19.5 
!PHI 160.1 33.6 21.0 NS 163.3 26.5 16.2 NS 171.4 23.5 13.7 
THETA 123.4 15.1 12.2 NS 128.8 6.2 4.8 NS 136.9 10.8 7.9 
J 3152 1598 50.7 •• 8412 2299 27.3 • 20153 4468 22.2 

.545 .111 20.4 • .774 .051 6.9 .930 .084 9.0 
I-' 

APDNS + \D 
N 
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1 T05 5 TO 10 10 TO 19 ADULT 

80% 

65% 
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35% 

20% 

Figure 42. Growth: locations of major axis (right side). -- The hori
zontal axis is the t-!L axis, "lith medial to the 1ef·t side of 
the page. The vertical axis is the AP axis, with anterior 
to the top of the page. 
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within femora of a given age (columns). The ML and AP axes and the 

position of THETA are showng Reference to this figure and to Table 44 

is useful in the following discussion. 

The distal femur (20%) shows considerable growth-related vari

ability in morphology. IX increases more than IY. Therefore, IRAT 

approaches 100. !PHI decreases and approaches 100 from the opposite 

direction. Thus, the 20% site becomes more cylindrical during growth. 

This is undoubtedly related to modeling and suggests that flaring of 

the distal femur occurs farther from the midshaft as size increases, an 

observation presaged by consideration of intra-bone variability in WIDTH 

(see Fig. 38). Although THETA is located near the ML axis throughout 

growth, the implication of increasing circularity is that bending 

stresses are not as preferentially directed at this site as the bone 

increases in length. 

At the 3~ location, there is no overall change in IPHI, sug

gesting that bending stresses maintain the same magnitude of preferen

tial orientation during growth. However, changes in THETA, though 

nonsignificant statistically, indicate that the direction of maximum 

resistance to bending stress changes. These changes in THETA, coupled 

with the greater increase in IX compared with IY (i.e., an increase in 

IRAT) suggest that bending stresses become more aligned with the AP 

axis during growth. 

The maximum resistance to bending also approaches the AP axis 

at the midshaft (50%). Here, however, the "approach" is from the 

anteromedia1 direction rather than from the medio1ateral direction. The 

increases in IRAT and !PHI indicate that this location becomes more 

adapted to AP bending stresses during growth. 
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Changes at the two proximal (6~, 8~) locations are similar and 

are discussed together. Neither !PHI nor THETA change dramatically. 

The proximal femur seems to be adapted to its mechanical role very early 

in life. The basic shape of the proximal femoral diaphysis is estab

lished by the second year of life. Therefore, growth in the proximal 

femoral diaphysis is concerned mainly with increasing size while main

taining shape. 

Increase in apparent density is not statistically evident at 

"all five scan sites between adjacent age categories, although the trend 

toward increased density is obvious. When individuals 10 to 19 years of 

age are compared to individuals 1 to 5 years of age, the differences in 

APDNS are statistically significant at all five sites (Table 45). The 

biomechanical implications of these changes are considered below. Here, 

the underlying biological causes are discussed. 

Changers in apparent density are more than just the addition of 

bone mineral. Increased apparent density during growth is caused by 

modeling, void filling and denser packing of bone mineral. The 70.6% 

increase in APDNS of the proximal femur (80% site) is largely due to 

modeling. Examination of images obtained with computed tomography shows 

that considerable areas of trabecular bone are evident at the endosteal 

surface in young individuals. The relative proportion of corti~a1 bone 

versus trabecular bone increases during modeling of the proximal shaft. 

Therefore, the apparent density of this scan site increases dramatically. 

Changes at the midshaft (50% site) are probably more characteristic of 

tissue level changes (void filling) and ultrastructural changes (tighter 

packing of bone mineral). The endosteal surface at the midshaft is not 
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Table 45. Growth: apparent density right femora. 

1-5 ~n=4) 10-19 (n=3) Percent 2 
Site -1 STD -1 STD X X Difference 

2f11, .679 .048 0875 .070 28.9-

3% .742 .086 .940 .038 26.7-

~ .776 .099 .977 .028 25.9-

6% .743 .061 .942 .039 26.8--

8~ 545 .111 .930 .084 70.6·-

19/cm3 

L, (mean of 10-19) - (mean of 1-5) x 100 
~ difference = ~ mean of 1-5) 

T-test: - p <.05; -- p <.01. 
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highly trabecularized at any age included in the CT sample. Thus, 

modeling per se is not a cause of increase in apparent density at this 

site. This implies that nearly two-thirds of the 70.~ increase in 

APDNS of the proximal femur «(70.6%-25.9%)/70.~) = 63.~) is due to 

modeling and one-third is due to tissue and ultrastructural changes. 

Aging 

Age changes are not evident in cross-sectional geometry in the 

present study (Tables 46 and 47). This is not unexpected for males, 

considering the lack of change observed in BMC, WIDTH and BMI, but it 

is unexpected in females. Previous research by other investigators 

indicates that cortical area, in particular, should decrease, although 

structural strength might increase (Chap. 1). Therefore, the CT sample 

may not be representative of the sample used in bone mineral analyses. 

This suspicion is confirmed by examination of bone mineral age group 

means for the CT sample. These data are not shown here, but indicate 

that BMC has consistently lower values in the younger females (age 20 

to 39) than in older females (age 40 and over) of the CT sample. This 

is clearly aberrant for the bone mineral sample as a whole (Table 33). 

Another likely contributing factor is the nature of the outlining 

routine. This routine tends to include trabecular bone. Therefore, 

the area measurements are not sensitive to increasing porosity of the 

endosteal envelope, the predominant location of bone loss in aging fe

males. This possibility is supported by decreases in apparent density 

between younger and older females at the 20%, 50%, 6~ and 80% sites 

(Table 47). This decrease implies that the cross-sectional area is more 

porous. Therefore, the increases in cross-sectional areas in females 
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Table 46. Aging: cross-sectional geometry (males) ,1 right side. 

20-40 40.- Percent 
N X STD N X STD Difference 2 

2a;, site 
AREA 4 422 81 4 348 61 -17.5 
IMAX 4 31013 9040 4 33321 5743 + 6.9 
IMIN 4 26222 7558 4 25366 4030 - 3.3 
J 4 57235 16495 4 ·58687 9694 + 2.5 
APDNS 4 .891 .055 3 .930 .070 + 4.4 

3~ site 
AREA 3 399 87 4 376 59 - 5.8 
IMAX 3 27844 10939 4 26918 5966 - 3.3 
IMIN 3 16526 6157 4 17788 2176 + 7.6 
J 3 44370 16924 4 44706 7438 + .8 
APDNS 2 .926 .027 2 .968 .032 + 4.5 

50% site 
AREA 4 406 66 4 391 55 - 3.7 
IMAX 4 27354 8749 4 25404 5731 - 7.1 
IMIN 4 16040 5051 4 16302 2883 + 1.6 
J 4 43395 13720 4 41705 7557 - 3.8 
APDNS 4 1.000 .038 3 1.029 .027 ... 2.9 

6~ site 
AREA 3 396 65 3 375 27 - 5.3 
IMAX 3 23220 9195 3 25185 4585 + 8.5 
IMIN 3 17538 5312 3 15953 2126 - 9.0 
J 3 40772 14475 3 41138 6653 .9 
APDNS 3 1.011 .045 3 .957 .037 - 5.3 

8a;, site 
AREA 4 422 74 3 392 54 - 7.1 
IMAX 4 34908 12771 3 29527 6607 -15.4 
IMIN 4 18377 5250 3 17877 1732 - 2.7 
J 4 53285 17952 3 47405 7834 -11.0 
APDNS 4 .955 .055 3 1.016 .021 + 6.4 
10nly selected properties are shown here. These properties are related 

to structural strength (AREA to J) and material strength (APDNS). 
2% D. ff (40 + x) - (20-40 X) 100 

1 erence = (20-40 X) x 
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Table 47. Aging: cross-sectional geometry (females).l right side. 

20-40 40. Percent 2 - -N X STD N X STD Difference 

2~ Bite 
AREA 4 269 45 3 306 62 +13.8 
!MAX 4 18606 4439 3 27137 8337 +45.9 
!MIN 4 14187 3157 3 17786 1133 +25.3 
J 4 32792 7205 3 44923 9393 +37.0 
APDNS 4 .908 .081 3 .796 .064 -12.3 

35% Bite 
AREA 4 263 33 3 276 11 + 4.9 
!MAX 4 12293 3394 3 14833 1569 +20.7 
!MIN 4 10319 3336 3 11976 1024 +16.1 
J 4 22612 6577 3 26809 2386 +18.6 
APDNS 4 .978 .036 2 .986 .098 + .8 

~ site 
AREA 4 286 51 4 312 9 + 9.1 
IMAX 4 12482 4001 4 15375 2379 +23.2 
!MIN 4 9834 3220 4 11754 1858 +19.5 
J 4 22316 7154 4 27129 4024 +21.6 
APDNS 4 .968 .036 4 .937 .036 - 3.2 

6% Bite 
AREA 4 302 48 4 325 12 + 7.6 
!MAX 4 13180 2819 4 16672 2881 +26.5 
!MIN 4 11077 3701 4 12537 1919 +13.2 
J 4 24257 6500 4 29209 4318 +20.4 
APDNS 4 .976 .035 4 .944 .059 - 3.3 

8~ site 
AREA 4 301 62 4 325 20 + 8.0 
IMAX 4 18589 5589 4 21908 5456 +17.9 
!MIN 4 10788 3567 4 13273 1182 +23.0 
J 4 29377 9094 4 35181 6574 +19.8 
APDNS 4 .913 .008 4 .910 .065 - .3 
lpropertieB related to structural strength (AREA to J) and material 
strength (APDNS). 
~ DOff _ (40+ x) - (20-40 X) 100 

1 - (20-40X) x 
t sample t-tests: + p <.1. 



are probably due to a combination of sampling error and the method of 

measuring cortical area. 

Sex Differences 
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Sex differences in cross-sectional geometry of the proximal 

femur are mainly size-dependent while those of the distal femur reflect 

differences in size and shape (Table 48, Fig. 43). The plane of maximum 

resistance to bending is much closer to the ML axis in females than in 

males at the 20% site. The female value for IRAT support this conclu

sion. Examination of the mean values of THETA at the 3~ and 50% scan 

sites seems to suggest that females are more adapted to AP bending 

stresses than males (contra Ruff and Hayes 1983b). However, the stan

dard deviation is quite high and IRAT, the ratio of IX to IY, is con

sistently higher in the male femur. This is strong evidence that males 

are more adapted to AP bending stresses than are females in the mid

distal femur (3~ and 50% sites). Proximally, this plane has a similar 

location in males and females (65% and 80% site). 

Distally (20% and 35% sites), IPHI is nearer to 100 in males 

than in females, implying that the cross-sectional shape is more cylin

drical in males. Males have higher values for IPHI at the three most 

proximal sites, implying that the proximal shaft is more cylindrical in 

females. Apparent density tends to be slightly higher in males at all 

scan sites, but the differences are not statistically significant. This· 

tendency may be due to a more porous endosteal envelope in the female 

diaphysis. 

Sexual dimorphism in cortical area increases from proximal to 

distal. Sexual dimorphism in structural strength (IMAX, IMIN and J) 
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Table 48. Sex differences: cross-sectional geometry (left side). 

Male Female Male x 100 N X STD N X STD Female 

20% scan site 
AREA 6 408 50 8 269 40 151.7*" 
IX 6 28351 7311 8 15871 3904 178.6" 
IY 6 28181 7913 8 19576 7584 144.0+ 
IRAT 6 103 22 8 88 22 117.0 
IMAX 6 31139 8948 8 20637 7600 150.9* 
IMIN 6 25393 4843 8 14810 3485 171.5" 
IPHI 6 121 15 8 137 29 88.3 
THETA 6 34.2 43.9 8 -6.8 38.9 -502.94-
J 6 56532 13539 8 35447 10606 159.5· 
APDNS 6 .877 .053 8 .888 .105 98.8 

3% scan site++ 
AREA 7 378 60 3 256 35 147.7*-
IX 7 25142 7482 3 11219 3745 224.1** 
IY 7 17508 3863 3 10614 3752 165.0+ 
IRAT 7 143.6 25.7 3 106.1 5.5 135.3" 
IMAX 7 26269 7872 3 11917 4345 220.4*-
IMIN 7 16381 3395 3 9916 2931 165.2* 
IPHI 7 121.3 15.1 3 137.3 29.4 88.3 
THETA 7 73.0 12.2 3 99.5 34.1 73.3 
J 7 42650 10714 3 21833 7472 195.3* 
APDNS 7 .973 .057 2 .964 .026 100.9 

50% scan site 
AREA 7 385 48 6 301 30 127.9*-
IX 7 23232 7307 6 11834 2830 196.3*-
IY 7 17073 4269 6 11228 2512 152.1· 
IRAT 7 137.4 29.6 6 105.2 8.6 130.6* 
IMAX 7 24875 7919 6 12586 2765 197.6*· 
IMIN 7 15429 3256 6 10477 2590 147.3* 
IPHI 7 160.2 27.9 6 121.0 10.9 132.4*-
THETA 7 64.7 15.8 6 89 .. 3 43.6 7205 
J 7 40304 10734 6 23063 5263 174.8" 
APDNS 7 .987 .066 4 .948 .091 104.1 



202 

Table 48--continued 

Male Female Male - SIJ,'D - x 100 N X N X STD Female 

6% scan site 
AREA 8 392 46 8 313 31 125.2" 
IX 8 21451 6202 8 13499 2748 158.9" 
IY 8 20508 5253 8 13615 3971 150.6· 
IRAT 8 107.5 27.2 8 101.1 11.0 106.3 
IMAX 8 24351 6248 8 15425 4039 157.9·· 
IMIN 8 17608 3770 8 11688 2750 150.7·· 
!PHI 8 137.7 15.8 8 132.8 20.0 103.7 
THETA 8 124.7 38.7 8 126.7 27.7 98.4 
J 8 41959 9831 8 27113 6512 154.8" 
APDNS 8 1.006 .071 8 .954 .058 105.5 

8~ scan site 
AREA 8 388 48 8 319 44 121.6· 
IX 8 26341 9172 8 16455 3860 160.1'" 
IY 8 25673 5715 8 18559 6099 138.3· 
IRAT 8 105.1 41.8 8 91.4 13.1 115.0 
IMAX 8 34014 10446 8 22327 7076 152.3· 
IMIN 8 17800 3784 8 12687 3004 140.3·· 

!PHI 8 193.6 74.3 8 175.5 28.4 110.3 
THETA 8 137.3 10.5 8 139.4 8.1 98.5 
J 8 52014 11890 8 35014 9716 148.6" 
APDNS 7 .949 .080 8 .887 .070 107.0 

Sample t-tests: + p <.1; • p <.05; OIl. p <.01; OIl •• p <.001. 

++ Sample size for females is small because of technical problems 
with,the image analysis system (see text). 
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follows this pattern with the exception of the 3~ site which has the 

greatest values. This difference between area and structural strength 

is understood when it is remembered tllat second moments depend upon area 

as well as distribution of material. For instance, the larger sex dif

ference in AREA at the 20% than at the ~ site, coupled with the smaller 

difference in J at the distal femur comparsd to the midshaft suggests 

that in females bone must be distributed closer to the centroid at the 

midshaft and farther from the centroid at the distal femur. 

Summary and Discussion 

The following remarks summarize the main points of this chapter 

and make comparisons to other studies. The discussion is organized 

around side differences, growth and aging, and sex differences. Size

related variables and shape-related variables are discussed separately. 

The size-related variables include femoral lengths, BMC, WIDTH, BMI and 

AREA. Shape variables include the four external angles, IRAT, IPHI and 

THETA. The other cross-sectional variables are more difficult to 

classify. The area moments of inertia (IX, IY, !MAX, !MIN and J) con

tain information on both size and shape. Apparent density is inde

pendent of size and shape. 

Side Differences 

Left femora tend to be slightly longer than right femora, but 

their cross-sectional properties (including variables measured with 

photon absorptiometry and computed tomography) tend to be smaller. Most 

of these side differences average less than 1%, except for cross

sectional geometric differences which are on the order of a few percent. 



205 

These bilateral differences are opposite the typical pattern of larger 

left lower limb bones (Ruff and Jones 1981; Ruff and Hayes 1983b). The 

one-way and two-way analyses of variance indicate that neither age nor 

sex affects most of these differences. 

When side differences are calculated as the absolute difference, 

bilateral variability is generally several times greater than when cal

culated as the average difference. Thus, true bilateral differenc«s 

average 5% to 10%. Calculating bilateral differences as the absolute 

difference shows that side-related variation in bone mineral content 

decreases from fetal to early life, a finding in agreement with Schultz's 

(1926) study of the human femur. This method also shows that osteo

arthrosis becomes progressively more severe on one side during aging. 

Side-related shape differences are also present in the four 

external angles of the femur. The direction of difference is similar 

for males and females, but statistical significance is reached only in 

females. In general, the bicondylar and mechanical axis angles are 

larger on the right side, whereas the angle of antetorsion and the cervi

codiaphyseal angles are larger on the left side. In a similar study. 

Ruff (1981) found that the angle of antetorsion was consistently greater 

on the right side in Pecos Pueblo femora. 

Statistically significant cross-sectional shape differences are 

not evident in this study, although THETA tends to be larger on the left 

side, except at the 80% location. This means that the plane of maximum 

resistance to bending tends to be closer to the AP axis at the 20%, 35%, 

and 50% sites, but closer to the ML axis at the 65% site in the left 

femur. Bilateral differences at the 80% site are negligible. If the 



angle of antetorsion influences cross-sectional geometry, larger 

proximal bilateral differences in THETA are anticipated. These angle 

relationships are considered further below. 

Growth 
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Growth in diaphyseal length as measured in this study is diffi

cult to compare with other studies because of differences in measurement 

technique. However, the pattern of femoral growth as seen in Hinkes' 

(1983) study of the Grasshopper collection is qualitatively similar to 

that obtained here. 

Growth in the bone mineral variables also is difficult to com

pare with other studies because the radius, not the femur, has been the 

bone of choice. The annual percent increase in left femora reported 

here varies from 11.1% to 15.2% during the first decade of life. These 

values are higher than the 8% annual growth reported by Mazess and 

Cameron (1974) for radii of U.S. White children. This 8% figure is cal

culated for individuals between 6 years and the adolescent growth spurt. 

Growth in the second decade of life averages about 8% in males and about 

6% in females in the Wisconsin study (my calculations based on Mazess 

and Cameron 1974), slightly lower than the values reported here. These 

differences may be due to differences in research design (radius vs. 

femur, chronological vs. developmental age) or differences in growth 

rates between these two popUlations. 

Increases in bone mineral content and the bone mineral index 

continue after cessation of longitudinal growth. This observation 

agrees with the work of Krabbe et ale (1980), reviewed in Chapter 1. 
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Continued increases in WIDTH beyond age 15. suggest that the cross

sectional moments of inertia may experience even more change than BMC 

and BMI after the cessation of longitudinal growth. These relationships 

are considered below where the relative increases in material and struc

tural properties during growth are documented. 

Growth in apparent density .is much less dramatic than growth in 

either BMC or BMI. These latter two variables are partially size

dependent while apparent density is a tissue level average for the 

entire cortical area. 

Growth-related change in the angle of antetorsion follows the 

pattern seen in other stUdies (Hoaglund and Low 1980), except for the 

low values for individuals less than three years of age and the five to 

six year age category. A steadily decreasing angle was expected. Small 

sample size and measurement imprecision probably account for these 

anomalies. The growth changes seen in the cervicodiaphyseal angle are 

not nearly as striking as demonstrated in some other stUdies where this 

angle has been shown to decrease from 1600 at birth to 1350 at maturity 

(Hoagl~nd and Low 1980). This angle, as measured here, appears to 

decrease somewhat during growth. 

THETA increases, i.e., approaches the ML axis, during the first 

two decades of life at the 80% site. This change in diaphyseal mor

phology is expected considering that tha angle of antetorsion decreases. 

Hence, bending stresses within the proximal femur are expected to be 

relatively greater in the ML direction later in life. 

The effect of the distribution of bone on cross-sectional bend

ing and torsional strength properties is well illustrated by the growth 
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data. For instance, consider the 50% location (Table 44). AREA in

creases by 275% from ages 1-5 to 10-19, but J increases by 115%. This 

distribution effect is also noted by comparing the distal and mid-femur 

at any given age. For instance, at age 1-5, the 20% site has 9.5% more 

AREA than the midshaft, but its value for J is 19~ greater. 

Aging 

Age-related bone loss as assessed with photon absorptiometry is 

well-documented for females at all scan locations, but in males was 

only statistically significant at the femoral neck. It is difficult to 

correlate these findings with changes in cross-sectional geometric 

properties because of small sample size, sampling error and a possible 

artifact introduced by the nature of the automated outlining routine 

(see above). 

The lack of bone loss in males is not unexpected when the sample 

composition is recalled. There are few males over 50 years in this 

study. An additional factor is that the male femur seems to be "pro

tected." For instance, Arnold et ale (1966:25-26) in a study of U.S. 

Whites found "definite evidence that the femoral diaphysis of males 

fails to atrophy at the same rate as that of females." For individuals 

between 20 and 90 years at death, these authors estimate that males lose 

about 2% per decade while females lose about 6.~ per decade. This con

clusion is supported by Thompson (1980) who found nonsignificant aging 

decreases in cortical thickness in males, but significant loss in 

females in femora of 90 White cadavers between 30 and 99 years at death. 

Similar difference for cortical area (Ruff 1981; Ruff and Hayes 1983b) 

have also been reported for Pecos Pueblo femora, for cortical thickness 



in prehistoric Nubian femora (Dewey et ale 1969a) and for cortical 

thickness in prehistoric femora from Missouri (Carlson et ale 1976). 
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The pattern of bone loss within the femoral diaphysis observed 

in this study is broadly similar to that observed by Carlson et al 

(1976). These authors studied five sites by direct measurement of cut 

sections, using a point counting technique to determine area. The 

greatest diaphyseal loss was observed in both studies at the distal 

femur. 

Rates of bone loss as calculated he~e for females are slightly 

higher than those of other studies (e.g., Arnold et ale 1966; Mazess 

1982). This may be an artifact of relying on developmental age rather 

than chronological age. Thus, individuals over 60 years of age may be 

included in the regression analyses with an assigned age of 52.5 or 

57.5 years. 

Sex Differences 

Sex differences in adults are due to both size and shape. Fem

oral lengths, diameters, bone mineral content, cortical area and cross

sectional moments of inertia are greater in males. The proximal femur 

might be expected to be more adapted to AP bending in females because of 

the larger angle of ante torsion. However, the only statistically sig

nificant difference in THETA was at the 20% site where the female value 

is closer than the male value to the ML axis. The distal femur (20% 

site) of females has a morphology designed to accommodate ML bending 

moments. This morphology corresponds well with the greater bicondylar 

angle of females. The female femur must be more strongly angled to 



bring the knees under the body. Thus, it is not surprising that ML 

bending moments would be greater in the distal femur in females. 

ao 



CHAPTER 6 

HYPOTHESIS TESTING 

The four hypotheses tested here were introduced in Chapter 1. 

These hypotheses attempt to integrate data and demonstrate the use of 

archaeological1y-derived skeletal collections in biomechanics. 

Hypothesis I 

The first hypothesis states that compressive strength increases 

more than cross-sectional structural strength during growth. Although 

material properties cannot be measured directly in dry bones, they can 

be inferred. Here, compressive strength and stiffness calculations are 

based on estimates of apparent density. Apparent density computations 

depend upon knowledge of mineral content and cortical area (Chap. 4). 

Apparent density is calculated in the present study by dividing BMC by 

AREA and adjusting for difference in units (Table 14, Chap. 4). Hence, 

apparent density is measured in grams per cubic centimeter. Carter and 

Hayes (1976) provide the following equation relating apparent density 

and compressive strength: 

CS = 68 ;0.06 p2 (4) 

where CS is compressive strength in MN/m2, p is apparent density in 

g/cm3 and ~ is strain rate. If the strain rate term is ignored (i.e., 

treated as a constant) then compressive strength (CS) is proportional 

to apparent density: 
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(5) 

CS describes the average strength of the entire cortical area. 

Similarly, the modulus of elasticity in compression has a known 

empirical relationship to apparent density (Carter and Hayes 1977). The 

formula is: 

(6) 

where E is the compressive modulus (in MN/m2) , f is the strain rate and 

p is apparent density. Here, E is calculated by ignoring the strain 

rate term. These power relationships suggest that small variations in 

apparent density can have large effects on strength and stiffness. 

When values of J, AREA, E, CS and APDNS are plotted as percent

ages of adult values a rather striking impression is formed (Figs. 44, 

45). Adult values for this test are taken to be averages for the two 

individuals between 25 and 29 years of age in the computed tomography 

sample. J, which can be considered an average bending strength 

(J = IX + II), mld AREA, which is a measure of resistance to pure axial 

loads, are relatively much smaller early in life than the elastic 

modulus or compressive strength at the mid-femur and the distal femur. 

This is exactly opposite the situation when EMI and WIDTH are considered 

(see Fig. 35). 

Compressive strength reaches adult values within the second 

decade while J has not yet reached 60% of the adult value by the end of 

the second decade. Part of the dramatic increase in J and AREA that 

seems to have occurred after age 20 may be due to sampling error. How

ever, continued subperiosteal deposition of bone mineral beyond age 15, 
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as documented above, must also contribute to the increase in cross

sectional structural strength (J). 
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Structural properties undergo greater changes than material 

properties during the entire growth phase. The hypothesis as stated is 

incorrect. During the first decade of life increases in the calculated 

material properties are morc rapid than increases in structural proper

ties at the mid-shaft, but not distally (compare the slope of the lines 

in Figures 44 and 45). This rather complicated picture suggests that 

more data need to be collected to verify these results and to examine 

in greater detail the relationship between material and structural 

properties during growth. The results also reinforce the contention 

that both bone geometry and mineral content must be considered to under

stand growth. Although, BMC and BMI are much further from their adult 

values early in life than is WIDTH, apparent density, compressive 

strength, and stiffness are closer to their adult values than is J or 

AREA. This discrepancy arises because BMC and BMI are variables which 

combine structural and material information. Apparent density, however, 

is independent of structural properties and, therefore, has a much 

clearer relationship to material properties. 

HypothesiS II 

Age-related decline in material strength is compensated by an 

increase in structural strength (Smith and Walker 1964). This hypothe

sis is controversial because different researchers have found differ

ences in males and females (Chap. 1). This hypothesis cannot be tested 

directly because of sampling error in the CT sample. However, Borne 

observations can be made based on the bone mineral data. 



216 

Females show consistent decreases in BMC and EMI at all six 

measurement sites and consistent increases in WIDTH within the diaphysis 

(Table 33). The pattern of WIDTH increases is particularly interesting 

because the greatest changes occur in the middle part of the diaphysis 

while the femoral neck experiences very little change. Thus, compen

sation appears to occur preferentially within the diaphysis, leaving 

the neck susceptible to fracture (Smith and Walker 1964). 

These conclusions agree with the study of Ruff and Hayes (1982) 

who found compensatory changes in females from the Pecos Pueblo skeletal 

collection, but the results are inconsistent with the study of Martin 

and Atkinson (1977) who doubt the existence of structural compensation 

in females. As discussed in Chapter 1, activity differences may account 

for these conflicting findings. 

HYpothesis III 

The third hypothesis posits that the angle of ante torsion of the 

femoral head and neck and the cervicodiaphyseal angle are associated 

with the distributlon of material within proximal shaft cross-sections. 

Thus, the proposition that bending stresses are carried from the femoral 

neck into the diaphysis is tested. 

Simple regressions between THETA and the angle of antetorsion 

indicate reasonably strong negative correlations at the 80% site (Table 

49). As the angle of antetorsion increases, THETA approaches the AP 

axis. This is strong evidence that bending stresses of the femoral neck 

are carried into the proximal femur. Linear regressions between THETA 

and the cervicodiaphyseal angle also are not statistically significant 

in the proximal femur (Table 49). 



Table 49. Relationships among the angle of antetorsion, the cervico
diaphyseal angle and THETA; ~ site. 

cervicodiaph. 

angle of antetor. 

Correlation Coefficients 
Left (n=26) Right (n=27) 

-.17 -.42 

-.490 -.05 -.61** .33 
THETA cervicodiaph. THETA cervicodiaph. 

Significance: * p < .05; •• p <.01 

Multiple Regressions 

left 
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Step Multiple R R2 -R2 Change 

1. angle of antetor. .49 .24 .24 

2. cervicodiaph. .52 .27 .04 

Significance 

.012 

.026 

1. angle of antetor. 

2. cervicodiaph. 

.61 

.65 
.37 
.42 

right 

.37 

.05 
14.5 

8.6 
.001 

.001 
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Multiple regressions between THETA, on the one hand, and the 

angle of ante torsion and the cervicodiaphyseal angle, on the other hand, 

indicate that THETA at the 80% site is influenced more by ante torsion 

than by the cervicodiaphyseal angle (Table 49). These stepwise regres

sions show that addition of the cervicodiaphyseal angle to the equation 

which already includes the angle of ante torsion explains only 4 to ~ 

more of the variance in THETA. 

Similar correlations between the angle of ante torsion and the 

distribution of material within the proximal femur have been reported 

by Ruff (1981) who found that the angle of antetorsion decreased and 

THETA at proximal locations approached the ML axis with aging in his 

Pecos Pueblo skeletal sample. Taken together, these two studies offer 

convincing evidence that mechanical loadings (as judged by the orienta

tion of the femoral head and neck) influence proximal diaphyseal mor

phology. Furthermore, the results of the present study suggest that 

the angle of ante torsion is more import~~t than the cervicodiaphyseal 

angle as a determinant of proximal cross-sectional morphology. 

Hypothesis IV 

The sex-specific relationship between BMC and OA observed by 

Burr et ale (1983) in the tibia is reinvestigated to determine if a 

similar pattern also holds for the femur. These authors found a nega

tive correlation between midshaft BMC and OA in females, contradicting 

clinical observations. The 20% scan site (distal diaphysis) was used 

in the present case rather than the midshaft because this site should 

more accurately mirror subchondral bone. Statistical analyses include 



Spearman correlations between BMC or BMI and OA for each sex, partial 

correlation analysis for each sex to remove the effects of age and 

cluster analyses (following Burr et al. 1983). The cluster analysis 

program used here (BMDP PKM, Dixon 1983) uses Euclid~an distances to 

establish a fixed number of homogeneous groups. Four groups vere de

fined to enhance comparability with Burr et ale (1983). The distal OA 

score and either BMC or EMI were the only variables used. BMI was 

analyzed in addition to BMC to control for possible size effects. Both 

right and left sides were analyzed. 

Above, it was shown that OA and age are positively correlated 

for males and females (Table 28). It was also shown that BMC and BMI 

of the 20% site are negatively correlated with age in females, but not 

in males (Tables 36 to 39). Any correlation between BMC or BMI and OA 

in females might be a reflection of age effects on both variables 

rather than an actual relationship between BMC or EMI and OA. Therefore, 

partial correlations (controlling for age) between the bone mineral 

variables and OA were calculated. 

When the left side is used in the analyses, significant negative 

Spearman correlations between BMC or BMI and OA are discovered for 

females (Table 50). This negative correlation is significant for EMI 

even when the effects of age are statistically removed. Males have 

negative, but statistically nonsignificant, correlations between the 

bone mineral variables and OA. Cluster analyses isolated groups with 

low BMC and high OA (Clusters 2 and 3, Table 51a) and low EM! and high 

OA (ClUsters 1 and 2, Table 51b) for both males and females. The 



Table 50. Bone mineral variables and osteoarthrosis: correlation 
coefficients. 

Spearman correlations 

BMC 

BMI 

Partial correlations 
(controlling for age) 

BMC 

BMI 

Spearman correlations 

BMC 

BMI 

Partial correlations 
(controlling for age) 

BMC 
BMI 

Left Side 
Male (n=38) Female (n=52) 

-.01 -.51·· 

-.12 

-.002 

Ri~ht Side 
Male (n=3 Female (n=49) 

-.17 
-.19 

-.23+ 

-.11 

-.004 
-.105 

.16 

.11 

Significance: + p<.l; • p<.05;·· p<.Ol. 
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Table 51. Bone mineral variables and osteoarthrosis: cluster 

analyses for left side. 

Mean Mean 
Cluster M F Mean BMC OA Score Age 

a. Variables = HMC (2~ site) and OA score for distal femur. 

1 29 4 3.543 6.3 38.3 
2 3 1 2.886 11.8 43.8 

3 1 13 2.358 7.9 49.6 
4 --2.. ~ 2.580 5.5 34.9 

Totals 38 52 2.912 6.5 38.8 

b. Variables = BMI (20% site) and OA score for distal femur. 

1 2 0 1.191 13.0 45.0 
2 3 9 .857 8.8 47.9 

3 23 7 1.240 5.9 36.0 
4 10 ....2§.... .917 5.9 38.0 

Totals 38 52 1.023 6.5 38.8 



pooled within cluster correlations are negative for both bone mineral 

variables and OA. 
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There are negative, but nonsignificant, Spearman correlations 

between the two bone mineral variables and OA in the right femur (Table 

50). The negative relationship between BMC and OA is significant at 

the 0.1 level for males if the effects of age are controlled. Among 

females, the correlations between the bone mineral variables and OA 

actually becomes positive, but nonsignificant, when age is controlled. 

Cluster analyses isolate a predominantly male group with low BMC or EMI 

and high OA (Cluster 1, Table 52a and Cluster 1, Table 52b, respec

tively) and predominantly female groups with low HMC or EMI and high 

OA (Cluster 3, Table 52a and Cluster 3, Table 52b). The pooled within 

clUster correlations are negative for BMC and OA, but positive for EMI 

and OA. 

Although statistically significant relationships between OA and 

bone mineral variables are not universally found in this study, BMC and 

BMI seem to be inversely related to severity of osteoarthrosis in both 

males and females. This observation is opposite to the predicted rela

tionship between mineral content and OA. These analyses are in agree

ment with those of Burr et ale (1983) as far as females are concerned, 

but the results for the males differ. 

There are several possible reasons why the results of these two 

stUdies differ: (1) relationships between mineral content and OA may 

differ in the tibia and femur; (2) the analyses of the present study 

used bone mineral data from the distal femur rather than the midshaft. 

But, BMC of this scan site and of the midshaft are highly correlated 
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Table 52. Bone mineral variables and osteoarthrosis: cluster analyses 
for right side. 

Mean Mean 
Cluster M F Mean BMC OA Score Age 

a. Variables = BMC (201i site) and OA score for distal femur 

1 7 1 3.098 10.4 42.0 
2 26 4 3.579 6.0 ,6.8 

3 1 9 2.468 7.8 48.5 
4 4 22-- 2.527 5.4 37.9 

Totals 38 49 2.935 6.3 39.1 

b. Variables = afI (2~ site) and OA score for distal femur. 

1 5 1 1.067 10.8 43.3 
2 23 6 1.221 5.9 35.6 
3 5 9 .918 7.9 45.7 
4 --2... 2L .886 5.5 38.7 

Totals 38 49 1.015 6.4 39.1 
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(r = e78 to .90, depending upon side and sex) and it is unlikely that 

scan location accounts for the discrepancy. (3) One of the two samples 

may Buffer from eelective survival or selective preservation. For 

inste~ce, perhaps within the Eskimo sample there vas selective preser

vation of slightly larger tibiae in older males. This explanation seems 

unlikely because it would require sex-specific selective survival for 

the Eskimo sample, while for the Grasshopper sample such an explanation 

would require that bones with less mineral would have to have been 

preferentially preserved in older age categories. (4) The relationship 

between OA and SMe may be population-specific. This possibility is 

difficult to assess until more comparative studies are done. 

Despite these differences in results, the clinical observation 

that osteoporosis protects the skeleton against OA is not supported by 

either this study or the work ot Burr et ale (1983). Indeed, the oppo

site relationship seems to hold true. The proposed mechanism of the 

clinical observation is that osteoporotic bone is less stiff than normal 

bone. Therefore, stress is reduced at the joint surface because the 

contact area is larger. However, an alternative hypothesis about the 

relationship between bone mineral and OA needs to be considered. Namely, 

subchondral compressive bone strength must decrease as bone mineral is 

lost during aging. This loss of strength may, in turn, l'ead to joint 

deterioration, particularly if activity levels and, hence, joint surface 

loadings do not decrease. 

This hypothesis is not discordant with the ideas of Radin, Pugh 

and coworkers (Radin et ale 1972; Radin 1982; Pugh et ale 1973). These 

authors suggest that local increases in subchondral bone stiffness 
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contribute to joint deterioration. According to the hypothesis proposed 

here reduction in strength leads to localized failure and repair. These 

repairing trabeculae might be stiffer than neighboring trabeculae. Sub

chondral bone stiffness would, therefore, vary and create local stiff

ness gradients which may be a factor in joint deterioration. Mechanical 

analyses of osteoporotic bone from the femoral cortex show that it "is 

more susceptible to fracture from sudden injury" because it absorbs less 

energy before failure (Dickenson, Hutton and stott 1981). Therefore, 

osteoporotic subchondral bone may be expected to experience frequent 

local failures. If failures are more frequent in subchondral bone of 

osteoporotic individuals and the repair process creates stiffness gra

dients, then the inverse relationship between bone mineral content and 

the severity of osteoarthrosis Qbserved in this study is understandable. 

Summary 

Four hypotheses were tested. Structural changes are much 

greater than material changes during growth, but material properties 

reach adult values earlier in life than do structural properties. One

dimensional views of the femur from photon absorptiometry lead to the 

incorrect impression that structural strength is closer than material 

strength to adult values at any given age. In fact, the opposite rela

tionship was discovered. 

There is indirect evidence of structural compensation for loss 

of bone mineral (and, presumably, material strength) in females. 

Femoral diameters increase within the diaphysis, but not at the femoral 

neck. These results need to be substantiated by collecting more data 

on cross-sectional geometry of females from Grasshopper Pueblo. 
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The morphology of the proximal femoral diaphysis is related to 

the anatomy of the proximal femur. The 80% site becomes more adapted 

to AP bending as the angle of ante torsion increases. The cervicodiaphy

seal angle also is related to the morphology of the proximal diaphysis, 

but this angle is a much less important determinant of diaphyseal mor

phology than the angle of ante torsion. 

Finally, the clinical impression that osteoporosis protects the 

skeleton from osteoarthrosis was shown to be incorrect. The opposite 

relationship was discovered. It was proposed that increased incidence 

of subchondral bone fracture on a local scale may explain the relation

ship between osteoporosis and severity of osteoarthrosis. 



CHAPTER 7 

DISCUSSION AND CONCLUSIONS 

The goal of this dissertation was to examine both bone geometry 

and mineral content during growth and aging. Femora from the Grasshopper 

Ruin skeletal collection were analyzed. This collection is an excellent 

data base for investigation of growth and aging because of its size, 

lack of variability due to sources extraneous to growth and aging per se 

(e.g., secular trends, differential preservation, or selective sur

vival), and its excellent state of preservation. However, the lack of 

males over 50 years of age did limit some analyses. 

Osteometric and macroscopic observations were combined with data 

from photon absorptiometry and computed tomography. Well over 2000 bone 

mineral observations were made. The applicability of photon absorp

tiometry to this skeletal collection was demonstrated by testing for 

calcium carbonate contamination. An automated technique for analyzing 

cross-sectional images obtained with computed tomography was developed 

and shown to be accurate and precise. 

Variability due to side, age and sex was explored. Average side 

related differences were usually small in the femur, but at least two 

unexpected patterns were found. First, cross-sectional variables, in

cluding mineral content, ML diameters and cross-sectional geometric 

properties tended to be larger on the right side than on the left. 

Previous research had demonstrated larger left lower limb bones. 
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Second, bone-loss in females seems to have occurred differently 

within left and right femora. The rate of bone loss (calculated as 

glcm/yr) was equivalent at all six scan sites on the left side, whereas 

the right femoral neck had a much lower, but not statistically differ

ent, rate than the right diaphyseal scan sites. When the rate of loss 

was considered as the percent annual decrease, the left femoral neck 

was seen to lose bone at a faster rate than the diaphyseal sites. Cor

responding calculations for the right side showed similar percent annual 

losses at all six sites. These different patterns were attributed to 

the amount of bone present at age 30 at each scan site. 

The absolute difference between the two sides was often much 

greater than the average difference. This method of documenting side 

differences showed that in the distal femur one side became progressively 

more afflicted with osteoarthrosis than the other side during aging. 

The method also showed that the real individual bilateral difference was 

often several times greater than if calculated as the average difference 

between paired elements. 

Analyses of mineral content changes during gruwth demonstrated 

that relatively less bone was added in the second decade of life than 

in the first decade of life. This fact was discovered by calculating 

the rate of increase as a percentage of the amount of bone already 

present. 

The interaction between material and geometric properties makes 

analysis of structural changes during growth difficult (Sumner 1984). 

A step toward understanding this interaction was made. Structural 

properties were shown to increase much more than material properties 
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during growth, but it is difficult to assess the relative importance of 

these two factors to the biomechanical behavior of the femur without a 

model of the diaphysis. 

The angle of ante torsion was discovered to affect the distri

bution of bone within the proximal femur. The cervicodiaphyseal angle 

also affected the distribution of bone in the proximal femur, but its 

effect was less important than that of the angle of ante torsion. 

There were consistent aging decreases in BMC and EMI and in

creases in WIDTH within the female femoral diaphysis. These observa

tions are very suggestive of structural compensation for loss of bone 

mineral. This hypothesis merits a direct test because the role of 

structural compensation in females is controversial. Although males 

and females both lost bone from the femoral neck, WIDTH did not increase 

with aging at this site, suggesting that there was no structural compen

sation for loss of mineral at the femoral neck. 

It was not possible to demonstrate the presence of statistically 

significant differential rates of bone loss within the female femur. 

Certainly, different areas of the femur lose different relative amounts 

of bone, but these differences depend upon the amount of bone present at 

maturity and not different rates of bone loss. Thus. although the 

femoral neck and mid shaft lose bone at statistically similar rates, the 

left femoral neck experienced a greater relative loss of bone because 

this site had less bone at the onset of bone loss. Coupled with the 

lack of structural compensation at this site, the femoral neck must 

become even more prone to fracture during aging. 
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osteoporosis was found not to protect the femoral compartment 

of the knee joint from osteoarthrosis. This conclusion contradicts 

clinical observations. It indicates that population studies, in which 

the selection of subjects is done without regard to the Tariables of 

interest, need to be done to substantiate or invalidate clinical studies. 

Finally, most sex differences were size-related (e.g., bone 

lengths, diameters and mineral content). Some shape differences, pre

sumably due to the broader pelves of females, were discovered. These 

differences included the external angles and the cross-sectional geom

etry of the distal femur. Overall, the male femur was found to be more 

adapted to AP bending and the female to ML bending loads. 

Some sex-related differences in the aging process, such as 

osteoporosis (which occurred preferentially in females), were, at least, 

partially due to sample composition. The Grasshopper skeletal series 

lacks males over 50 years of age. Future aging research with this col

lection would benefit by augmenting this segment of the sample with 

individuals from a comparable collection. 

I would be remiss if I did not make some comments about growth 

and aging at Grasshopper Pueblo. The pattern of growth in femoral 

length is similar to patterns observed in other studies based on archae

ological data (Hinkes 1983; Ubelaker 1978), although the 'cessation of 

longitudinal growth may have occurred somewhat earlier at Grasshopper. 

Loss of bone in females began around age 30 years, but I was unable to 

document bone loss in males except in the femoral neck. As noted in 

Chapter 5, this sex difference is not surprising because other studies 

have shown that the male femur is "protected," and this skeletal series 
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has very few males aged 50 and over. The onset of female bone loss 

seems to be early by modern standards. Perhaps, as Dewey et ale (1969a) 

suggest for a similar discovery among prehistoric Nubians, continual 

lactation put females at risk for early bone loss. 

The primary goals of this dissertation was achieved, although 

some of the specific analyses were restricted due to small sample size 

for computed tomography. The implications for anthropology, anatomy, 

biomechanics and clinical medicine have been summarized. Here, I wish 

to conclude this thesis with a discussion of the research potential of 

computed tomography as related to osteometry and analysis of BMC. 

As noted by other investigators, human osteological collections 

obtained from archaeological sites are useful for studies of bone 

physiology and mechanics. When these samples are reasonably large and 

homogeneous, as they often are, studies of intrapopulational variability 

are possible. Even though the subjects are no longer living, non

invasive techniques must often be used because the skeletal collections 

are data bases for many researchers. 

This apparently limiting attribute of the sample used in the 

present study forced the application of a new technique -- computed 

tomography. As the availability of computed tomography to research 

increases, it will become the method of choice for two reasons. First, 

digital images are excellent for automated analysis. For instance, in 

the present study, the subperiosteal and endosteal borders were auto

matically outlined. This procedure eliminated one source of precision 

error in measuring cross-sectional geometry. Second, bone mineral con

tent and, more importantly, bone density can be determined from images 
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obtained with computed tomography. Therefore, if loading conditions are 

assumed, computed tomogrnphy pro?ides the geometric and material 

property data (as inferred from mineral density) needed to calculate 

stress and strain within a bone. 

The ability to perform engineering analyses of bones based on 

data obtained from computed tomography is important. Anthropologists 

could use this approach to understand more thoroughly variation in 

mineral distribution and geometry within species as well as ac~oss 

species. Experimentally and clinically, the causes and consequences of 

bone remodeling due to altered mechanical environments could be ex

plored in longitudinal research designs. 



AA 

AP 

APDNS 

AREA 

BA 

BMC 

BMI 

CDA 

CS 

CT 

E 

FEM 

IMAX 

IMIN 

!PHI 

IRAT 

IX 

IXBAR 

IXPBH 

IY 

IYBAR 

APPENDIX A 

ABBREVIATIONS 

angle of antetorsion 

anteroposterior 

apparent density 

cortical area 

bicondylar angle 

bone mineral content 

bone mineral index 

cervicodiaphyseal angle 

compressive strength 

computed tomography 

modulus of elasticity in compression 

finite element method 

maximum principal second moment of area 

minimum principal second moment of area 

(IMAX/IMIN) 100 

(IX/IY) 100 

second moment of area about the ML axis 

second moment of area about the ML axis 

principal second moment of area 

second moment of area about the AP axis 

second moment of area about the AP axis 
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IYPBH Principal second moment of area 

J torsional or polar second moment 

MAA mechanical axis angle 

ML mediolateral 

MN meganewtons 

MRA measurement reversal axia 

NK neck site 

OA osteoarthrosia 

OADIS OA score for distal femur 

OAPROX OA score for proximal femur 

OASCR OA score for entire femur 

P density 

of area 

PHI angle between the anatomical and principal axes 

PTH parathyroid hormone 

THETA angle between ML axis and major axis 

WIDTH ML subperiosteal diameter 



APPENDIX B 

SUMMARY STATISTICS 

Summary statistics presented here include the mean, standard 

deviation, and the coefficient of variation {(standard deviation/mean) 

100). Statistics are presented for each age category·through 10 to 14 

years of age and for each age-sex class for those individuals thought 

to be 15 years of age or older. This is slightly different than the 

presentation in the body of this dissertation where growth was considered 

through age 20, with the sexes combined, and sexual dimorphism was con

sidered only for those individuals 20 years of age and older. 

The abbreviations unique to this appendix are listed beloy. 

PERI perinatal 

N sample size 

M missing value 

STDEV standard deviation 

CV coefficient of variation 

DIAPH diaphyseal length 

L left 

R right 

HECH Mechanical 
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Table B-1. SUI'D1!I8.1"Y STATS for subadults' lengths (L). 

-----MAXIMUH LENGTH------- -------DIAPH LENGTH-- ----AGE N MEAN STDEV CV N MEAN STDEV CV 
FETAL 0 ., M H 4 4~.0 19.4 43.0 PERI 0 M 11 M 6 63.7 6.6 10.4 PERI TO 1 0 " " t1 8 90.1 14.1 15116 
1 TO 2 0 f1 " " 10 112.6 6.7 6.0 2 Til 3 2 189.0 8.5 4.5 10 138.3 15.7 11.4 3 TO 4 0 M M M 4 158.8 1~.9 8.7 
4 TO 5 0 M M M 6 167.0 .3 4.4 
5 TO 6 2 217.5 16.3 7.5 6 194.3 9.8 5.0 6 TO 1 5 249. E: 20.2 8.1 7 206.7 17.0 8.2 
1 TO 8 5 255.6 24.2 9.5 6 215.2 18.8 8.7 
8 TO 9 2 299.0 4.2 1.4 3 253.3 9.1 3.6 9 Til 10 3 306.3 5.8 ~.9 3 260.0 6.0 2.3 10 TO 14 6 359.5 34.2 .5 6 305.8. 29.0 9.5 
TOTAL 

25 280.5 58.8 21.0 79 160.9 72.9 45.3 

Table B-2. Summary STATS for subadults lengths' (R). 

-----f1AXIMUM LENGTH------- -------DIAPH LENGTH-- --.-
AGE N I1EAN STDEV CV N MEAN STDEV CV 

FETAL 0 M M H 4 45.0 19.4 43.0 
PERI 0 H .. H 7 64.0 6.6 1'0.03 
PER I TO 1 0 M " f1 7 89.3 14.8 1·6.~ 1 Til 2 0 M Ii f1 8 113.8 501 4. 
2 TO 3 2 189.0 9.9 5.2 10 13 «;.1 13.1 9.8 
3 Til 4 1 165.0 " " 7 155.3 12.0 7.7 
4 TO 5 1 202.0 " " 5 112.6 11.5 6.7 
5 TJ 6 5 221.6 18.5 8.4 6 191.5 12.8 6.7 
6 TO 7 6 255.8 11.1 4.6 8 211.9 13.4 6.3 
1 TO 8 5 264.8 19.9 1.5 1 217.4 19.0 8.7 
8 Til 9 3 riO .3 13.3 4.6 4 247.5 14.2 5.7 
9 TO 10 2 07.0 7.1 2.3 2 259.0 7.1 2.7 
10 TO 14 6 367.5 18.9 5.1 8 299.8 28.3 9.4 
TOTAL IV 

31 271.0 60.2 22.2' 83 166.0 73.7 44.1t ~ 



Table B-3. Summary STATS for male lengths (R). 

-----MAXIMUM LENGTH------- -------DIAPH LENGTH--
AGE N MEAN STDEV CV N MEAN STDEV CV 

15 TO 19 6 438.8 18.6 4.3 6 378.8 17.7 4.7 
20 TO 24 5 438.6 21.9 5.0 5 379.8 15.8 4.2 
25 T8 29 4 441.5 23.1 5.2 4 386.8 17• 6 4.6 
30 T 34 6 452.5 24.0 5.3 6 39~.2 1.7 5.5 
35 r 0 39 12 4~1.~ 14.6 3.4 11 378.6 12.4 ~:~ 40 TO 44 7 440.4 15.2 3.5 8 384.0 9.0 
45 TO 49 10 430.0 13.0 3.0 9 371.1 9.6 2.6 
50 TO 54 3 440.7 12.7 2.9 3 386.0 7.0 1.8 
55 TO 59 1 450.0 H " 1 400.0 " H 
TOTAL 

54 437.8 17.6 4.0 53 381.6 11t.9 3.9 

Table B-4. Summary STATS for male lengths (L). 

-----HAXIMUH LENGTH------- -------DIAPH LEN6TH-- ----
AGE N HEAh STDEV CV N MEAN STDEV CV 

15 TO 19 6 1t38.2 1B.3 1t.2 6 377.8 17.7 1t.7 
20 TO 24 It 442.3 20.B 1t.7 4 3 Bl. 3 16·l 4.3 
25 TO 29 5 1t37.2 10.4 2.1t 4 384.8 It. 1.1 
30 TO 31t 5 451.0 24.7 5.5 5 391.2 26.2 6.7 
35 TO 39 11 435.5 13.0 3.0 11 379.7 11.6 3.0 
40 TO 44 c3 442.3 14.7 3.3 8 3 Bit. 8 10.~ 2.6 
45 TO 49 10 433.2 14.3 3.3 9 376.2 12. 3.4 
50 TO 54 1 452.0 H " 1 391.0 H " 55 TO 59 1 4~0.0 M H 1 396.0 M " TOTAL 

51 439.2 15.8 3.6 49 381.9 14.3 3.7 

IV 

~ 



Table B-5. Summary STATS for female lengths (L). 

-----MAXIMU~ LENGTH------- ---~---DIAPH LENGT~--
, AGE N MEAN STOEV CV N ",_EAN STOEV CV 

~5 TO 19 6 403.5 19.2 1t.7 6 349.3 16.0 4.6 
o TO 24 11 405.7 12.0 3.0 11 352.1 11.1 3.2 

25 TO 29 7 407.1 14.7 3.6 7 354.3 12.0 3.4 
30 TO 34 11 408.7 15.6 3.8 11 354.6 14.8 4.2 
~5 TO 39 8 406.6 13.4 3.3 8 354.6 13.1 3.7 
40 TO 44 5 404.8 2&.4 7.0 4 354.8 28.0 7.9 
45 TO 49 11 397.2 22.6 5.7 11 346.5 20.3 5.8 
50 TO 54 9 406.4 16.6 4.1 10 354.9 16.9 4.8 
~5 TO 59 5 419.6 22.8 5.4 5 359.4 18.6 5.2 

TOTAL 
73 405.9 17.8 4.4 73 352.9 15.9 4.5 

Table B-6. Summa.ry STATS for female lengths (R). 

-----MAXlhUH LENGTH------- -------DIAPH LENGTH--
4GE N MEAN STOEV CV N MEAN STDEV CV 

15 TO 19 7 405.4 17.2 4.2 7 350.3 15.5 4.4 
20 TO 24 8 405.7 16.2 4.0 10 351.9 13.6 3.9 
25 TO 29 6 404.0 13.3 3.3 6 351.2 10.9 3.1 
30 TO 34 10 404.8 11.9 4.4 10 350.9 16.7 4.8 
35 TO 39 7 405.0 17.4 4.3 8 354.5 ~5.1 4.~ 
40 TO 44 7 400.7 24.3 6.1 1 31t8.0 1.5 6. . 
1t5 TO 49 9 396.2 23.6 6.0 8 343.5 22.4 6.5 
50 TO 54 14 400.6 11t.5 3.6 13 351.8 13.5 3.8 
55 TO 59 4 418.5 18.1 4.3 4 362.3 13.0 3.6 

TOT4L 
72 403.4 i7.8 it .4 73 351.1 15.8 4.5 

N 

~ 



Table B-? Summary STATS: subadul tangles (L' bicondylar). 

----BICONDYLAR ANGLE------ -----HECH AXIS ANGLE-
AGE N MEAN STDEV CV N HEAN STOEV CV - .--------

FETAL 0 H H H 0 ,., H H 
PERI' 0 M H H 0 H H M 
PERI TO 1 0 '" H H 0 H M It 
1 TO 2 3 4.6 4.3 93.7 3 5.2 .6 11.2 
2 TO 3 3 3.0 7.8 263.6 3 4.5 .6 12.3 
3 TO 4 2 4.3 .4 9.9 2 5.0 1.2 24.3 
4 TO 5 1 8.0 H H 1 4.5 H H 
5 TO 6 2 7.5 .9 12.3 2 5.7 .4 6.3 
6 TO 7 3 9.7 4.5 46.3 3 4.8 .7 14.0 
7 TO 8 3 4.6 7.3 151.6 3 4.4 1.2 26.4 
8 TO 9 2 10.9 5.7 51.9 2 5.4 .6 11.9 
9 TO 10 3 7.8 2.6 36.1 3 1t.7 .4 8.1 
10 TO 14 3 9.2 1.1 12.0 3 4.5 .5 10.9 

TOTAL 
25 6.8 4.7 68.4 25 4.8 .7, 14.4 

Table B-8. Summary STATS: subadult angles (L antetorsion). 

---ANGLE OF AiTtrOR~ION--- ----CERVICOOIAPHYSEAL 
AGE; ~ MEAN SrOEV CV N HEAN STOEV CV 

FET~L 0 H M H 0 H H H 
PERI 0 It H H 0 H H H 
Pi:Ri TO 1 0 M H M 0 M It M 
1 Ta 2 .3 24.0 12.4 51.9 3 143.6 7.7 5.4 
2 TIJ 3 3 '1.1.6 8.5 30.6 .3 145.3 9.6 6.6 
3 TO !t 2 41.~ 17.2 41.4 2 134.8 5.7 4.3 
4 TJ 5 2 40.3 .u 1.9 1 139.2 H H 
~ TO 6 2 2d.2 4.5 16.0 2 134.4 .6 .5 
6 TJ 7 3 41.9 5.4 12.9 3 139.3 1.9 1.4 
7 Til 8 3 19.C, 6.9 34.7 3 146.4 4.1 3.2 
8 TO 9 2 25.0 3.2 12.1 2 134.8 8.3 6.2 
9 TO 10 :j 21.6 9.t> 34.6 3 138.7 7.2 5.2 
10 TU 14 3 26.7 9.& 3b 07 3 137.9 2.7 2.0 

fJTAl I\J 
VI 

I 20 2-1. 7 10.5 35.3 25 14Ci.1 6.5 4.6 '-D 



Table B-9. Summary STATS: subadult angles (R bicondylar). 

----BICONoylAR ANGlE------ -----MECH AXIS ANGlE-
AGE N MEAN STOEV CV N MEAN ST.OEV CV 

FETAL 0 " M M 0 " 11 " PERI 0 M " H 0 M " H 
PERI TO 1 0 M M H 0 H M " 1 TO 2 3 5.3 2.3 42.6 3 4.1 .3 6.1 
2 TO 3 3 2.5 6.5 255.1 3 5.0 .6 1.1.1 
3 TO 4 3 2.5 2.2 87.5 3 5.4 1 .. 6 29.9 
4 TO 5 3 5.7 5.7 99.7 3 5.5 .8 13.7 
5 TO 6 3 10~4 1.9 18.7 3 6.8 .3 3.9 
6 TO 7 3 10.2 3.0 29.2 3 5.3 1.4 27.1 
7 TO 8 3 5.4 1t.7 86.7 3 4.9 1.7 33.9 
8 TO 9 3 11.2 2.3 20.2 3 6.0 .2 3.5 
9 TO 10 2 8.8 2.7 30.5 ~ 4.b .9 18.6 
10 TO 14 3 9.6 .1 1.2 5.1 .3 6.3 

TOTAL 
29 7.1 4.4 61.9 30 5.3 1.1 20.4 

Table B-lO. Summary STATS: subadul tangles (R antetorsion). 

---A~GL~ OF ANTtTORSION--- ----CERVIC~OlAPHYSEAL 
AG': N I1tAN STOEV tV N "EAN STOEV CV 

Fe TAL 0 Ii 11 " 0 Ii M Ii 
P t:i~ 1 0 11 11 Ii 0 f1 M M 
PERI TO 1 0 Ii M f1 0 M f1 M 
1 TJ 2 3 ;:'7.3 9.3 34.0 3 148.2 5.6 3.8 
2 hI 3 3 20.4 4.4 2.1.6 3 136.6 2.4 1.7 
3 Til ~ 3 31.~ 14.2 45.1 3 129.1 6.9 5.3 
4 Til 5 3 24.7 5.1 20. b 3 135.9 2.8 2.1 
5 TO 0 3 22.4 7.b 33.9 3 137.9 1.8 1.3 
b TO 1 J 2b.b 1.5 28.3 3 134.7 5.7 4.2 
7 TJ 8 3 20.3 2.3 11.1 3 13&.0 2.3 1.7 
B TO 9 3 ctO.6 6.9 33.6 3 133.8 2.9 2.2 
9 T J 10 3 27.1 3.4 12.6 3 137.5 5.1 3.7 
10 Tll l.it 3 2~.3 3.2 14.3 3 133.1 7.6 5.7 

N 

TJT4L 
~ 
0 

30 ___ ~ ~_ • .3____ __J ~ lI_ _ __ 2_8 ____ 8 ... 30 136.5 6.2 4.5 ------.- .. 



Table B-1l. Summary STATS angles: adult males (L bicondylar). 

----BICONDYLAR ANGLE------ -----HECH AXIS ANGLE-
AGE N MEAN STOEV CV N liEAN STDEV CV 

15 TO 19 3 8.5 1.0 11.3 3 4.4 .6 12.6 
20 TO 24 1 8.5 M H 1 6.5 Ii M 
25 TO 29 3 9.4 1.3 13.8 3 4.6 1.0 20.8 
30 TO 34 2 1.3 1.1 15.5 2 4.3 .8 16.3 
35 TO 39 3 8.1 1.6 20.0 "3 5.5 .1 13.2 
40 TO 44 1 7.0 H M 1 4.6 H H 
45 TO 49 3 9.9 1.0 9.1 3 5.8 .3 4.3 
50 TO 54 2 8.1 1.6 19.2 2 5.4 .3 5.2 
55 TO 59 1 3.6 H H 1 4.4 M Ii 

-TOTAL 
19 8.3 1.1 20.1 19 5.0. .8 16.9 

-.- -- ...... -

Table B-12. Summary STATS angles: adult males (L antetorsion). 

---ANGLE Of A~TETORSION--- ----CERVICODIAPHYSEAL 
A6E N MEAN STDEV CV N MEAN STDEV CV 

15 TO 19 3 23.1 6.1 26.2 3 137.3 3.9 2.8 
20 TO l4 1 20.7 Ii M 1 124. !;) H f1 
2!; TO 29 3 35.4 12.3 34.b 3 133.2 5.5 4.1 
30 TO 3lt 2 30.3 15.& 52.1 2 132.3 2.3 1.7 
3~ TO 3~ :l 20.4 1.3 6.4 3 126.6 11.8 9.3 .... 
40 TO 4lt 1 22.7 M H 1 139.7 H Ii 
45 TO 49 3 20.1 2.0 ~fl9 3 129.b 4.3 3.3 
50 TO 5lt 2 1~. 0 .4 .9 2 128.3 1.1 .8 
5~ TO 5~ 1 lb.6 H H 1 134.5 M M 

TuTAl 
19 24.5 6.3 34.1 19 131.6 6.4 4.9 

N 
~ 
I-' 



Table B-13. Summar,. STATS angles: adult males (R bieondylar). 
-. -.---~---

----BICONDylAR ANGlE------ -----MECH AXIS ANGlE-
AGE N MEAN STOEV CV N MEAN STOEV CV 

15 TO 19 3 7.7 4.5 58.5 3 4.8 .4 7.9 
20 TO 24 3 8.1 1.6 19.9 3 4.5 .& 18.2 
25 TO 29 2 11.1 1.3 11.5 2 5.1 1.1 21.0 
30 TO 34 2 6.7 .6 8.4 2 4.6 0 0 
35 TO 39 3 7.9 1.2 15.3 3 5.3 1.2 22.0 
40 TO 44 2 7.5 1.1 15.1 Z 5.0 1.1 2Z.6 
45 TO 49 3 10.1 1.0 9.5 3 6.Z .2 3.4 
50 TO 54 2 8.5 2.0 23.3 2 5.6 .6 10.1 
55 TO 59 1 6.Z M M 1 5.3 M M 
TOTAL 

21 8.3 Z.Z 26.2 21 5.1 .8 15.7 

Table B-14. Summary STATS angles: adult males (R antetorsion). 
-.----

A\:it: ---ANGLE OF ANTETORSION---
N MEAN SlDEV CV 

----CER~ICOOlAPHYSEAl 
N MEAN STOEV CV 

1) TO 1-1 3 19.6 1. ~ 6.4 3 132.9 8.6 6.6 20 Tu 24 3 15.4 1.0 45.:; 3 129.0 3.7 2.9 l5 TU 2~ 2 21.1 12.7 47.0 Z 12&.3 1.9 1.5 30 TO 34 l. 23.6 1.3 5.3 2 130.1 .4 .3 3; TiJ 3~ 3 21. (; 8.1 38.5 3 125.4 13.5 10.7 40 Te. 44 2 19.~ 2.5 12.1 2 135.4 9.1 6.7 4!J fa 49 3 18.1 J.3 11.9 3 123.0 6.& 5.4 5u TO :,)4 2 21.1 • 7 2.6 2 145.1 21.9 15.0 55 fO 59 1 19.9 M M 1 121.6 M M 
-Wi Al 

21 ~0.8 6.0 28.1 21 130.1 10.Z 1.8 

N 
~ 
N 



Table B-15. Summary STATS angles: adult females (L bicondylar). 

----8ICONDYlAR ANGlE------ -----HECH AXIS ANGlE-
AGE N MEAN STDEV CV N MEAN STDEV C~_ 

15 TO 19 3 9.4 1.9 20.7 3 4.4 .5 10.4 
20 TO 24 2 8.3 3.2 38.6 2 3.8 .5 13.l 
25 TO 29 2 7.3 3.6 49.1 2 4.8 .2 4.5 
30 TO 34 3 10.4 2.2 21.0 3 4.4 1.4 32.4 
35 TO 39 3 8.4 2.0 23.4 3 4.5 1.0 22.5 
40 TO 44 3 9.1 1.2 13.3 3 3.2 1.0 32.b 
1t5 TO 49 3 7.8 1.7 22.5 3 1t.1t .1 1.3 
50 TO 54 3 7.4 2.8 38.2 3 4.7 .6 12.2 
55 TO 59 2 10.7 .8 7.9 2. 5.3 .6 12.1 

TOTAL 
Z4.4 24 8.7 2.1 24 4.3 .9 19.8 

Table B-16. Summary STATS angles: adult females (L antetorsion). 

---ANGlt Of ANTETORSION--- ----CERVICODIAPHYSEAl 
AGE N MEAN STOEV CV N MEAN STDEV CV 

15 TO 1~ 3 24.3 6.3 34.1 3 138.7 3.0 2.2 
,0 TO l4 Z 30.6 4.7 1:).5 2 140• 8 3.7 2.6 
l; TO 2'1 2 21 .4 4.2 19.8 ~ 38.6 7.9 5.7 
30 TO 34 3 lb.L 5.7 21.3 3 134.4 7.6 5.7 
35 TIJ 39 3 2b.4 5.9 22.4 3 136.8 10.9 8.0 
40 TU 44 3 19.1 9"1 33.4 3 136.b .9 .6 
45 TO 49 3 2b.5 7. 19.1 3 136.8 1t.2 3.1 
50 TO 54 3 32.4 4.4 13.5 3 134.4 1.0 .8 
55 TO 59 l lb.£; 11.0 40.8 2 133.8 .5 .4 

TJTAl 
24 21.3 6.6 24.1 24 136.6 5.1 3.7 ------

N 
~ 
VI 



Table B-1? Summary STATS angles: adult females (R bicondylar). 
-. - ~ ----------

----BICONDYlAR ANGlE------ -----HECH AXIS ANGlE-
AGF N MEAN STDEV CV N MEAN STDEV CV 

15 TO 19 3 10.5 1.6 15.3 3 4.4 .8 18.0 
20 TO 24 3 10.6 3.7 34.9 3 4.7 .8 15.9 
25 TO 29 2 7.5 3.8 50.9 2 4.7 .8 16.7 
30 TO 34 3 11.6 2.1 18.1 3 5·1 1.5 29.2 
35 TO 39 2 B.6 4.2 49.3 3 5. .6 10.9 
40 TO 44 3 9.0 .5 5.6 3 4 .. 2 .9 21.8 
45 TO 4q 3 8.6 .8 8.8 3 4.9 .3 6.6 
50 TO 54 3 9.6 2.5 26.2 3 5.6 .4 7.6 
55 TO 59 2 11.6 .4 3.7 2 5.2 .5 9.6 

TOTAL 
24 9.B 2.4 24.0 25 4.9 .8 16.1 

Table B-18. Summary STATS angles: adult females (R antetorsion). 

---ANGLE OF ANTETuRSION--- --~-CERVICODIAPHYSEAl 
AGE N MEAN STDEV CV N HEAN STDEV CV 

J.' fO 1~ 3 32.b B.6 21.1 3 139.4 3.0 2.1 
2v TO 2it 3 22.3 8.4 31.5 3 131.6 2.2 1.6 
2, fU 2~ 2 21.6 2.5 11.8 2 134.B 8.2 6.1 
3(; TO J't 3 2:;,.4 12.5 41.fI 3 134.9 6.7 5.0 
35 fO 39 3 ,3. ~ U.1 34.5 3 130.9 3.8 2.9 
40 Tu 44 3 23 • Ci 1.1 32.3 3 136,,1 4.4 3.2 
4!1 TO 49 3 22.9 1.6 33.0 3 134.9 3.3 2.5 
50 TO :14 3 21.4 2.6 12.2 3 127.6 7.4 5.8 
55 T U 59 2 3~.1 6.4 19.4 2 131.9 .8 .6 

TJTAL 
25 25.1 7.b 31.0 25 133.b 5.3 3.9 

- _ ... -- - _. . - ---- --- -.- --------- -

N 

t: 



Table B-19. Summary STATS for eubadulte, left 20. 

------BMC------- -----WIOTH------ --~-~-BMI~------
AGE N MEAN S TO EV CV MEAN STOEV CV f'lEAN STOEV CV 

FETAL 3 .16 .08 47.9 .68 .30 43.4 .23 .01 5.1 
PER}NATA ~ • 3A .05 16,,7 .99 .15 15.6 .31 .04 14.0 
PER TO .3 • (18 27.6 1.30 .20 15.4 .24 .10 43.2 
1 TO § 10 .37 .11 30.~ 1.67 ·l6 9.5 .22 ·S5 23.3 
2 TO 0 .58 • 1 19 • 1.70 • 4 8.1 .34 • 6 17.6 
3 TO 4 ~ .~8 .~8 la:i l:~9 .01 4.~ :~~ .04 1f·2 4 TO 5 • 8 • 1 .2 12. .03 .6 
5 T8 6 5 .8t .23 25.8 1.87 .20 lC.7 .47 .08 17.5 
6 T 7 8 .9 .17 18.4 1.93 .27 13.9 .49 .17 33.9 
7 T8 8 5 .94 .23 24.9 2.09 .19 9.3 .45 .09 21.0 
6 T 9 3 1.18 .02 2.1 2.21 .31 14.1 .54 .01 12.8 
9 TO 10 4 1.33 .16 12.2 2.32 .20 8.8 .57 .04 7.8 
10 TO 14 6 1.71 .26 15.1 2.38 .32 13.4 .72 .09 12.7 

TOTAL 
70 .71t .46 61.8 1.75 .48 27.4 .1t0 .17 42.6 ------ .-

Table B-20. Summary STATS for eubadulte, left 35. 
-

------BMC------- -----WIOTH------ ------B"I-----~-AGE N MEAN STOfV CV MEAN STOEV CV MEAN STOEV CV ------
FETAL 3 .14 .07 50.1 .48 .21 43.2 .2e .03 11.5 
P~RINATA 6 .23 .03 !2.2 .~7 .10 14.8 .34 .04 1,.9 P RI TO 8 .24 .06 1t.7 • 2 .17 16.0 .27 .07 2 .5 
1 TO 2 11 .33 • C9 27.4 1.17 .09 7.7 .28 .08 i3• O 
2 TO 3 8 .52 .12 23.1 1.24 .09 6.9 .1t2 .1 3.4 
3 TO 4 It .58 • (;4 6.5 1.24 .08 6.3 .47 .04 7.8 
4 TO 5 4 .53 .14 26.1 1.29 .16 12.0 .40 .07 16.1 
5 TO 6 6 .77 .16 21.4 1.36 .10 7.2 .56 .10 17.2 
6 TO 7 9 • e2 .12 14.6 1.44 .12 8.0 .57 .08 13.5 
7 TO 8 4 .88 .10 11.0 -1.48 .12 8.3 .59 .05 8.2 6 TO 9 3 1.19 .11 9.4 1.62 .28 17.4 .74 .09 11.8 
9 Ty 10 3 1.31 .~6 12 • 0 1.80 .04 2.~ .73 .10 13• 5 
10 a 14 6 1.t7 • 4 0.6 1.85 • 25 13 • .90 .14 5.5 
TOTAL 

75 .65 .45 66.4 1.26 .37 29.3 .46 .21 4302 N 
+" 
V1 



Table B-21. Summary STATS for subadul ts, left 50. 
- ~ .-~ ~--. 

------BHC------- -----WIDTH------ ~~----B"I---~---AGE N MEAN STOEV CV Mf:AN STOEV CV t1EAN STOEV CV 

FETAL 3 • lit • C8 57.8 .3'1 .16 42.2 .33 .06 19.0 
PERINATA 6 .22 • C4 17.6 .55 .08 14.5 : .41 .04 9.3 
PER I TO 8 .25 .06 25.0 .73 .12 16.4 .35 .08 22.9 

i l8 ~ lb .35 .12 34.1 .94 .07 7.6 .37 .11 30.2 
.47 .13 26.4 1.03 .05 5.3 .46 .11 24.3 

3 10 4 It .58 .05 8.8 1.06 .06 5.5 .54 .02 4.6 
405 It .57 .16 27.3 1.10 .12 10.6 .51 .10 19.8 
~ TO 6 9 .84 .20 23.5 1.22 .08 6.6 .6'1 .11 IE:·6 6 TO 7 .84 .08 9.6 1.30 .25 19.3 .6E: .09 4.2 
7 TO 8 ~ .9+ .11 11.6 1.31 .12 9.4 .70 .06 8·S 8 TO 9 1.2 .11 6.8 1.43 .20 14.2 • 69 .0'1 9 • 
9 TO 10 4 1.37 .10 7.6 1.57 .08 4.9 .67 .06 6.9 
10 TO 14 6 1.77 .38 21.8 1.71 .19 11.0 1.02 it14 13.6 

TOTAL 
71 °. 68 .48 7 ().5 1.08 .36 33.4 .57 .23 40.5 

Table B-22. Summary STATS for subadultB, left 65. 

AGE N HEAN-S'SIV---CY- HEAN-~fgIU---cv- ~EA~-S,a~V-~-CV-
FETAL 3 .15 .09 60.5 .43 .17 39.9 .3~ .Oi 23.4 
PERINATA 6 .24 .04 15.7 .57 .08 13.5 .42 .04 10 • 6 
PERI TO 8 .27 .06 22.5 .75 .11 15.0 .36 .06 ,!3.5 
1 TO 2 11 .37 .12 32.5 .96 .OH 8.5 .3 e 810 26.2 
2 TO 3 10 .54 .15 26.8 1.03 .06 6.1 .52 .12 23.0 
3 TO 4 4 .62 .08 13.5 1.08 .07 6.4 .57 .05 6.3 
4 TO 5 4 .63 .17 26.5 1.13 .11 10.0 .55 .11 19.2 
5 TO 6 6 .93 .24 25.8 1.28 .oa 6°.3 .72 .14 20.1 
E: TO 7 9 .93 .11 11.7 1.35 .30 22.1 .71 .11 15'l 7 TO B 5 1.01 .16 16.0 1.33 .12 8.7 .7t • 06 10 • 
8 TO 9 3 1.36 .Z4 17.5 1.47 .19 12.8 • '12 .06 6.6 
9 TO 10 4 1.50 .13 8.7 1.65 .08 4.8 .91 .07 7.2 
10 TO 14 6 1.87 .42 22.7 1.76 .13 7.2 1.05 .19 17.6 

N 
TOTAL ~ 79 .74 .51 69.0 1.12 .37 33.2 .60 .24 40.2 



Table B-23. Summary STATS for subadu1ts9 left 80. 

~-----B"C----~-- -----WIDTH------ --~---8"I--~---AGE N I1EAN ST OEV CV I1EAN STOEV CV I1EAN STOEV CV - ---

FETAL 3 .16 .10 58.7 .55 .ZZ 40.4 .Z9 .06 Z2.4 
PERINATA 6 .29 • C4 14.2 .70 .09 12.6 .42 .05 11.4 PERI TO 6 .27 .09 33.1 .92 .13 14.5 .30 .13 42.5 
1 TO 2 a .40 .07 1$.5 1.23 .11 9.1 .33 .06 17.3 Z TO 3 10 .55 .16 2 .3 1.23 .09 7.1 • It It .11 21t.4 
3 TO 4 4 .62 • C4 5.7 1·26 .10 7.6 .49 .05 tl:~ 4 TO 5 4 .. 59 .14 24.3 .31 .13 10.3 .lt4 .07 
5 TO 6 6 .86 .17 20.3 1.45 .1Z 7.9 .59 .09 14.8 
6 TO 7 7 .86 .13 llt.5 1.44 .13 9.1 .6 (, .07 12.0 
7 TO 8 5 .98 .15 15.8 1.52 .12 8.0 .61t .08 12.4 b TO 9 3 1.30 .17 13.4 1.66 022 13.5 .76 .02 2.1 
9 TO 10 3 1.37 .03 2.1 1.85 .07 3.5 .74 .01 1.7 
10 TO 14 6 1.91 .28 14.8 1.99 .12 6.1 .96 .10 10.3 
TOTAL 

71 .75 .49 66.1 1.31 .39 29.5 .52 .21 39.2 

Table B-24. Summary STATS for subadu1ta, left NK. 

------8I1C------- -----WIDTH------ --~---B"I-------AGE N I1EAN STOEV CV I1EAN STOEV CV I1EAN STDEV CV 
-- -

FETAL 0 11 11 11 11 M 11 .,. f1 til 
PERINATA 0 t1 11 t1 ~ 11 .. 11 f1 f1 
PERI TO 0 11 11 11 11 11 H M H f1 
1 TO 2 7 .48 .12 25.6 1.45 .11 7.4 .33 .06 19.3 
2 TO 3 7 .59 .17 2 b.3 1.46 .13 9.1 .41 .11 27.7 
3 TO 4 3 .67 a10 15.3 1.59 .13 8.2 .43 .10 22.9 
4 TO 5 3 .61 .20 33.1 1.56 .10 6.5 .39 .10 27.1 
5 TO 6 6 .93 .25 27.1 1.63 .15 9.0 .57 .13 23.2 
6 TO 7 7 .87 .09 10.3 1.64 .13 6.1 .5 t, .09 16.4 
7 TO 8 5 .97 .25 25.B 1.78 .18 10.1 .55 .16 28.8 
8 TO 9 2 1.39 .40 28.7 1.90 .ll 11.1 .73 .13 17.8 
9 Ty 10 4 1.20 .07 5.7 ~.99 ·r~ 7.3 .61 .05 7.5 
10 0 14 7 1.55 .21 13.7 .04 • 5 7.5 .76 .13 16.7 

TOTAL 
51 .91 .39 42.8 1.69 .Z5 14.7 .52 .17 32.8 

I\J 
+-
""l 



Table B-25. Summary STATS for subadults, right 20. 

---~--BMC---~--- -----~IOTH------ ------8Ml-------__ AGE: N MEAN STOEV tV 11 EA N S TO E: " tV MEA~ STOEV CV 

FE TAL 3 .16 .08 47.1 .70 .27 3 c,. 2 .23 .02 9.4 
PERI NATA 7 .29 • C4 13.7 .95 .13 13.5 .31 .06 18.0 
PERI'TO 5 .29 .09 29.6 1.31 .22 1~.1t .23 .12 49.9 
1 TO 2 8 .36 .10 29.2 1.66 .12 7.0 .22 .05 ~4.4 
2 TO 3 10 .52 .14 26.3 1.69 .17 9.9 .31 .07 3.6 
3 TO 4 8 .57 .13 22.5 1.76 .09 5.2 .33 .07 21.9 
It TO 5 6 .72 .27 37.3 1.87 .24 13.0 .38 .14 36.6 
5 TO 6 5 .82 .22 26.6 1.96 .14 7.3 .42 .12 27.7 
~ TO 7 8 .84 .09 10.1:1 1.96 .18 9.3 .43 .06 13.6 
7 TO 8 4 .90 .14 15.4 2.07 .17 8.2 .43 .05 11.2 
8 TO 9 4 1.19 .C5 4.4 2.24 .28 lZ.4 .,4 .08 14.6 
9 TO 10 3 1.30 .04 2.7 2.27 .12 5.2 .5E .01 2.5 
10 TO 14 7 1.73 .37 21.5 2.45 .36 14.7 .70 .10 14.7 

TOTAL 
78 .72 .46 63.3 1.76 .48 27.2 .38 .16 41.6 

Table B-26. Summary STATS for subadults, right 35. 

------8I1C------- -----WI0TH------ ------8Ml-------AGE N MEAN STOEV CV MEAN S TO EV CV MEAN STOEV CV 

FETAL 3 .14 .07 50.7 .47 .20 42.7 .29 .04 13.6 
PERINATA 7 .24 .02 10.1 .65 .08 11.9 .37 .03 9.2 
PERI TO 7 .23 .C7 26.0 .89 .17 11:1.9 .27 .09 3303 
1 TO 2 6 .35 .09 24.2 1.16 .08 6.5 .3(, .06 19.6 
2 TO 3 12 .46 .14 30.0 1.23 .10 7.6 .37 .11 26.4 
3 TO 4 6 .54 .13 23.5 1.24 .07 5.9 .43 .10 23.5 
4 TO 5 6 .57 .13 22.0 1.34 .15 11.5 .42 .06 13.1 
5 TO 6 7 .76 .14 17.7 1.38 .08 ·5.6 .56 .08 14.0 
6 TO 7 6 .83 .13 15.1 1.42 .11 7.6 .58 .07 11.4 
7 TO 6 5 .90 .16 If.O 1.50 .11 7.0 .60 .10 16.1 
8 TO 9 ~. 1.11 .11 10.1 1.70 .23 13.5 .67 .14 20.5 
9 TO 10 3 1.28 .03 2.5 1.74 .09 5.1 .74 .05 7,1 
10 TO 14 7 1.59 .~3 20.5 1.88 .27 14.4 .84 .10 12.5 

TOTAL N 
85 .66 .• 42 64.0 1.27 .37 29.4 .4E .19 39.0 ~ 

-----.- 00 



Table B-2? Summary STATS for Bubadults, right 50. 

------8HC------- -----WIOTH------ ------8HI-------
AGE N MEAN S TO EV CV MEAN STOEV CV tlEAN STOEV CV -> 

FETAL 3 .14 .(6 42.6 .38 .18 47.1 .36 .02 6.6 
PERINATA 7 .23 • (,4 16.6 .55 .07 12.3 .41 .05 12.1t 
PER I r 0 7 .26 .05 20.8 .73 .12 17.1 .37 .09 23.2 
1 TO 2 8 .36 .11 31.0 .95 .01 1.6 .3f .09 21t.1 
2 TO 3 12 .45 .p- I~:~ 1.05 .O~ 6.1 :~~ ·bO 22.5 
3 TO 4 8 .56 • 0 1.01 .0 4.4 • 8 14.3 
4 TO 5 6 .63 .15 23.fJ 1.14 .11 9.9 .54 .09 15.7 
5 TO 6 6 .83 .18 21 .. 5 1.22 .09 1.1 .68 .10 14.2 
6 TO 7 e .86 .10 11.9 1.21 .10 7.-7 .68 .04 6 .. 6 
1 TO 8 6 .95 .15 16.3 1.30 • 09 6.9 .12 .09 13.0 e TO 9 3 1.22 • ca 6.0 1.55 .16 10.3 .80 .13 15.8 
9 TO 10 3 1 .. 31 .06 4.2 1.58 • CJ1 4.5 .81 .07 8.5 
10 TO .L4 8 1.75 .39 22.1 1.11 .17 9.9 1.01 .15 11t.6 
IOTAl 

85 .10 .48 68.0 1.11 .35 31.9 .5 E .22 37-.q 

Table B-28. Summary STATS for subadul ts, right 65. 

------8 HC------- -----WIOTH------ ------8HI-------
AGE N ME AN STOEV CV I'lEAN STOEV CV HEAt; STOEV cv ----_._-_ .. -------

FETAL 3 .15 .08 55.4 .44 .19 43.3 .33 .05 15.3 
PERI NA TA 7 .24 .04 14.q .~q .06 10.6 .41_ .05 11.9 
PERI TO 6 .26 .07 26.6 .81 .10 12.4 .32 .01 23.4 
1 TO 2 8 .39 .11 2 -;. 2 .98 .09 9.1 .39 .08 21.1 
2 TO 3 12 .53 .13 25.2 1.08 .08 7.4 .49 .11 - 22.2 
3 TO 4 8 .63 .12 18.7 1.11 .06 5.3 .51 .08 14.0 
4 TO 5 6 .68 .15 22.0 1.22 .12 9.1 .55 .08 14.1 
5 TO 6 1 .94 .23 24.2 1.31 .09 7.0 .71 .13 17. e 
6 TO 7 e .91 .15 15.3 1.31 .10 1.3 .14 .07 9.6 
1 TO 6 6 1.04 .17 16.2 1.33 .07 5.2 .18 .11 13.8 
f TO 9 4 1.36 .19 14.2 1.62 .12 1.6 .84 .09 11.0 
9 TO 10 3 1.54 .09 5.6 1.68 .06 3.4 .92 .03 3.1 
10 TO 14 8 1.83 .44 23.8 1.18 .16 9.3 1.02 .17 16.1t 

TOTAL 
86 .79 .51 65.4 1.17 .36 30.5 .61 .23 38.0 N ---- - -----. -.----- ".-. -- -- - ,_. -'=" 

\0 



Table B-29. Summary STATS for subadults, right 80. 

------BMC------- -----WIDT~------ -----... 8111--------
AGE N MEAN STDEV CV MEAN STDEV CV fo1EAN STDEV CV 

FETAL 3 .17 .09 51.0 .59 .20 31t.3 .26 .05 19.0 
PERINATA 7 .31 .04 13.2 .74 .10 12.9 .42 .• 06 13.9 
PERI TO 6 .26 .07 28.3 .96 .14 14.8 .27 .oc; 33.3 
1 TO 2 7 .34 .06 17.4 1'.20 .09 7.4 .2 C; .04 15.1 
2 TO 3 12 .55 .15 28.3 1.29 .11 6.3 .42 .10 23.2 
3 TO 4 8 .57 .13 21.9 1.31 .07 5.5 .43 .08 19.2 
4 TO 5 5 .61 .15 24.4 1.41 .16 11.1 .43 .07 15.6 
5 TO 6 7 .66 .18 21.3 1.46 .11 7.5 .56 .09 15.8 
6 TO 7 6 .92 .13 11t.O 1.49 .15 9.9 .62 .Olt 6.5 
7 TO 6 6 1.01 .21 21.2 1.54 .09 5.9 .65 .12 19.1 
8 TO 9 3 1.18 .16 13.8 1.8e; .13 6.7 .62 .06 9.8 
~ TO 10 2 1.42 .04 2.9 1.87 .07 3.6 .7t .05 6.5 
10 TO 14 7 1.77 .'to 22.7 2.04 .16 7.8 .66 .15 17.0 

TOTAL 
79 .72 .lt7 65.1 1.35 .3 <] 28.7 .5t .19 38.7 

Table B-30. Summary STATS for subadults, right NK. 

------BMC------- -----WIOTH------ ~-·--BMI~--~~--
AGE N MEAN STOEV CV HEAN S TOE V CV MEAN STDEV CV 

FETAL 0 M M H M H M ,., H r1 
PERINATA 0 H H Ii H t1 t1 M M H 
PERI TO 0 Ii M H Ii H H M t1 ... 
1 TO 2 5 .44 .t7 15.6 1.44 .08 5.7 .30 .05 15.1t 
2 TO 3 6 .61 .20 32.6 1.44 .11 7.1t .42 .13 31.3 
3 TO It 5 .66 .16 27 .• 8 1.54 .12 7.6 .44 .15 34.4 
It TO 5 3 .&2 .09 10.6 1.64 .07 4.5 .50 .04 8.6 
5 TO 6 6 1.01 • ~6 26.1 1.64 .14 6.8 .61 .13 21.8 
6 TO 7 It • 9.~ .11 11.9 1.72 .13 7.5 .53 .02 4.6 
7 TO B 6 1.00 .. 25 25.2 1.77 .13 7.4 .57 .15 26.7 
B TO 9 3 1.lt)\ .27 23.1 1.81 .11 6.3 .65 .11 16.6 
~ TO 10 3 1.29 .C7 5.8 1.96 .21 11.0 .66 .10 15.6 
10 TO 14 6 1.40 .21 15Q(j 2.0 C; .16 7.4 .67 .oe 12.5 

TOTAL 
51 .92 .36 3~.e 1.70 .25 15.0 .53 .16 29.5 N 

~ 



Table B-3l. Swmnary STATS for males, left 20. 

------811(------- -----~, 10TH------ ------8111-------
AGE N I1EAN STOEV CV I1EAN STOEV tv HEAN STOEV tv 

15 TO 19 6 2.86 .36 12.5 2.87 .20 7.0 1.00 .12 11.7 
20 Tu 24 3 3.41 .47 13.9 2.72 .37 13.6 1.25 .12 9.7 
25 TO 29 5 3.47 .09 2.7 3.16 .14 4.5 1.10 .05 4.8 
30 TO 34 2 3.82 1.16 30.9 2.90 .05 1.8 1.31 .3B 29.2 
35 Tu 39 8 3.5"4 .37 10.5 2.84 .18 6.4. 1.25 .15 12.3 
40 lU 44 8 3.27 .30 '1.3 2.94 .25 8.5 1.12 .12 10.8 
45 TO 49 11 3.40 .49 14.4 2.97 .17 5.6 1.15 .21 1B.2 
50 TO 54 , 3.l8 .70 21.9 3.00 .19 6.5 1.07 .30 2B.l 
55 TO 59 1 3.62 11 11 2.89 H H 1.25 H H 

TOTAL 
46 3.35 .46 13.7 2.93 .21 7.3 1.15 .18 15.4 

Table B-32. Summary STATS for males, left 35. 

------8 HC------- -----w lDTH------ ------8Hl-------
AGE N MEAN STOEV CV HEAN STDEV CV "'E~N STOeV CV 

15 TO 19 6 2.90 .44 15.1 2.31 .15 6.4 1.25 .15 11.7 
20 TO ,4 4 3.76 .48 12.8 2.39 .23 9.6 1.57 .13 B·i 
~5 TO 29 5 3.52 .38 1C.7 2.52 .06 2.2 1.4(, 013 9. 
30 TlI 34 4 3.51 .88 25.2 2.46 .07 2.9 1.41 .34 23.7 
35 TO 39 10 3.69 .30 8.0 2.46 .14 5.7 1.51 .15 9.7 
40 TO 44 8 3.38 .28 E.3 2.39 .16 6.7 1.42 .13 9.1 
45 TO 49 10 3.59 .40 11.2 2.48 .11 4.4 1.45 1)17 12.0 
50 Tu 54 2 3.68 .72 19.4 2046 .00 .1 1.49 .29 19.4 
5~ T U 59 1 4.38 11 M 2.53 ,., M 1.73 H H 

TOTAL 
50 3.51 .49 13.9 2.44 .14 5.7 1.44 .18 12.8 

N 

~ 



Table B-33. Summary STATS for males, left 50. 

------BMC------- -----WIOTH------ ------BH1-------
AGE N MtAN STOEV CV MEAN STOEV CV MEAN STOEV CV 

15 Tu 19 It 2.89 .56 19.2 2.15 .29 13.3 1.34 .11 7.9 
20 TO 24 4 3.90 .t:3 16.1 2.43 .20 6.3 1.60 .16 10.1 
25 TO 29 3 3.53 .27 7.6 2.38 .05 1.9 1.48 .10 6.7 
30 TO 34 4 3.68 .72 1Ci.4 2.41t • 09 3.8 1.50 .24 16.1 
35 TO 39 9 4.00 .26 6.6 2.43 .16 6.6 1.64 .09 5.5 
40 TO 44 7 3.75 .15 4.1 2.32 .12 5 .. 2 1.62 .06 3.8 
4~ TO 49 10 3.93 .45 11.5 2.46 .,0 8.1 1.61 .19 11.6 
!iO f 0 54 2 4.06 066 16.3 2.55 .02 .6 i· 5 Cj .27 17.0 
55 0 59 1 4.76 M M 2.65 M M .8C ,., H 
TOTAL 

44 3.79 .53 13.9 2.40 .19 7.8 1.56 .16 10.4 

Table B-34. Summary STATS for males, left 65. 

------BMC.------- HEAN-~fgl~---cv- ------BHI-------AGE N MEAN STOl:V CV MEAN STtEV CV 

15 TO 19 6 3.15 .59 1f.7 2.27 .27 12.1 1.38 .11 8.2 
,0 Tu 24 4 3.67 .46 11.8 2.54 .09 3.5 1.52 .14 9.4 
,5 TO 29 5 3.82 .37 9.8 2.45 .06 3.2 1.55 .12 7.4 
30 TO 34 4 3.79 .68 17.9 2.57 .lb b.2 1.4t .18 12.2 
3;} TO 39 " 4.05 .22 5.5 2.55 .21 a.o 1.5~ .12 7.4 
40 TO 44 7 3.77 .21 5.7 2.43 .13 5.2 1.55 .10 6.2 
4!) TO 49 11 3.94 .34 8.6 2.57 .19 7.5 1.54 8113 8.5 
50 TLl 54 1 3.39 M f1 2.85 M M 1.1 C; H H 
55 r 0 59 1 4.61 M M 2.83 M M 1.63 H M 

TOTAL 
48 3.81 .47 12.3 2.51 .21 8.2 1.52 .14 9.2 

N 

~ 



Table B-35. Summary STATS for males, left 80. 

------8MC------- -----WIOTH------ ------... BMI .. ~-----
AGE N MEAN STOEV CV MEA N S TOE V tv ~E_A_tL~JJ~_E\L ____ tV __ --- - -_._--- ._-

15 TU 19 6 3.01 .54 17.8 2.51 .25 10.1 1.20 .11 9.5 
20 TO 24 2 3.59 .20 ~.6 2.7 CI .06 2.C .1..2'i .10 7.6 
25 TO 29 5 3.74 .44 11.7 2.65 • !6 6.1 1.41 .15 10.7 
30 r 0 34 4 3.59 .67 .1. S.b 2.66 .08 208 1.33 .22 16.2 
35 TO 39 8 3.76 .23 6.1 2.68 .14 5.3 1.41 .06 3.9 
40 TO 44 7 3.45 .t:5 7.2 2.66 .05 1.8 1.29 .10 8.1 
45 TO 4~ 11 3.64 .33 8.9 2.7C1 .15 5.5 1.31 .13 9.9 
50 TO 54 2 3.51 .92 26.3 3.08 .15 4.8 1.15 .35 30.8 
55 TO 59 1 4.27 M M 2.86 M M 1.49 ~, 11 

TOTAL 
46 3.56 .45 12.7 2.71 .18 6.8 1.32 .15 11.2 

Table B-36. Summary STATS for males, left NK. 

------8 MC------- -----WIOTH------ ------8MI-------
AGE: N MEAN STOE:V CV MEAN STOE" tv MEAN STOEV tV 

1j TCI 19 5 2.39 .70 29.5 £.55 • .1.9 7.3 .93 .24 25.5 
20 TG 24 4 2.76 .35 12.8 2.5b .13 5.0 1.07 .16 15.0 
25 TO 29 4 2.84 .17 6.1 2.85 .43 15.1 1.01 .15 14.8 
~O TO 34 4 l.62 .63 24.0 2.67 .24 9.1 .97 .16 16.1 
3~ TO 39 10 2.58 .30 11.7 2.71 .26 9.4 .96 .14 14.4 
40 TlI 44 9 2.37 .30 1£.8 2.79 .23 &.4 .85 .oe 9.0 
.. 5 TO 49 8 2.49 .41 16.4 2.7! .13 4.7 .92 .17 18.7 
50 TO 54 1 2.1U M M 3.13 ,., H .70 f1 f1 
55 TO 59 0 M M M M f"I M M f1 H 

TuTAL 
4; 2.53 .41 16.3 2.71 .24 6.9 .94 .16 16.9 

N 

~ 



Table B-3? Summary STATS for males, right 20. 

------6 MC------- -----WIDTH------ ------8HI-------
AGE N MEAN STDEV C\I MEAN STDEV C'J MEAN STDEV tV -----.. -

15 TO 19 6 2.78 .47 16.9 2.83 .23 8.2 .98 .16 16.0 
20 TO 24 4 3.42 .25 7.3 2.75 .32 11.6 1.25 .08 ~.5 
25 fO 29 4 3.65 .51 14.0 3.12 .09 2.9 1.17 .19 16.2 
30 TO 34 4 3.71 .70 16.9 2.95 .10 3.3 1.26 .24 19.4 
35 TO 39 8 3.53 .21 5.9 3.00 .19 ~.4 1.1e .11 9.7 
40 TO 44 b 3.29 .33 10.0 3.02 .29 9.5 1.0e; .11 10.4 
45 TO 49 9 3.22 .26 13.1 3.00 .16 5.2 1.08 .11 9.9 
50 TO 54 2 4.04 .05 1.3 2.93 .02 .8 1.38 .03 2.2 
55 TO ~9 1 3.71 M M 2.85 M t1 1.30 M M 

TOTAL 
46 3.37 .46 13.6 2.96 .22 7.3 1.14 .16 14.1 

'Table B-38. Summary STATS for males, right 35. 

------6H(------- -----IiIlIDTH------ ------8H1-------___ AGE N MEAN STDEV CV MEAN STDEV CV I'iEAN STDEV CV 

1~ TO 19 5 2.81 .47 16.7 2.30 .18 800 1.23 .19 15.1 
20 TO 24 3 3.62 .17 4.7 2.40 .13 5.b 1.51 .03 2e2 
25 TO 29 4 3.72 .38 10.Z ~.60 .07 2.8 1.43 .12 5.5 
30 TO 34 4 3.58 .&6 4.0 .54 .09 3.4 1.40 .31 22.2 
35 TO 39 11 3.68 .25 6.9 2.47 .10 4.1 1.4e; .09 6.2 
40 TO 44 8 3.50 .37 10.5 2.44 .20 8.0 1.44 .10 ~.& 
45 TO 49 10 3.47 .21 6.0 2.49 .13 5.2 1.40 .07 5.3 
~O TO 54 3 4.04 .EO 19.9 2.49 .05 1.9 1.62 .31 18.8 
55 fO 59 1 4.45 H H 2.52 M M 1.77 H 

'" TOTAL 
49 3.55 .49 13.8 2.46 .15 5.9 1.44 .17 11.7 

I\J 

'i-



Table B-39. Summary STATS for males, right 50. 

------BMC------- -----WIDTH------ ------BI1I-------
Aij E N MEAN :)TDEV CV MEAN STDEV CV I1EAN STDEV CV 

15 TO 19 6 3.0 B .54 17.7 2.24 .25 11.2 1.37 .14 10.2 
,0 TU 24 4 3.68 .31 ~.3 2.30 .17 7.3 1.60 .02 1.2 
,5 TO 29 4 3.99 .43 10.7 2.52 .21 8.4 1.59 .11 (;.9 
30 TO 34 5 3.70 .61 16.5 2.42 .15 6.0 1.52 .20 12.9 
35 TO 39 9 4.02 .33 e.2 2.51 .20 B.1 1.61 .11 6.6 
40 Ti" 44 6 3.70 .53 14.3 2.37 .1B 7.7 1.5t .13 S.6 
4~ TO 49 9 3.72 .1B 4.8 2.46 .18 7 .~ 1.5, .08 5.5 
50 TU 54 3 4.33 • 62 14.3 e::.59 .15 5 • 1.6S .32 1B.9 
55 TO 59 1 4.79 11 11 2.65 M M 1.81 11 M 

TOTAL 
47 3.77 .53 14.0 2.43 .20 8.4 1.55 .15 10.0 

Table :8-40. SummarY' STATS for males, right 65. 

AGE N 
------BMC-------
MEAN S TDEV CV MEAN-~lgl~---cv- MEAttsfS~v---CV-

15 TLi 19 6 3.10 • ~6 16.1 2.30 .31 13.5 1.35 .13 9.3 
20 TO 24 4 3.62 .29 B.O 2.35 .10 4.3 1.54 .10 6.3 
25 TO 29 3 3.99 .c6 16.6 2.61 .26 9.& 1.52 .11 7.3 
30 TO 34 4 3.68 .45 12.1 2.45 .14 5.6 1.50 .13 B.8 
35 TO 39 9 4.06 .35 8.5 2.54 .2 e 11.1 1.6e .12 7.2 
40 TO 44 8 3.82 .40 10.4 2.50 .15 5.9 1.53 .13 B.2 
45 TO 49 10 3.79 .26 6.8 2.53 .20 7.9 1.50 .12 7.8 
50 TIJ 54 3 4.17 .71 17.1 2.68 .16 6.6 1.57 .34 21.8 
5~ TO ~9 1 4.84 M H 2.87 M H 1.6'1 H 11 

TOTAL 
48 3.79 .51 13.5 2.50 .23 9.3 1.52 .15 9.8 

N 

~ 



Table B-41. Summary STATS for males, rip,ht 80. 

------BHC------- -----WIOTH------ ------BHI-------
AGE N HEAN STDEV CV ~EAf'.l S TO t: V CV HEAN STOEV CV 

15 TO 19 5 3.05 • 49 16.2 2.59 .23 8.B 1.lS .15 12.5 
20 TO 24 5 3.75 .5C, 15.1 2.77 .23 e.1 1.35 .12 8.8 
2~ TO 29 4 3.80 .48 12.6 2.71 .16 t.O 1.40 .14 9.8 
30 TU 34 5 3.69 .56 15.1 2.72 .13 4.9 1.36 .19 14.1 
35 TO 39 10 3.74 .36 9.6 2.71 .19 6.9 1.38 .08 5.9 
41" fLl 44 7 3.47 .40 11.5 2.66 .12 4.5 1.3C .14 10.4 
45 TO 49 8 3.54 .38 10.8 2.76 .1~ ~.2 1.2E .15 11.7 
5e TLl 54 3 3.90 .'16 25.0 2.91 .08 2.7 1.34 .34 25.5 
55 TO 59 1 4.66 M H 3.04 M M 1.53 M t! 

TOTAL 
46 3.b3 .52 14.3 2.73 .16 b.5 1.33 .16 11.7 

Table B-42. Summary STATS for males, right NK 

------BMC------- -----WIOTH------ -~----BHI-------AGE N HEAN STOEV CV MEAN STOEV CV HEAN STOEV CV 

15 TO 19 6 2.34 .60 25.6 2.55 .24 9.4 .93 .25 27.0 
20 TO 24 5 2.56 .55 21.4 2.50 8,8 11.1 1003 .22 21.0 
25 TO 29 4 2.73 .26 9.4 2.73 .27 9.9 1.0e .09 6.7 
30 TO 34 5 2.71 .53 19.5 2.62 .16 6.9 1.03 .14 13.2 
35 TO 39 10 2.56 .25 9.7 2,64 .23 6.7 .97 .13 13.5 
40 TO 44 8 2.46 .43 17.2 2.70 .22 8.2 .92 .13 14.0 
45 TO 49 9 2.43 .44 18.0 2.65 .26 9.8 .93 .20 21.3 
50 TlJ 54 3 2.58 .24 9.5 2.86 .26 9.1 .91 .12 13.7 
55 TO 59 1 2.42 M M 2.82 H M .86 f1 H 

TC,TAL 
51 2.52 .41 16.3 2.65 .24 9.0 .96 .16 16.9 

I\) 

~ 



Table B-43. Summary STATS for females, left 20. 

------BMC------- -----WIOTH------ ------8Ml-------
AGE N MEAN ~ TO EV CV fEAN S TOEV CV MEAN STOEV CV , 

15 TO 19 5 2.66 .34 12.6 2.67 .20 7.6 1.00 .16 15.9 
20 TU 24 11 2.85 .29 10.2 2.72 .21 7.7 1.05 .11 10.1 
25 10 29 6 2.83 .19 t:..7 2.77 .14 5.2 1.02 .07 6.4 
30 TO 34 9 2.72 .41 15.1 2.86 .28 'i.8 .9t .15 16.0 
35 TO 39 8 2. 4~ .,6 10.7 2.76 .27 9." .90 .12 13.3 
40 10 44 6 2.43 .30 12.4 2.88 .22 7.8 .84 .09 11.2 
45 TO 49 7 2.22 .~7 12.0 2.72 .21 7.9 .82 .13 15.6 
50 TO 54 10 2.33 .35 14.8 2.91 .30 10.2 .• 8C .10 12.9 
55 TO 59 5 2.10 .35 16.5 2.90 • ,3 8.0 ,.73 .14 19.2 

TUTAl 
67 2.53 .39 15.2 2.60 .24 6.6 .91 .15 16.8 

Table B-44. SummarY' STATS for females, left 35. 

------BMC------- -----WIDTH------ ------8MI-------
AGE N MEAN STOEV CV "EAt.. S TO E\t CV MEAN STOEV CV - -

15 TO 19 5 2.57 .35 13.5 2.11 .09 4.1 1.22" .16 12.7 
20 TLI 24 10 2.86 .40 14.1 2.24 .15 6.5 f· 2t .17 13.0 
25 TO 29 7 2.80 .22 7.7 2.28 .14 6.1 .23 .07 6.0 
30 Ttl 34 9 2.85 .42 14.9 2.34 .20 8.4 1.2(: .17 13.6 
35 TO 39 7 2. t7 .35 13.0 2.30 .22 '1.6 1.16 .11 9.5 
40 TO 44 6 2.64 .30 11.2 2.3 e .16 6.7 1.23 .36 29.4 
45 TO 49 8 2.36 .32 13.3 2.30 .17 7.4 1.04 .17 16.4 
~O TO 54 8 2.45 .41 1t.6 2.35 .10 4.3 1.04 .13 12.8 
55 TO 59 5 2.41 .38 15.7 2.42 .13 5.3 1.0e .17 17.4 

TCTAl 
65 2.64 039 14.6 2.30 .17 7.2 1.1t:. .19 16.6 

N 

~ 



Table :8-45. SumTllaI7 STATS for females, left 50. 

------8I1C------- -----WIDTti------ ------8111-------
AGE N I1EAN S1 DEV CV F'lEAN STDEV CV MEAN STOEV CV 

15 TO 19 5 2.75 .39 14.3 2.07 .12 6.0 1.35 .14 10.4 
~O TO ?4 1+ 3.0~ .41 1;:~ ~ .19 o~2 5.6 1:~9 .14 10.~ 

5 TO ,9 3.1 .~4 .25 • 9 4.2 • 11 7 • 
30 TO 34 9 3.09 .50 16.0 2.29 .19 6.4 1.3~ .14 10.6 
35 TO 39 9 2.90 .43 14.9 2.26 .1 ~ 6.7 1.2 f: .12 9.7 
40 TO 44 4 2.96 .43 1i·4 2.35 .14 6.0 1.2t .11 8.7 
45 TO 49 7 2.72 .21 .8 2.26 .18 8.1 1.20 .12 C;.9 
50 TO 54 9 2.70 .50 Ib.6 2.35 .09 3.9 1.15 .21 17.9 
55 TO 59 5 2.60 .47 18.0 2.40 .15 6.3 1.09 .22 20.2 

TOTAL 
66 2.90 .43 14.7 2 .. 27 .16 6.9 1.2 ~ .17 13.5 

Table B-46. Summary STATS for females, left 65. 

------8 MC------- -----WIDTH------ ------8MI-------
AGE N MEAN STDEV CV MEAN STOEV CV f1EA~ STOEV CV 

15 TO 19 6 2.95 .41 14.0 2.12 .14 6.7 1.39 .11 8.3 
~o TO 24 10 3.16 .50 15.9 2.21 .14 6.4 1.42 .17 12.0 
25 TO 29 7 3.15 .23 7.3 2.2 e; .12 5.1 1.3e .09 6.6 
30 TO 34 9 3.23 .4ti 14.7 2.32 .21 9.1 l.3e; .13 9.5 
35 TO 39 9 3.00 .40 13.4 2.30 .16 6.8 1~3C .12 9.0 
40 TO 44 6 3.11 .35 11.2 2.41 .25 10.2 1.29 .09 6.6 
45 TO 49 9 l.86 .17 5.6 2.36 .19 8.2 1.2~ .10 8.3 
50 TO 54 10 2.82 .43 15.3 2.43 .13 5.4 l:li .16 14.1 
55 TO 59 5 2.74 .39 14.1 2.49 .19 7.5 .16 14.2 

TOTAL 
71 3.01 .40 13.4 2.32 .19 e.2 1.30 .16 12.5 

N 

~ 



Table B-47. Summary STATS for females, left 80. 

------8 MC------- -----WIDTH------ ------8"1-------
AGE N MEAN STOE" CV MEAN STOEV CV f1EAN STOEV CV 

1~ TO 19 6 2.89 .38 13.3 2.35 .19 8.2 1.22 .09 7.3 
20 TO 24 1~ 2.95 .43 14.7 2.40 .22 9.2 1.23 .11 8.6 
25 TO 29 2.97 .25 8.3 2.47 .09 3.5 1.2C .07 5.7 
3C TO 34 9 3.00 .46 1b.0 2.50 .25 9.8 1.20 .13 lC.5 
3!) TO 39 9 2.85 .40 14.2 2.43 .22 8.9 1.17 .10 8.7 
40 TO 44 5 2.91 • ~8 9.5 2.54 .13 5.1 1.15 .10 8.5 
45 TO 49 7 2.62 .25 9.6 2.40 .19 7.9 1.10 .13 11.5 
~o TO 54 10 2.60 .36 13.9 2.59 .20 7.9 1.01 1115 14.7 
55 TO 59 b 2.b5 .47 17.8 2.62 .22 8.5 1.01 .17 16.4 

TOTAL 
70 2.83 .40 14.0 2.48 .21 6.4 1.15 .14 12.1 

Table B-4B. Summary STATS for females t left NK. 

------8 HC------- -----WIOTH------ ------8HI-------
AGE N HEAN STO EV tv "EAN STOE:V tv MEAN STOEV CV ------

15 TO 19 5 2.05 .34 16.7 2.51 .22 8.6 .81 .09 11.1 
2.0 TO 24 9 2.03 .21 10.3 2.29 .13 5.8 .8~ .08 9.1 
25 TO 29 7 2.08 .13 b.O 2.31 .14 b.O .91 .09 9.6 
30 TO 34 C) 1.95 .2.1 10.8 2.40 .21 8.7 .82 .14 It.8 
35 TO 39 8 1.b2 .20 11.0 2.48 .26 1C.4 .74 .O~ 7.8 
40 T L 44 4 2.05 .,7 13.2 2.50 .28 11.1 .83 .18 21.8 
45 TO 49 9 1.65 .41 24.7 2.34 .25 10.9 .71 .18 25.5 
50 TO 54 10 1.55 .32 20.9 2.35 .22 9.4 .66 .12 18.8 
55 TO 5~ 5 1.51 .20 13.b 2.44 .24 10.0 .63 .13 21.1 

TOTAL 
b6 1.64 .33 18.1 2.39 .2.2 c).1 .77 .15 19.2 

-N 

~ 



Table B-49. Summary STATS for females, right 20. 

------8 HC------- -----Wl0TH------ ------BI1I-~-,.-C»-AGE N MEAN STOEV CV MEAN STOEV tv "EA N S TD!=_V_~_V_ 
1~ lO 19 5 2.5& .36 14.1 2.95 .61 20.6 .8'1 .14 15.3 2:0 C 24 10 2.80 .2:8 9.9 2.79 .19 6.8 1.0e .09 9.3 25 T (j 29 4 2.93 .28 9.5 2.81 .16 5.8 1.04 .10 9.4t 30 TO 34 8 2.69 .46 17.0 2.85 .21 7.4 .94 .13 13.3 35 TO 39 6 2.54 .29 11.5 2.78 .21 7.6 .92 .11 12.1 40 TO 44 7 2.39 .26 11.5 ~.85 .26 9.0 .64 .11 13.4 45 TO 49 B 2.39 .41 17.1 .87 .32 11.0 • &4 .15 17.6 50 TO 54 11 2.25 .22 9.9 2.87 .22 7.6 .7'1 .06 «;.9 55 TO 59 3 2.07 .39 19.0 2.69 .33 12.3 .77 .12 15.9 
TuTAL 

64 2.52 .36 15.3 2.64 .27 9.4 .89 .13 15.1 

Table B-SO. Summary STATS for females, right 35. 

------8MC------- -----wl0TH------ ------8Ml-------
A bE N MEAN STOEV tv MEAN STOEV CV MEAN STDEV CV 

15 TO 19 6 2.44 .3t, 13.9 2.24 035 15.5 1.10 .17 15.3 
20 TO 24 11 2.87 .22 1.5 2.25 .13 5.6 1.27 .09 7.1 
25 TO 29 3 2.61 .12 4.4 2.23 a09 4.1 1.17 .04 3.5 
30 Tt:J 34 7 2.75 .52 1«;.0 2.25 o 1B B.O 1.22 .17 13.7 
35 Te. 39 £) 2.BO .42 14.9 2.31 .15 6.1 1.21 .14 11.9 
40 TO 44 6 2.42 .42 17.4 2.32 a14 5.9 1.04 .15 14.8 
45 TO 49 9 2.51 .38 15.3 2.37 .19 1.9 1.0f: .11 16.3 
50 TO !J4 14 2.48 .29 11.6 2.33 .13 5.7 1.06 .11 9.9 
55 T t:J 59 4 2.23 .36 16.3 2.39 .10 4.0 .93 .15 15.1 

TuTAL 
68 2.59 .39 14.9 2.30 .17 7.4 1.13 .16 14.4 

~ o 



Table B-5l. Summary STATS for females, right 50. 

------BMC------- -----WIDTH------
AGE N MEAN S TO EV CV I1EAN STOEV CV 

1~ TO 19 6 2.57 .33 12.9 2.01 .19 9.2 
2Ci TO 24 7 3.04 .24 7.7 2.15 .10 4.5 
,5 Tu 29 5 3.00 .25 8.2 2.16 .09 4.1 
30 TO 34 7 3.17 .52 16.4 2.26 .13 5.9 
35 TO 39 7 3.05 .41 13.3 2.29 .15 f:.8 
40 TU 44 8 2.67 .49 18.3 2.28 .15 6.4 
45 TO 49 8 2.83 • Z5 8.1 2.31 .18 7.6 
50 Tli 54 14 2.68 .31 11.5 2.30 .11 4.8 
55 TO 59 5 2.50 .51 20.3 2.36 .06 2.4 

TOTAL 
67 2.82 .41 14.6 2.25 .16 7.0 

Table B-52. Summary STATS for females, right 65. 

------BMC-------
AGE N MEAN STDEV CV 

--.. --WIDTH------
MEA ti S TOE V CV 

15 TO 19 6 2.72 .45 16.5 2.01 .18 9.0 
20 TO 24 10 3.21 .3~ 10.1 2.23 .13 5.7 
25 TO 29 4 3.07 .24 7.7 2.20 .11 5.1 
30 TO 34 8 3.21 .62 19.5 2.28 .25 11.0 
35 TO 39 8 3.12 .42 13.4 2.33 .16 6.7 
40 TO 44 8 2.88 .51 17.6 2.29 .11 7.6 
45 Tlt 49 9 2.95 .35 11.9 2.39 .18 7.6 
50 TO 54 13 2.80 .40 14.2 2.38 .12 5.2 
55 HI 59 5 2.77 .54 19.6 2.46 .10 4.1 

TOTAL 
71 2.97 .45 15.1 2.30 .19 8.3 

-----~BI1I-~~----
~EAN STDEV CV 
1.2e .15 11.8 
1.41 .11 7.4 
1.3 -; .10 7.0 
1.39 .16 11.6 
1.33 .10 7.3 
1.17 .17 14.8 
f·23 .17 

.14 

.13 1A· 2 
1 .8 

1.06 .22 20.6 

1026 .17 13.7 

------8111-------MEAN STDEV CV 

1.35 .16 11.8 
1.44 .10 6.7 
1.4t .12 8.7 
1.40 .16 11.4 
1.33 .11 8.3 
1.25 .15 12.2 
1.24 .14 11.3 
1.1E1 .16 13.5 
1.13 .23 20.8 

1.30 .17 13.3 

N 
0\ .... 



Table B-53. Summary STATS for females, right 80. 

------BMC------- -----WIDTH------
AGE N MEAN STOi:V CV "cAN S TO EV CV 

15 TO 19 6 2.60 .39 15.1 2.31 .25 10.7 
20 TU 24 11 3.00 .37 12.4 2.42 .17 6.8 
25 TO 29 5 2.95 .20 6.8 2.36 .05 2.0 
30 TlI 34 8 3.07 .66 21.4 2.46 .31 12.6 
35 T U 39 6 3.03 .40 13.1 2.49 .19 7.6 
40 TO 44 7 2.67 .49 16.2 2.45 .16 6.7 45 TO 49 9 2.77 .32 11.5 2.55 .22 6.5 
50 TO 54 14 2.63 .33 12.5 2.53 .14 5.5 
~5 TO 59 5 2.57 .46 17.9 2.61 .03 1.1 

TOTAL 
73 2.e1 .43 15.4 2.47 .19 7.9 

Table B-54. Summary STATS for females, right NK. 

------BMC------- ----\iIDTH------
AGE N MEAN STOEV CV MEAN S TOEV CV 

15 TO 19 6 1.93 .44 23.0 2.32 .23 10.1 
£0 Tu 24 8 2.08 .15 7.0 2.15 .22 10.0 
25 Tu 29 5 2.16 .16 8.2 2.27 .19 6.5 
30 TO 34 8 2.08 .33 1 t:.l 2 .~8 .16 7.7 
35 TO 3~ 8 1.b4 .25 13.6 2. 3 .26 11.0 
40 TO 44 ~ 1.66 .38 £0.1 2.35 .19 8.3 
45 TO 49 1.60 .57 31.5 2.27 .25 11.1 
50 TO 54 13 1.63 .30 18.3 2.37 .19 7.9 
55 TO 59 4 1.49 .30 20.4 2.30 .09 3.9 

TOTAL 
68 1.87 .38 20.5 2.31 .21 9.1 

------BMI-------
MEAN STDEV CV 

1.13 .15 12.9 
1.24 .11 9.0 
1.24 .06 5.1 
1.24 .15 12.1 
1.21 .07 6.1 
1.06 .15 13.6 
1.0e; .14 12.6 
1.04 .14 13.0 
.96 .17 17.1 

1.14 .15 13.3 

------8MI-------
MEAt-. STDEV cv 
.83 .13 16.2 
.97 .09 9.7 
.96 .12 12.2 
.8~ .7 :hl 1~:i 
.7~ ·16 19.9 
.76 • 9 4.5 
.69 .12 17.3 
.64 • 1 16.8 

.81 .16 20.1 

N 
0'\ 
N 
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