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ABSTRACT 

Skeletal asymmetry is assessed by gross osteometry, combined cortical thickness, 

joint surface area and osteoarthritis score and compared to the reported handedness for 39 

individuals. Based on the principles of bone remodeling there is a tacit assumption in the 

field of anthropology that handedness is the sole source of skeletal asymmetry and thus is 

predictable from the asymmetric pattern. In general, bone does hypertrophy in response 

to increased loading and atrophies when loads are chronically diminished. This study 

demonstrates that handedness is an ambiguous cultural construct and is not the only 

contributor to skeletal asymmetry. Individuals exhibit a mosaic of asymmetry between 

the right and left sides for different measures. The features ranged from zero to 48.0% 

for the expression of asymmetry in a direction contrary to that expected by the principles 

of bone remodeling and the reported hand preference. The greatest percent of 

misclassification occurs for non-right-handed individuals and females. There is a greater 

frequency of misclassification for measures that reflect function (cortical thickness, joint 

surface area and osteoarthritis) compared to those that are subject to functional influences 

only during the growth and development of the individual (gross osteometry). These 

results indicate that the non-dominant limb is subject to activities heavy enough to 

stimulate bone remodeling but not dynamic enough to be classified as 'handedness'. 

Based on this sample skeletal asymmetry is not a reliable, definitive marker for hand 

preference. 
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PREFACE 

Most of the skeletonized human remains are resting in the shade of a mesquite 

tree. A man and his dog made the grisly discovery as they hiked along this desert trail. 

Now the homicide team scrambles to collect the scattered pieces for delivery to the 

morgue. The pathologist calls upon the local anthropologist to perform a biological 

profile for the identification of the remains. As the bones are placed in anatomical 

position the anthropologist stalls on the more revealing pieces. Though the bones are 

badly damaged due to carnivore activity, the age and sex of the individual are determined 

to be 25-35 years and female from the remaining os coxa. Calculations from the length 

of the femur divulge that the woman was approximately five feet four inches. From the 

skull the anthropologist asserts that the bones are those of a Caucasian. The teeth of the 

maxillae and mandible contain no restorations but identification should not be 

problematic if antemortem records can be located. By "eyeballing" the humeri and 

glenoid fossa of the scapula the anthropologist pronounces that the victim was right-

handed. The bones exhibit no obvious trauma or pathology and based on their condition 

they are estimated to have been out there for a minimum of one year. 

The information gleaned from the remains matches a 'missing perstms' report for 

a neighboring county and records are obtained for radiographic comparison with those of 

the deceased. A forensic odontologist performs the radiographic comparison and 

pronounces a positive ID for the Jane Doe. The parents of the victim are notified that the 

search for their daughter is over and unfortunately, the news is bad. Distraught and in 

denial over their possible loss, the parents request all records of analysis. Upon reading 
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the disclosed reports the parents stumble upon the anthropological study and begin to 

rejoice. A mistake has been made. Theii* daughter is left-handed 
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CHAPTER 1 
INTRODUCTION 

The impetus for this study grew from three sources. The earliest interest is 

traceable to my 1991 Master's report, 'The Determination of Age from the Clavicle". An 

unreponed trend of larger sternal clavicular curvatures on the right side in males 

suggested a possible relationship to handedness. The second source is derived from my 

own odd pattern of hand preference. I write with my left hand, throw with my right, 

write on a chalkboard with the right, hold forceps in the left. Upon beginning the 

literature search on handedness I learned that I would be classified as Type II 

ambidexterous or a person who uses both hands to complete different tasks. The question 

arose how is this pattern different from the other classes and could such a distinction be 

made skeletally as currently performed in the field of anthroplogy? Finally, the study by 

Morbeck and 'jolleagues in 1994 confirmed the validity of my questions by 

demonstrating greater bone mineral density in the non-termiting limbs of a small skeletal 

sample of Combe chimps. 

For decades anthropologists have been using the principles of bone remodeling to 

ascribe morphological asymmetries to the phenomenon of handedness. Indeed, overuse 

of a structure leads to adaptive hypertrophy of anatomical structures just as disuse leads 

to their adaptive atrophy. This has been confirmed repeatedly and is best exemplified by 

the extreme asymmetry in the upper extremities of tennis players and hemi-paralysis 

patients. However, most do not chronically subject one limb to such excessive behaviors. 

Humans are bimanual and most tasks require the use of both limbs. So the question 
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arises, is 'handedness' a strong enough phenomenon to result in the characteristic 

indicator of unilateral hypertrophy? 

To attempt lo answer this question, one must detine "handedness'. This is a task 

that still eludes us. Our understanding of 'handedness' usually is based on preconceived 

notions derived from personal experience. There is no universal definition or measure of 

'handedness'. For this reason, researchers simply accept 'handedness' as being the 

unequal use of one hand over the other for certain tasks. But the "certain tasks" are a 

product of culture and are ill defined between studies. Why is the hand writing more 

important than the hand holding the paper? Activities that define "handedness' are 

comprised of dynamic rather than passive components. So another question arises, are 

the activities ascribed to 'handedness' the only source of remodeling and subsequent 

morphological asymmetry? 

Some studies simply rely on assigning hand dominance to the side of the body 

exhibiting the larger structures with the assumption thai only one side is consislcntly 

subject to forces great enough to stimulate hypertrophic remodeling. In most cases the 

'handedness' of the individual is unknown, so conclusions are unconfirmed and circular 

arguments ensue. For example, individuals with a longer right humerus are classified 

right-handed and those that are right-handed must have a longer right humerus even 

though the cause and effect are unsubsianiiated scientifically. With the development and 

incorporation of non-invasive techniques studies could be performed to reveal 

morphological asymmetry in living people for whom 'handedness' is assessable by 

questionnaire, interview, or direct observation. However, problems exist with the 
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assessment of 'handedness' and the studies usually are limited to only one anatomical 

feature. 

Cultural bias pervades many studies of asymmetry and 'handedness'. Often times 

the prevalence of a right-sided bias in a sample of unknown handedness is automatically 

accepted to represent right handedness since 90% of the population are assumed right-

handed. The pervasiveness of this figure is overwhelming but its source is elusive. It 

seems to be derived from a survey performed in the 1940's, undoubtedly consisting of a 

single question, but this is unconfirmed. A comprehensive, unbiased, anatomical survey 

of upper extremity asymmetry for people with a reported hand preference is required to 

answer the series of questions generated regarding skeletal asymmetry and 'handedness*. 

This study attempts to answer iwo basic questions; is skeletal asymmetry 

indicative of handedness? And, is skeletal asymmetry uniformly lateralized across 

various measures? Once answered, these questions give rise to another series of 

questions. Are certain measures better/worse indicators than others? Are factors such as 

handedness or gender involved in the correlation of handedness to asymmetry? In order 

to answer these questions a sample is required for which 'handedness' is reponed and lor 

which both upper extremities are available for extensive analysis. The difficulty of 

obtaining such a sample has hampered studies on 'handedness' and skeletal asymmetry 

and allowed the perpetuation of the direct cause/effect relationship. Though the sample is 

small, this study offers a glimpse into the expression of skeletal asymmetry as it relates to 

handedness. 



18 

This study shares the premise for all previous models that document skeletal 

asymmetry and correlate it to handedness. Following the principles of bone remodeling 

established in the late ISOO's and still under refinement, the skeletal elements more 

heavily loaded exhibit the adaptive response of hypertrophy. The unequal use of one 

limb over the other for certain tasks, handedness, results in differential loading of the 

limbs such that the dominant limb is more heavily loaded. Thus, the dominant limb 

exhibits larger structures compared to the non-dominant limb. 

Four bones representing four joint complexes are analyzed by various technique.s. 

First, standard osteometric measurements are obtained from the right and left humeri. 

radii, ulnae and first metacarpals. These measures correspond to the type of data thai Ls 

collected at the time of recovery and laboratory analysis to assess 'handedness' from 

skeletal remains. Second, measures of joint surface area, combined cortical ihicknes.s and 

pattern of osteoarthritis presentation supplement the gross osteometry. Joint surface area 

and cortical thickness are more tightly linked to the principles of bone remodeling over 

the life span, and thus are belter indicators of function and behavior. The.se measures 

also compensate for the inability to recover osteometric data in individuals suffering from 

degenerative joint disease. 

The current study also analyzes the degree of osteoarthritic presentation relative 

to the known handedness of the individuals. The relationship of osteoarthritis, or 

degenerative joint disease, to joint mechanics is irrefutable. Most re.searchers agree that 

the disease process is stimulated by intermittent, repetitive forces on the joint(s) coupled 

with decreased efficiency of 'shock absorption' of cartilage and subchondral bone 
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(Radin, er al., 1972). Therefore, asymmetric presentation of the disease should indicate 

differential limb usage and 'handedness'. This premise has been used in past studies 

(Jurmain, 1977, Jurmain, 1980), but some interpretations are questionable. For instance, 

symmetric, polyarticular involvement has been attributed to a systemic or generalized 

etiology rather than equal usage of the limbs. The assumption that an equal presentation 

of the disease cannot have a mechanical etiology reflects either an unstated bias of the 

researcher or a blind acceptance of the validity of 'handedness' as a skeletal indicator. 

With the current study I hope to demonstrate the vagaries associated with the 

phenomenon of 'handedness'. The potential for the non-dominant limb to undergo 

remodeling respon.ses to activities not encompassed by handedness definitions could 

make the correlation of handedness to skeletal asymmetry spurious. An overview ol'our 

understanding of handedness is provided in Chapter 2. It includes discussions on the 

definition of handedness, forms of asymmetry, documentation of handedness (previous 

research), anthropological applications, quantification of handedness, cultural and 

biological foundations of handedness, ccrenral lateralization, nonhuman primate studies 

and ontogeny of handedness. An overview of our understanding of the biology and 

behavior of bone is provided in Chapter 3. It includes discussions on the structure and 

function of bones and joints, the effects of aging on bones and joints, and the presentation 

of degenerative joint disease. Chapter 4 contains description of the materials and 

methods employed to answer the questions under investigation. Chapter .S reports the 

results of the analysis and Chapter 6 includes interpretation and summarization of results 

and suggests topics for future studies. 
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CHAPTER 2 
THE SCIENCE AND PSEUDOSCIENCE OF HANDEDNESS 

Introduction 

With what 'hand' do you write, draw, throw, use scissors, brush your teeth, use a 

knife or spoon, strike a match or open the lid to a box? With what 'hand' do you carry 

books, groceries or a child, catch a baseball? The former series of questions comprise 

some of the activities used to indicate handedness in the Edinburgh Handedness Quotient. 

The latter series, though requiring strength and coordination, are largely ignored due to 

their passive nature. Our indoctrination and experience tell us that 'handedness' is the 

consistent, unequal use of one limb over the other for certain tasks. This behavior is 

highly regarded by psychologists and neuropsychologists who rely on its promise to 

reveal brain asymmetry and organismal complexity. 

The anatomic evidence for chronic differential usage of a limb consists of 

musculoskeletal hypertrophy or atrophy. These two morphological extremes are easily 

demonstrable in tennis players or hemiparalysis patients. The resulting morphologic 

asymmetry is commonly attributed to 'handedness' especially if right dominance is 

indicated. The deceptive ease of assigning 'handedness' to an individual from skeletal 

asymmetry or from ethological observations ensures its adoption by anthropologists for 

the construction of biological profiles and phylogenetic trees. In fact there seems to be an 

assumption in anthropology that "a large body of clinical, anatomical and behavioral 

evidence for the connection of handedness, cerebral asymmetry, language and manual 

manipulation in humans" exists (Pope and Keates, 1994:560). None of these connections 

has been confirmed due to the mountain of contradictory evidence. 
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Varying definitions and problems of assessment of 'handedness' make its validity 

questionable. Most researchers use writing as the main criterion for handedness 

assignation (Plato, etal., 1984) even though it many not coincide with the limb choice for 

other activities. Many overlook, neglect, or forget the fact that the non-dominant limb 

has the potential to undergo heavy loading not traditionally defined as 'handedness'. 

Such loading conditions could stimulate bone remodeling, thereby reducing anatomic 

asymmetry. Most individuals are not subject to the chronic, heavy, asymmetric load.s 

experienced prior to industrial modernization or to those experienced by select athletes. 

If this is the case, anatomic asymmetry would not be obvious. In addition, preferential 

limb usage may vary according to the specific task or across the many joints comprising 

the upper extremity. The results of a varied pattern of usage could complicate assessment 

of 'handedness' from skeletal remains. 

The lack of convincing evidence of 'handedness' in other animals casts doubt on 

its being a strict biological entity in humans. Humans are truly bimanual; the opposite 

limb assists that one performing the primary activity, unless incapacitated. The "non-

dominant' limb can even take over the activity during times of fatigue. The effect of 

bilateral limb usage on underlying musculoskeletal structures remains unexplored due to 

blind acceptance of the biology of 'handedness', a feature immersed in culture and 

lacking a universally accepted definition or standard measure. 

Definitions of Handedness 

The vagueness of handedness expression is illustrated clearly in a recent study by 

Morbeck, et ai (1994) in which long bone lengths and bone mineral density were 



compared to limb preference for 'termiting' in the Gombe chimpanzees. One would 

expect that the limb used for 'termiting' is the preferred hand, and therefore should 

exhibit a greater bone density and length than the non-dominant limb. The results 

demonstrated the opposite and though inconclusive, the authors suggest that the skeletal 

elements of the reputed non-dominant limb are hypertrophied due to supportive functions 

which are not factored into handedness assessments (Morbeck, et al., 1994). The 

questions arise, which quality, power or precision, and which type of activity, active or 

passive, constitute the definition of handedness? The answer to these questions affects 

the interpretation of morphologic asymmetry and may introduce doubt of the accepted 

one-to-one relationship between asymmetry and handedness. 

The degree of handedness exhibited depends upon the activities chosen by the 

researcher to represent handedness. Tasks that require a precision grip are more likely to 

be lateralized than tasks that require a power grip (Bishop, 1990). In an experiment 

comparing writing and grip strength of both hands to the results of a 2()-item 

questionnaire, Provins and Magliaro (1993) found a lack of correspondence between the 

actual activity and the questionnaire result except when the activity specifically matched 

the questionnaire item. Similar experiments have led researchers to the conclusion thai 

handedness assessment should rely on both performance and preference, or just 

performance if only one method is to be used (Rigal, 1992). Due to the trouble of 

ascertaining handedness by questionnaire, Plato and colleagues (1984) attempted to 

directly assess handedness by performance alone. Based on the results of 705 

participants, the investigators found incongruence of hand preference among the tasks. 
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They concludc that handedness is probably best determined by sell-assessment. 

However, self-assessment requires participants to abide by the same definition. Overall 

the research demonstrates the trouble with quantifying a trait as ambiguous as 

handedness. Findings indicate that reported handedness does not necessarily agree with 

the loading capabilities or actual loading of the non-dominant limb. The dominant as 

well as the non-dominant limbs may be equally subject to remodeling forces which 

would act to negate asymmetry or result in incongruent asymmetry with regard to 

reported handedness. 

In addition to power and precision, handedness is also separable into quantitative 

(preference) and qualitative (specialization) components. Manual preference refers to the 

side employed more often in a set of tasks. Manual specialization refers to the side more 

skilled at performing a set of tasks. Preference and specialization usually but do not 

always coincide. Investigators favor preference as an indicator of handedness since it is 

more readily quantifiable. Thus, the researcher decides the feature manifestations of 

handedness; these may not correspond to that perceived by the subject, other 

investigators or to the presentation of the morphologic asymmetry. 

Traditionally, it seems that activities requiring more coordination and cerebellar 

involvement are deemed integral to handedness, although crude, assistive. pa.ssive 

activities may generate greater forces. Ask anybody's definition of handedness, and they 

will list many complex manipulative behaviors. At the lop of the list will be writing 

(Plato, et ai, !984). Based on the varying criteria for handedness, its legitimacy as a 

scientific tool is questionable unless clarified upon referral by the user, a rare occurrence. 
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Forms of Asymmetry 

There are three concepts of morphological asymmetry utilized by biologists: anti

symmetry, fluctuating asymmetry, and directional asymmetry (Polak and Trivers, 1994). 

Anti-symmetry represents a complete random drift from symmetry in all members of the 

population. Ructuating asymmetry involves a random deviation in structural symmetry 

due to some environmental stress during growth and development. Directional 

asymmetry entails a more purposeful shift from symmetry possibly resulting in/from 

functional advantage. Each form carries unique interpretational implications and varying 

disciplinary interest. 

Anti-symmetry has little practical application in anthropology or biology due to 

its random nature. It is described as a lack of symmetry in all or most members of a 

population without the expression of any directional bias to the left or to the right. Anti

symmetry is typified by the random claw pattern of the male fiddler crab (Polak and 

Trivers, 1994). Some researchers have included human handedness in this category of 

asymmetry (Livshits and Smouse, 1993). Since the trait is expected to stray from 

symmetry in a random direction, little information is gleaned about the life of the 

organism. 

Fluctuating asymmetry, referred to as 'developmental noise', is valuable to 

biologists and biological anthropologists because of its potential for application as an 

indicator of envu-onmental or genetic stress. Similar to anti-symmetry, it is defined as 

"random deviation from perfect bilateral symmetry in some morphological trail for which 

differences between right and left sides (within the population) have a mean of zero and 
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are normally distributed" (Watson and Thomhill, 1994:21). Unlike anti-symmetry, 

symmetry is the developmental goal but some stress during development causes a 

deviation from the norm. Interest in fluctuating asymmetry has grown among biologists 

because of its potential to indicate overall phenotypic quality, and thus an organism's 

inclusive fitness (Watson and Thomhill, 1994; Polak and Trivers, 1994; Parsons, 1992). 

Fluctuating asymmetry seems to be coupled with sexual selection. Researchers have 

shown that mate choice and individual survival are affected by the degree of an 

organism's symmetry. This has been observed in many animals including barn swallows 

(MoUer, 1993a; Moller, 1993b), European nuthatches (Nilsson, 1994), zebra tinches 

(Swaddle and Cuthill, 1994), peacocks (Manning and Hartley, 1991), Japanese 

scorpionflies (rhomhill, 1992), Old World monkeys (Manning and Chamberlain, 1993), 

and has been suggested in humans (Angier, 1994). 

Fluctuating asymmetry does not appear to affect features that are not involved in 

sexual selection. For instance, the limb bones of rats yielded minimal asymmetry 

following exposure to varying stressors (Siegel and Doyle, 1975). The researchers 

propose that the lack of asymmetry is due to the modifying effect of function and/or a 

looser rein of genetics on the limb bones. Some feel that fluctuating asymmetry is 

inherent in the developmental processes of all creatures and is not necessarily indicative 

of environmertal stress (Hallgrimsson, 1993). Others suggest that it is simply "statistical 

noise" that vanishes when the data are scaled (Livshits and Smouse, 1993). The 

controversy remains unsettled. 
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Biological anthropologists are interested mostly in directional asymmetry because 

it is indicative of behavior. Directional asymmetry is characterized by a shift in 

symmetry in favor of one direction over the other. These asymmetries usually are 

derived from a functional source and commonly are used to imply 'handedness'. The 

leap from functional asymmetry to handedness is questionable without a universally 

accepted definition and measure of handedness. Research on the lower extremities of 

runners has revealed functional asymmetries that are joint specific and do not reflect the 

function of the entire limb (Vagenas and Blaine, 1991). Perhaps this finding must be 

applied to the upper extremity as well. The following segments demon.strate the 

complexity of the phenomenon called 'handedness'. 

Documentation of Asymmetry 

Numerous studies document morphological asymmetry. Subsequent 

interpretations attributing such asymmetry to handedness are flawed since rarely is the 

handedness pattern for the sample known. If the handedness of the sample is 'known' 

one must critically evaluate the handedness assessment and the noninvasive 

measurements. By recognition of the "methodological problems that bedevil handedness 

research and lead to spurious associations" researchers eventually may clarify the 

phenomenon of handedness (Bishop, 1990:163). The following is a partial list of studies 

reputedly documenting the link between morphological asymmetry and handedness. 

Skeletal asymmetries in the long bt)ne lengths of the upper extremity were noted 

and compared to nonhuman primates (Schultz, 1937). The goal was not to correlate 

asymmetry to handedness but to compare the degree of asymmetry among "civilized 
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humans", "uncivilized humans", and nonhuman primates. Schultz found that the human 

(N=753) arm bones exhibited a greater degree of asymmetry than those from the 

nonhuman primates (N=53()). He admitted that the magnification of asymmetry in the 

upper versus lower extremity bones is suggestive of handedness but thus is implausible 

based on his earlier fetal research. Indeed longer bones would provide a functional 

advantage by increasing the lever length, but Schultz never made the assertion that 

handedness was to blame for his observations. Later investigators freely make the 

association for him. 

While analyzing Korean War dead and later conducting more formal rc.search of 

skeletons in the Terry collection Stewart (1976) observed a difference in morphology of 

the glenoid fossa. The right side of the scapular glenoid is reported to exhibit increased 

beveling, dorsal inclination and arthritic change (Stewan, 1979). The assumptions are 

that morphology of the shoulder complex represents unilateral bias across the entire limb, 

and the right side bias represents the handedness of these skeletons for whom hand 

preference is unknown. In a study of 10 cadavers of "known" handedness, Stewart's 

observations are corroborated (Schulter-Ellis, 1980). Unfortunately the study focu.sed 

only on the shoulder complex and not the entire upper limb. In addition the corroboration 

is weak due lu the small sample. 

Trinkaus and his colleagues (1994) quantified asymmetry of ihc humeral articular 

breadth, length and the diaphyseal cross sectional areas among several historic and 

prehistoric skeletal series, and seven Neandertal fossils with unknown handedness. Their 

findings then were compared to data collected by Jones (1977) on tennis athletes with 
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known hand preferences. They found ihai humeral length and articular breadth were 

minimally asymmetric in the skeletal series, regardless of knowledge of handedness, but 

diaphyseal measures exhibited pronounced asymmetry. These findings indicate that 

more elaborate measures than gross osteometry are required to elicit information 

regarding the functional response of bone tissue. Admirably the researchers use more 

than one type of measure but they limit their focus to only one bone and do not clarily the 

definition or morphologic presentation of handedness across the entire upper extremity. 

In 1986, Classman and Bass attempted to test the relationship of the jugular 

foramen to limb asymmetry, a correlation used in the past to indicate handedness. The 

hypothesis is that the cerebral hemisphere controlling the dominant limb requires a 

greater blood supply and drainage. The jugular tbramen contains the ves.sel thai drain.s 

the brain. The premise for asymmetry is that handedness is Unked to cerebral asymmetry. 

The more active lobes of the cerebrum require more blood and greater drainage. Though 

working with a skeletal sample of unknown handedness (the Terry collection), the 

authors demonstrate that the hypothesis is unfounded due to the lack of correlation 

between appendicular (limb) and axial (^jugular foramen) asymmetry. 

Purves, White and Andrews (1994) attempted to overcome the limitations of 

studying asymmetry in a skeletal series with an unknown behavior pattern by measuring 

the degree of asymmetry in a living sample. They now confronted the problem of 

utilizing a noninvasive technique for measuring limb differences. They cho.se volumetric 

displacement. Basically, each hand is immersed in a beaker of water and the amount uf 

water displaced becomes the measure of asymmetry with the assumption that the larger. 
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dominant hand displaces more water. The technique does not account for variations in 

density of different or irrelevant tissues in the palm or the presence of the long flexor, 

extensor, and abductor muscles in the forearm. 

More recent studies rely on the noninvasive techniques of radiologic imaging (x-

ray, MRI and CT) of living samples from which handedness information can be obtained 

directly via interview or questionnaire. Roy, Ruff and Plato (1994) measured the anterior 

and posterior cortical bone thicknesses of the second metacarpal on plain radiograph.s of a 

large sample for which handedness was assessed by "personal impression". 

Commendably, the researchers sought indication of 'handedness' in the hand, but like 

previous studies they focused on only one bone. They found a statistically significant 

correlation between handedness and their variables calculated from the cortical thickness 

measures (cortical bone area, periosteal area, medullary area and second moment of area) 

but not to the actual cortical thicknesses. This is attributed to endosteal and periosteal 

expansion in the dominant hand, which creates a larger diameter bone without a 

corresponding increase in wall thickness. It seems contrary to the principles of bone 

remodeling that the increase in bone size without thickness on the dominant side would 

result in a bone with increased strength as asserted by the authors. The anterior and 

posterior walls of the metacarpal must be subject to different forces than the medial and 

lateral walls, but the former are not actually measured. Rather, the second metacarpal is 

assumed to be perfectly cylindrical for the calculation of bone areas. 

In 1976, Gam and colleagues reported a paradoxical occurrence of asymmetry in 

the cortical thickness of the second metacarpal. Among 227 individuals with chronic 
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renal disease, all exhibited a greater right side cortical area, even the 19 leti-handed 

individuals. They suggest that their results may be a product of this particular sample or 

that left-handed individuals are using the right hand more than suspected. Regardless, 

there is a need for further study. 

Anthropological Applications 

The antiquity of handedness and its inextricable link to humanity continues to be 

a focus for anthropological reconstruction of past populations and characterization of 

individual life ways. Most attempts to illustrate the existence of 'handedness' possess 

methodological flaws, but this has not prevented its employment. Few pause to question 

its validity. Ii stead, most continue to operate under the following assumptions: 

handedness is a readily observable phenomenon; the majority of modern humans are 

right-handed; handedness is universally detlned and measurable; handedness is the only 

source of skeletal asymmetry; evidence of handedness in a few hominid fossils represents 

that of the population; handedness is inextricably and conclusively linked to brain 

laterality. 

In a forensic setting, the assessment of handedness is inappropriate since it is 

rarely a criteria for identification and can only be corroborated once an identification is 

made (Stewar., 1979). If incorrect it may obfuscate matters for a family unable to accept 

the death of a relative. Yet some forensic anthropologists insist on including this feature 

in the biological profile. The most recent forensic application of handedness occurred in 

Vukovar, Croatia. During the 1997 excavation of mass graves by the United Nations and 

Physicians for Human Rights, the anthropologists performing body recovery and skeletal 
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analyses were instructed by the site supervisor to perform handedness assessments on the 

victims whether they were capable or assessments were valid (Hoffman, 1997). Under 

these circumstances, the anthropologists usually reported that the victim was right-

handed based on preconceived demographic estimates rather than skeletal anatomy; after 

all, they had a "90%" chance of being correct (Hoffman, 1997). Even the experts who 

commonly practice assigning handedness to skeletal remains do so in a circular manner. 

One male skeleton exhibited ambiguous asymmetry, and therefore an indeterminate 

handedness. However, following identification, it was learned that the fellow was 

ambidextrous (Stover, 1997), and the scientist performing the analysis took credit for a 

correct assessment even though the victim was not pronounced ambidextrous at the time 

of examination. 

Problems also arise when searching for populational biases in the fossil record. 

Raymond Dart suggested that right handedness was a characteristic of AusTralopirheciis 

africanus following the observation that 7 out of 9 baboon skulls from various sites were 

struck from the front by stones or clubs wielded by the right hand. Dart's 'hunter 

hypothesis' has since been discredited by C.K. Brain who suggested that the skulls may 

have been damaged by taphonomic processes. Yet researchers in other fields who are 

unfamiliar with and uncritical of the anthropological literature are hesistant to reject this 

compelling indirect evidence of right handedness in our hominid ancestors, no matter 

how tenuous. 

Unfortunately, much of handedness research i5 performed in departments other 

than anthropology, and a great deal of outdated inaccurate anthropological information is 
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utilized to support the antiquity of the right-handed pattern. An example of the lack of 

rigorous criticism of the anthropological literature is contained in Corballis' The 

Lopsided Ape (1991:56-7) in which he, a psychologist, espouses the plausibility of 

Morgan's aquatic ape theory while referring to bipedal beavers and the recapitulation of 

an aquatic past in baptism. 

The generation of questionable conclusions regarding handedness is not limited to 

researchers outside of anthropology. Nicholas Toth (1985) asserts that the handedness of 

stone tool-makers can be ascertained by the proportion of right to left-handed flakes 

produced while knapping. This information is applied to estimate the origins of right 

handedness and brain complexity. Experimentally, right-handed knappers produce a ratio 

of 56 right: 4^ left flakes (Toth, 1985). Note the approximation of these ratios to chance 

levels (5();5()). Similar ratios found at the sites of Koobi Fora (57:43) and Ambrona 

(61:39) have led Toth to the conclusion that our ancestral population exhibited a right 

hand bias 1.4-1.9 million years ago. In addition to making populational inferences based 

on the cultural remnants of an unknown number of individuals and an unknown number 

of total flakes. Toth does not report the product profile of left-handed knappers. 

Use patterns on stone tools (Semenov, 1964; Spenneman, 1984) and Neanderthal 

teeth (Bermudez de Castro, et al., 1988) are thought to provide evidence of the antiquity 

of right handedness. Semenov (1964) used microwear analysis of tool edges to determine 

how a tool was used, but mention of the relationship of his analyses to handedness could 

not be found. Spennemann (1984) openly asserts that the orientation of grinding 

striations on bone and antler tools from two sites in Germany (N=26; N=51) indicate a 
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higher level of left handedness than tools from a Swiss site (N=555). The researchers 

feel that these inferences are representative of the population since labor specialization 

(single or few manufacturers) is not prevalent until the Bronze Age (Spennemann, 1984). 

Bermudez de Castro and colleagues (1988) attributed a "preferentially distributed" 

pattern of striation on the anterior teeth of 19 Neandertals to hand preference because 

they matched experimentally-produced examples and their preconceived ratios of 

handedness (90% right-hand : 10% left-hand). The authors of a similar study on the teeth 

of the Krapina Neandertals (N=7) reached the same conclusion as Bermudez de Castro, er 

al., (1988) even though the anterior teeth of bear fossils {Ursus spelaeiis) present with 

anterior teeth striations (Frayer and Fox, 1997). The scratches on the bear teeth are 

dismissed because they lack a preferential orientation. The striations are believed due lu 

the scraping of a tool against the teeth while processing something held in the mouih. 

There seems to be an assumption that the grooves are self-inflicted if not aitificial. 

Holder and Sengelaub (1994:1) succintly summarized the problems of applying 

handedness in the study of human origins: 

(1) the assumption that an empirical definition of "handedness" exists and may be 
accurately diagnosed 

(2) the assumption that the correlation between hand preference and hemispheric 
brain dominance for language abilities is a reliable correlation 

(3) the assumption that a presumed presence of handedness in hominids could 
have no alternative explanation (e.g. increased manual efficiency gained by habit; 
cultural learning) 

(4) the assumption that a small sample size would be sufficient to establish a 
species-level handedness analogous to that found in modern humans 

These issues apply to all fields of inquiry that rely upon or investigate handedness. 
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Quantification of Handedness 

Humans are considered unique among animals because right hand dominance is 

described as a cross-cultural, populational trait. The predominant modern method of 

handedness assessment is the questionnaire, which is inherently problematic. According 

to traditional estimates, right-handers have comprised 90% of the human population 

throughout history. This estimate has been confirmed by reanalysis of 12,084 public 

health surveys from 1963-1980 by Lansky and colleagues. The survey assessed 

handedness by a single question. The results reveal that 91.9% of 12,084 individuals 

aged 18-74 years are right-handers, 1.5%< are mixed and 6.6% are left-handers (Lansky. et 

al., 1988). Comparisons of these figures to data recovered from 2,083 telephone 

interviews in the same study by Lansky and colleagues (1988) reveal a different tally. 

They identify lour categories of preference: right (70%), right-mixed (22.8%), left-mixed 

(4.8%), left (2.4%). These new numbers indicate that 30%; of the sample are using the 

left hand to varying degrees. When the sex and age of the individual are taken into 

account, the figures plummet. Young white males are only 56.3% right-handed and, 

young black males are only 41.9% right-handed (Lansky, et al. 1988). The authors 

concluded that the data do not support the preconceived notions of the "naturalness" of 

handedness and its traditionally reported distributions. 

Current studies are revealing that handedness is expressed in degrees and rarely is 

hand usage strictly unilateral (laccino, 1993). Partitioning a continuous variable, such as 

handedness, is arbitrary and subject to the bias of the criteria (Salmaso and Longoni, 

1985). Many times the activities chosen to represent hand preference on questionnaires 
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are either culturally imposed or bimanual, and studies are often not comparable due to the 

great amount of variation in the number of items included (Salmaso and Lungoni, 1985). 

One of the commonly employed surveys is the Edinburgh Handedness Inventory in 

which 10 items are assessed for hand preference. Not surprisingly, considering the 

similarity of the activities involved, results usually indicate a left or a right preference 

and rarely ambidexterity. In fact, a questionnaire can be constructed to elicit the level of 

population bias as the investigator pleases (Peters, 1992; Steenhuis and Bryden, 1989; 

Hardyck and Petrinovich, 1977). For instance, a 6{)-item. 100% criterion, graded 

response questionnaire classified only 1% of a sample as right-handed while a 4-item. 

forced response questionnaire yielded classification of 80% as right-handed (Peters, 

1992). The lack of standardization of questionnaire criteria creates a problem for the 

scientific study of handedness. 

Various categories have been identified over the years lo classify handedness: 

right vs. non-righi; righi. neuiral, left; right-handers, mixed-handers and lefi-lianders. 

Some researchers have gone so far as to identify 8 right hand categories and 3 left hand 

categories. The number of categories isolated depends upon the number of items on the 

questionnaire. In a 1992 study, Peters and Murphy revealed by cluster analysis 5 disiinci 

handedness groups based on a 6()-item survey, and demonstrated a high degree of 

accuracy in placing individuals into the categories (consistent left, weak left, inconsistem 

left, weak right, consistent right). When a l4-item survey is employed, three handedness 

groups can be identified (left, inconsistent left and right) (Peters and Murphy, 1992). 

Questionnaires are limited to inquiries about manual preference and ignore manual 
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Specialization and actual performance. The items are socially biased (Peters, 1992), and 

the categories are artificial constructs. Handedness questionnaires seem to perpetuate the 

myths of handedness. 

Cultural Foundations of Handedness 

We live in a right-handed society that is perpetuated by cultural practice. Stories 

about coercion, sometimes forceful, to use the right hand in school and at home are 

common knowledge. Indeed, in order to utilize some equipment effectively, the right 

hand must be employed. Certain implements are made specifically for right-handed use, 

and including scissors, screws, watch stems, ice cream scoops, wrenches, phone booths, 

gravy boats, power saws, can openers, voting machines, slot machines, cork screws, 

fishing reels, bowling balls, soup ladles, pencil sharpeners, desk tops, and spiral 

notebooks (laccino, 1993; Fincher, 1977). In fact some theorize that the origin of 

handedness is steeped in the creation of complex tools which required the maker to 

choose a side preference, and what better side preference than the makers'? Thus, hand 

preference has been suggested to have emerged in the Stone Age when it became 

advantageous to create tools for one hand or the other. Fincher (1977) suggests that prior 

to the advent of tool specialization, the ratio of right to left handedness may have 

approached chance levels. With the limited availability of left-sided instruments, many 

are forced to use the right hand. If memory serves, left-handed scissors were and are 

available and probably quite efficient in their adult version, but my introduction to the 

kindergarten version led to an adaptive choice for Eighties' if tearing and ripping were U) 

be avoided. Along this same vein, the use of 'right-handed' school supplies early in 
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development helps to dissuade the child from utilizing the left side. In recognition of the 

growing and more vocal left-handed minority, some of the items previously listed can 

now be obtained in left-handed forms. Despite the burgeoning recognition of 'lefties' by 

industry, the prejudice against the left hand is deeply entrenched in the literature and in 

the minds of many people. 

For thousands of years, the left has had negative connotations. The Bible contains 

some 100 references to the right side of God, and 20 or so references to the associations 

of the left with the devil. Christian saints are believed to have been so holy that they 

nursed only from the right maternal breast (Fincher, 1977). In ancient Greece, the right 

was allied with 'the light and the good', while the left referred to 'the dark and the evil' 

(Corballis, 1980). The Romans are responsible for developing the right-h-dnd handshake, 

the left to right alphabet and the association of right with dexterous and left with sinister. 

In Feudal times the place of honor was reserved at the king's right hand while the left 

side was associated with illegitimacy, unluckiness and evil (Fincher, 1977). Based on 

historical tradition it is no wonder that left-handers have been characterized a.s 

"alcoholics, bed-wetters, slow learners, and chronic misfits" (Fincher, 1977). The left-

handed 'losers' had been believed more likely to turn to crime, like the infamous left-

handed Jack the Ripper and the Boston Strangler (Fincher, 1977). The concept of the 

'bom-criminal' was developed by criminologists in the 1880's who observed an 

increased frequency of left-handedness among "madmen and criminals". They 

concluded (Harrington, 1987): 

Certain individuals were biologically incapable of learning 
to conduct themselves according to the ethical codes of 
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and ambidexteriety because, as atavistic reversions to the type 
of mankind that existed before the invention of law, property, 
and the family, they lacked the asymmetrical nervous system that 
identified a man of morality and civilization. 

Other famous left-handers such as, H.G. Wells, Michaelangelo, Clarence Darrow, Ben 

Franklin, Harry Truman, Nelson Rockefeller, and Prince Charles might object or have 

objected to this characterization. Recently the link between left handedness and 

psychotic potential has been found spurious based on a questionnaire study (Kalodner, er 

al., 1994). In fact, the authors demonstrated this link for right-handed men! 

In some cases the negative connotations of left handedness can be traced to 

cultural practices that prescribe hand preference. For example, in Arab cultures, the left 

hand is reserved for hygienic uses and rarely assumes a dominant role. In Hinduism the 

right hand must not touch any part of the body below the umbilicus (Fincher, 1977). 

Social mores dictate hand preference, and thereby demonstrate its plasticity. 

Only a few cultural explanations have been offered for the current trends of 

handedness. In the l8(X)'s Thomas Carlyle proposed that right-handers predominate 

since they enjoyed a greater survivability during warfare due to greater protection of the 

heart by a shield held in the left hand (Corballis, 1980). Problems are readily apparent 

with Carlyle's proposal. First, right handedness in females is unexplained and second, 

the position of the heart is not far from center. If supported, one would expect to find 

more left-handed skeletons on the battlefields. 

Raymond and colleagues (1996) addressed the maintenance of a minority left 

handedness in the population. While right handers may have had an advantage with a 
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shield and sword, the preservation of left handedness has been proposed to result from a 

"frequency-dependent advantage" during hand-to-hand combat (Raymond, et al., 1996). 

The authors support their hypothesis with the observation of a greater number of left 

handers in modern "interactive sports" like hockey. Both of these theories imply a 

genetic component to the maintenance of the perceived trends of hand preference but the 

genetic link remains controversial. 

Biological Theories of Handedness 

The study of handedness is not a recent event. Speculations on this "uniquely 

human trait" can be traced back to the ancient Greeks who felt that right handedness 

represented the norm, a belief still held today by millions of self-proclaimed 'righties'. 

Aristotle considered laterality a natural state, attributed the "source of all motion" H) the 

right side of the body and therefore believed it natural for man to exhibit a right limb 

preference (Harris, 1993). Conversely, Plato felt that symmetry was the natural state and 

any fluctuations result from "education and training" (Harris, 1993). The disagreement 

between these two great thinkers represents the nature versus nurture debate. In support 

of the naturists, Marian Annett (1972:355) asserts that "if human populations were, at 

birth, equally balanced between tendencies to right-and left-hand usage it is extraordinary 

that no society has ever been found which favored left-handedness." Several 

psychologists believe that the proof for a biological basis for handedness lies in the 

constancy the right-handed pattern across time and space. 

In 1977 Coren and Porac attempted to demonstrate the establishment of a constant 

right-sided bias throughout history by examining artworks spanning 5{.)()() years. Their 
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premise is thai the depictions represent a glimpse of the population pattern of handedness 

at that time. Since the majority of images across time portray a right side bias, 

handedness must be a biological entity (Coren and Porac, 1977). The assumption is that 

the choice of depiction by a select group of artists represents that of the entire population. 

If unconvinced by historical continuity, some feel that the existence of universal 

ratios for hand preference across cultures and geographical boundaries also demonstrates 

the biological basis of handedness. Several studies are available, but if this most recent 

example is prototypical of the work being done to advance the cause, then credibility is 

lost. The authors intend to eliminate culturally-loaded determinants of handedness such 

as handwriting by studying the hand preference of the people of Papua New Guinea who 

are mostly 'uneducated and illiterate' and "exhibit few cultural sanctions on hand 

preference" (Connolly and Bishop, 1992). The ethnocentric assumption by the authors is 

that without culture as they know it, their observed right side bias in the people of Papua 

New Guinea confirms that handedness is biologically derived. But culture has not been 

eliminated as a variable in this study. Before such claims can be issued, one must 

observe how a child interacts with other people and the environment during development 

to see how manipulation is affected. 

Danger lurks when one assumes that handedness is biologically determined and 

then asserts that left handedness poses a health risk for those individuals pigeonholed into 

that category by questionnaire. Recent reports have been issued concerning a reduced 

life span for left-handers based on the observation of decreased numbers of left-handed 

elderly. This was initially supported by data recovered from the Encyclopedia of 



41 

Baseball. Right-handed baseball players exhibit an average eight and one-half months 

longer life span than left-handed players (Halpern and Coren, 1988). The figure has been 

increased to a nine-year difference following a study of 987 recently deceased individuals 

(Halpern and Coren, 1991). The authors attribute the slightly lower life span of 'lefties' 

to the consequence of birth stresses that resulted in the left preference, compromised 

immune function due to the intrauterine hormones that resulted in the left preference or 

the increase in the number of accidents as a result of using right-handed equipment. 

Coren (1989) investigated the prevalence of accidents in a group of students by 

retrospective questionnaire and found that indeed, 'lefties' have an increased risk of 

injury. But when he separated the injuries by category only automobile related accidents 

remain statistically significant. One must also consider that this study involves 

individuals with only approximately 20 years of life experience. A similar study revealed 

that 'lefties' are not prone to more accidents due to increased alcohol use but suggests a 

problem in the operation of right-handed industrial equipment (Stellman, et aL, 1997). In 

contrast, Porac (1993) found that the risk of hand injury is basically equal between right 

and left-handed individuals and is correlated to general manual use, not inherent 

clumsiness of left-handers. Dellatollas and Moreau (1993) corroborate Porac's 

conclusions by finding no correlation between hand preference and injury in 9,591 males. 

Convinced of the biological link, Coren (1994) continues to document the 

disadvantages of being non-right-handed, linking this group to an increased tendency to 

experience allergies. The significance of such studies remains a mystery when one 

considers the role that learning has on the development of hand preference (see Ontogeny 
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of Handedness). So the centuries old quest for the biological determinant of handedness 

persists. 

Anatomical Theories 

Humans are deceptively symmetric: two eyes, two ears, two arms, and two legs 

with a series of singly occurring organs along the midline. The common denominator of 

these symmetiic structures is their association with the sensory and locomotor systems, 

which enable the organism to sense and move equally in all directions (Bradshaw and 

Rogers, 1993). Structures not in immediate contact with the external environment do not 

necessarily require such an arrangement. 

Inside the human, the liver lies on the right, the spleen lies on the left, the right 

lung has three lobes while the left lung has two lobes, the right atrioventricular valve has 

three flaps while the left AV valve has two flaps. Throughout history these visceral 

asymmetries were used to explain the etiology of handedness. Aristotle believed that the 

right side of the body was supplied with purer, hotter blood from the larger vena cava 

while the left side was supplied by the smaller aorta (Harris, 1993). In the sixteenth 

century, anatomist Gabriello Fallopio suggested that the position of the azygous vein in 

the right mediastinum was somehow responsible for handedness (Harris, 1993). Some 

thought that the difference in distance of the subclavian arteries from the heart was 

responsible for determining hand preference while others focused on the unilateral 

position of the liver (Harris, 1993; Corballis, 1980). In 1862 physiologist, Andrew 

Buchanan concocted an elaborate theory involving the weight of the lungs, liver and 

center of gravity. According to his theory, the heavier viscera on the right side shifts the 
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center of gravity to the right, causing the body to compensate and lean left, thereby 

leaving the right limb freer for manipulations (Harris, 1993). In the 186()'s 

cardiovascular explanations for hand preference lost favor following the more attractive 

detection of brain asymmetry by Paul Broca (see Cerebral Lateralization). Two ma jor 

oversights by theorists of handedness who resorted to morphological asymmetries were 

that they failed to explain left-handedness and overlooked that many nonhuman animals 

possessed similar anatomical arrangements. 

Molecular Theories 

In 1848 Louis Pasteur observed two forms of tartaric acid crystal which reflected 

light in opposite directions. He described these mirror image molecules (stereoisomers) 

as being right- and left-handed. The phenomenon of chirality since that time has been 

observed at the subatomic, atomic, molecular, and organismal levels and, naturally, ha.s 

been proposed as an explanation for behavioral handedness. Chirality at the subatomic 

and atomic levels effects and is effected by electromagnetic energy. These energy 

limitations effect molecular structure and stability (for review see Hegstrom and 

Kondepudi, 1990). Living organisms are almost exclusively constructed with L-amino 

acids and D-polysaccharides. The D-polysaccharides also are responsible for the 

construction of D-nucleic acids by their incorporation in the phosphate-sugar backbone. 

Hegstrom and Kondepudi (1990) suggest a link between the various levels of chirality 

but admit, "the chiral asymmetry in snails' shells does not appear to be related in any way 

to the asymmetry incorporated in their DNA or proteins since the offspring of sini.stral 

shells can be dextral". Brown and Wolpert (1990), on the other hand, suggest a 
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mechanism by which molecular and cellular asymmetries give rise to anatomic 

asymmetry such as the looping of the heart and variation in lung lobes during 

development. The limbs are not considered asymmetrical but mirror images. The 

translation of molecular asymmetries into cellular and structural asymmetries involves 

the limitation of certain chiral molecular interactions and the formation of chemical 

gradients to create polarity in the embryo (Brown and Wolpert, 1990). While 

development is constrained by the laws of physics and genes to create a basic body form 

such theories fails to explain the highly variable nature of behavioral handedness. 

Genetic Theories 

The developmental anomaly, situs inversus, led researchers to seek fervently a 

genetic component for hand domination. Many of the theories rely on an unconfirmed 

connection between brain lateralization and handedness in order to explain the 

relationship of different aphasia recovery rates between right and left handers. In 191."^ 

Ramaley proposed that left-handedness was a recessive Mendelian trait based on study of 

305 families. Findings that 4.5.6% of left-handers had right-handed parents and that left-

handed parents had right handed children were contradictory of this assertion. According 

to Annett (1981) genetic models can be assigned to one of three classes: Mendelian, 

polygenic or her 'right-shift' theory. The proposal of 'Mendelian' models by Anneit 

(1964) and Tronkell (1955) entail the determination of right handedness by a single, 

dominant gene, but this 'all-or-nothing' model fails to explain the high degree of 

variability in hand preferences. A polygenic model is better suited to address the 
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variability by genetic and environmental influences but the complexity of such a model is 

overwhelming. 

In an attempt to address the complexity of the genetics of handedness, Annett 

proposed the 'right-shift' model But this model still seems to operate by Mendelian 

transmission. In the right-shift theory a single gene with two alleles is responsible for 

directly determining brain laterality which subsequently influences handedness. The 

dominant RS+ allele is predicted to enhance left hemisphere dominance and right 

handedness when appearing in the homozygous and heterozygous conditions. 

Homozygosity of the recessive allele, RS-, results in no developmental bias and in this 

case, hand preference is determined by chance. The hypothesis for the maintenance of 

the RS- allele in the population is by a balanced polymorphism or heterozygote 

advantage. Accordingly, it is suggested that the homozygous dominant individual is 

deficient in mathematical skills while the homozygous recessive individual is deficient in 

reading skills (Corballis, 1989). The relationship between math and reading skill and the 

potential to breed remains unexplored. Later re-analysis of the original study on math 

ability and handedness as defined by the right-shift theory negates the conclusion that 

right handers are mathematically superior (Whittington and Richards, 1991). Annett 

admits that an environmental influence is possible, however, Mendelian traits are not 

influenced by environment. This oversimplified model appears to have been constructed 

in an attempt to match Punnett square values with the ratio of hand preference reported in 

modem populations. Annett is mistaken in her claim thai "there is a simple genetic 

influence on the growth of human hand preferences" (Annett, 1981:256). 
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Levy and Nagylaki (1972) attempted to remedy the oversimplification of one-

gene models by suggesting a two-gene model. In this model each gene possesses two 

alleles. One gene controls left or right hemispheric dominance (L and 1, respectively) 

while the other controls contralateral or ipsilateral hand dominance (C and c, 

respectively). Four allele combinations result in left handedness (CC:11, Cc:ll, cc:LL, 

cc:lL) and five allele combinations result in right handedness (CC:LL, CC.IL, Cc:LL, 

Cc:IL, cc:ll). The larger number of allele combinations is used to explain the high degree 

of variation in aphasia recovery between right- and left-handers. But this model still 

relies on Mendelian transmission and thus is no better than Annett's model. 

Additionally, Levy and Nagylaki depend upon the position of the hand during writing 

(inverted or non-inverted) to indicate the genotype of the individuals in their sample and 

when compared to actual situations, the pedigrees do not fit (Bishop, 1990). 

Champions of the genetic models often seek support for their views in family and 

twin studies. But these studies have acted as a double-edged sword. Bishop (1990) 

warns that positive correlation of handedness between parents and offspring is not solely 

accountable by genetics since the children are immersed in the cultural milieu of the 

parents. In an attempt to escape the overlay of cultural and biological conditions of 

family studies, some researchers examine the pattern of handedness between parents and 

adopted children. A study by Carter-Saltzmann (1980) showed a minimal 

correspondence between parents and adopted children and led to the conclusion that 

handedness is genetic not cultural. Confirmation of this conclusion should be possible by 

twin studies. In a review of the literature, Reiss (1996) reports evidence of an increased 
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prevalence of left handedness in twins, but states that neither monozygotic nor dizygotic 

twin pairs exhibit a higher concordance of asymmetry. The discordance of handedness in 

twins has som;;times been attributed to "mirror-imaging" between the pair, but this has 

been dismissed (Derom, et al., 1996; Reiss, 1996). Contrary to Reiss' assertion, 471 of 

1700 twin pairs report a left hand preference, a figure that probably does not differ 

greatly from that of the general population (Orlebeke, etal., 1996). The lack of evidence 

in twin studies as well as problems in the biological interpretation of cultural phenomena 

cast doubt upon genetic models. Levy and Nagylaki (1972) assert that the negative results 

of twin studies are meaningless since "idiosyncratic factors" operate to create a higher 

ratio of left handedness in twin pairs. 

In the same treatise. Levy and Nagylaki (1972:126-127) also note, "while other 

species, including mice, rats, monkeys, and chimpanzees, appear to have a preferred paw 

or hand, the evidence strongly supports the idea that this lateral preference has no genetic 

basis and derives purely from accidental contingencies of initial environmental 

reinforcement subsequently magnified by a positive feedback loop." This statement 

describes the phenomenon of handedness as it should apply to all organisms. Provins 

(1997) suggests that the genetic code provides the capacity to accomplish a motor skill 

with some proficiency, but competence is achieved by repetition in response to the 

environment. It is doubtful that evolution would favor the development of asymmetric 

limb superiority in a world where uniform responses are required. So the question of 

how and why such a gene could have been introduced is a mystery. 
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Developmental Theories 

The failure of genotype alone to provide a sound explanation for handedness 

indicates that the environment must strongly influence phenotype. Numerous theories 

attribute handedness to changes in fetal surroundings during development. Witelson and 

Nowakowski (1991) proposed that the loss of axons in the corpus callosum during late 

embryological development influences hand preference; specifically, left handers 

experience less axonal loss resulting in greater connectivity between the cerebral 

hemispheres. Their conclusion is based on a 54% occurrence of left handedness in .19 

•preemies'. They do not consider the elimination of space constraints imposed by the 

womb or external stimulation as involved in the chance frequency. 

Previc (1991) noted that in the last trimester of pregnancy two-thirds of all fetuses 

are positioned with the head down and back towards the mother's left. In this position, 

the left arm lies against the ilium and sacrum while the freer right arm is positioned 

against the anterior uterine wall. Previc believes that the tendency for a fetus to assume 

this position may be due to a rightward torsion of the uterus. The freer right hand 

becomes preferred through accelerated musculoskeletal development and practice. In 

addition to enhancement of the right musculoskeletal system, Previc suggests that fetal 

position may ;,ontribute to vestibular asymmetries which, in turn, might lead to 

hemispheric dominance. Vestibular asymmetries are potentially derived from differential 

accelerative forces placed on the right and left otolithic apparatus during maternal 

locomotion in the last trimester. In the fetal position just described, left otolithic 

advantage results which corresponds to right hemisphere dominance for postural support 
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(Previc, 1991). However, it is unlikely that the distance between the inner ears of a 6-9 

month old fetus is substantial enough to create differential accelerative forces that would 

affect their development notwithstanding the unliklihood of generating such forces by a 

very pregnant mother-to-be. 

Fetal orientation is also reputedly responsible for laterality of head turning in the 

infant, a feature proposed to create a side bias for tactile, auditory, and visual signals and 

ultimately related to handedness (Michel and Harkins, 1986). The "longitudinal" study 

by Michel and Harkins (1986) utilizes 20 infants for about 15 months and demonstrates 

positive correlation between head turning and hand preference. A noted shortcoming is 

the lack of firm establishment of handedness at this early age. When the relationship of 

head turning and handedness is analyzed in the adult by the degree of occipital Oattening 

researchers fail to find a correlation between the hand preference and flattened side 

(Myslobodsky, er al. 1987). When tighter controls and longitudinal collection of data are 

applied to the hypothesis of head turning and lateral asymmetry, the direction of 

responses becomes non-significant (Trehub, et al., 1983). 

A higher occurrence of left handedness in males led researchers to seek a 

hormonal mechanism for the development of hand preference. The target hormone is, of 

course, testosterone. Studies in rats reveal a shift from the normal trend of favoring 

maternal preference in female offspring as the number of male siblings in the litter 

increases (Geschwind, 1985). Increased levels of testosterone are believed somehow to 

promote the intrauterine development of the right hemisphere. Several problems are 

readily apparent in this model: (1) females normally possess testosterone as a precursor 
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of estradiol; (2) the effect of testosterone on brain development is not established; (3) rats 

are not necessarily equivalent to humans. 

In the mid-seventies, it was suggested that left handedness is a product of left 

pyramidal motor dysfunction as a result of oxygen deficiency during prenatal or perinatal 

life (Bakan, 1977). The left hemisphere is more susceptible to the lack of oxygen 

because of its higher metabolic demands, and subsequent "dysfunction" results in a 

tendency to become left-handed. Subsequently, Bakan confirms this hypothesis by 

noting the increased prevalence of left-handed offspring of mothers that smoke (Bakan, 

1991). Analysis of the pH of umbilical cord blood and the strength of the grasp reflex in 

newborns provides weak support for Bakan's hypoxia hypothesis (Tan, et al., 1993). 

These researchers found a correlation, between low pH (evidence of stress) and left hand 

dominance but only in the male sample. But it is doubtful whether they determined if the 

grasp reflex in the newborn is related to hand preference, a feature that develops later. 

Unbelievably, this theory implies that left-handed individuals are suffering from left 

hemisphere dysfunction and that their use of the 'sinister' hand is pathological! 

Some have suggested that the tendency for mothers to hold babies on the left side 

is a predisposing factor for hand preference determination. Many proposals have been 

made for why the left-sided maternal pattern predominates. Some believe the infant is 

calmed by the proximity to the maternal heartbeat; others feel that mother chooses the 

side to keep her dominant hand free. Sieratzki and Woll (1996) proposed that holding the 

infant on the left created right-hemisphere interaction between the two, which enhances 



the future neurolinguistic ability of the child. It is suggested that these lateralized 

tendencies, including handedness, are a manifestation of brain asymmetry. 

Evolutionary Theories 

Those that accept manual preference in nonhuman primates are compelled to 

explain the shift from so-called left handedness in early primates to that of right hand 

preference in humans. MacNeilage, a proponent of primate asymmetry, addresses this 

transformation in the 'postural origins' theory. MacNeilage (1987) proposes that the first 

evolutionary step may have been the evolution of a left hand - right hemisphere 

visuospatiomotor specialization for unimanual tasks such as foraging for insects in the 

canopy. The localization of visuospatial skill in the right hemisphere in humans Ls 

suggested to he a remnant of this development. While the left limb plucked bugs from 

the air, the other three limbs assumed a postural role. With the right limbs predominantly 

responsible for support, a right side - left hemisphere specialization may have evolved. 

With time, a change in feeding behavior accompanied by a decline in vertical clinging 

would have led to a de-emphasis of postural support while an increased demand for 

manipulation would have led to use of the "pre-adapted" stronger right hand (MacNeilage 

etal., 1987). MacNeilage claims that lateralization of postural control would have 

permitted gestural communication though the hemispheric link to gesture is not provided. 

Cerebral Lateralization 

Brain asymmetry has gained wide acceptance since its discovery in the nineteenth 

century. Support grew from clinical trials and soon the public would refer to the qualities 

of the right and left hemispheres in describing various personalities or learning styles. 
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The link between hemisphere asymmetry and handedness was made almost immediately 

and bias and prejudice originating from the investigating scientific community followed 

and still survives today. Realization of the complexity of the motor processing of the 

brain has led to the development of new syntheses, but the opinions of handedness 

formulated by indoctrination over generations remain firm. 

Brain asymmetries were accepted only after Broca, a well-known physician of the 

late 180{)'s, reported his treatment of a patient stricken with motor aphasia following a 

lesion to the posterior frontal lobe in the left hemisphere (Corballis, 1980). Thereafter, 

this area of the brain associated with speech was referred to as 'Broca's area'. Speech 

production requires more brain matter than that contained in Broca's area. Now it is 

recognized that damage to Broca's area alone results in anomia and that Broca's aphasia 

entails more extensive brain trauma including that to the underlying white matter. 

anterior insula, and caudate nucleus (Nolte, 1998). In 1874, Karl Wernicke described 

patients with lesions in a different region of the left hemisphere resulting in speech thai 

was fluent but "devoid of meaning or semantic consistency" (Irvy and Robertson, 1998). 

This area of the left hemisphere associated with language comprehension is known as 

'Wernicke's area'. Little attention was paid to the right hemisphere because functional 

deficits produced by its damage resulted in less dramatic symptoms. Because of the 

emphasis placed on language capability, the left hemisphere became known as the 

'dominant' or 'major' hemisphere and thus the over-simplistic cognitive separateness and 

superiority of the hemispheres was established (Irvy and Robertson, 1998). 



Though not the tlrst to suggest the link between lateralization and handedness, 

Broca joined the masses and said, "the majority of men are naturally left-brained, 

and...exceptionally some among them, those people we call left-handers, are on the 

contrary right-brained" (Harrington, 1987:58). Clearly, Broca fancied himself a 'right

hander'. Soon after the discovery of hemispheric specialization ambidextrous schools 

emerged to promote the development of both sides of the brain, not just the left. One 

proponent of ambidextral training explained (Harrington, 1987:130): 

Biology teaches us that the more the senses are coordinated 
to work in harmony in the individual, the better. If I work 
with the right hand, I use the left side of the brain; if I employ 
the left hand, I use the right side of the brain...I am firmly 
convinced that the better and firmer union of each hand with 
its proper hemisphere of the brain, and the more facility we 
have of working each together and also independently, the 
better the brain and mind and the better the thought, the reason 
and the imagination will be. 

Critics of the ambidexterity movement were quick to reassert the naturalness of left 

hemisphere/right hand dominance. Unfortunately, these critics were the scientific 

community and influential in the establishment of public opinion. One physician stated 

(Harrington, 1987:132): 

No attempt [to eliminate handedness] can wholly succeed; 
none should, and the partial successes produce cripples and 
awkwards, if not disease and tragedy. The most foolish, 
impertinent ignorant, expensive, resultless and maiming fad 
is that of the ambidexterity mongers. 

The critics won. The schools never 'took off, but they did demonstrate the role of 

learning and practice for the skilled use of the so-called non-dominant limb and the 

general plasticity of motor skills. 
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In the early 1900's Moutier reminded the scientific community that there was no 

statistical evidence for a link between lateralization and handedness and nearly a century 

later, they listened (Harrington, 1987). It has since been reported that Broca's area 

occurs in the left hemispheres of 96% of right handers and 70% of left handers (Corballis, 

1980). Hemispheric control of the entire limb is also not equivalently distributed. The 

proximal limb muscles receive nerve fibers from both hemispheres and only those 

controlling the distal fine movements are governed by the contralateral hemisphere 

(Lehman, 1993). Just as handedness can not be generalized, neither can language. While 

syntax and semantics are mostly controlled by the left hemisphere, the pragmatic aspect 

of language is controlled by the right brain (Hellige, 1993). It is now recognized that 

deficits in language or spatial cognition can arise from damage to either hemisphere (Ir\'y 

and Robertson, 1998) but the model linking lateralization and handedness is too deeply 

entrenched in our society to disappear completely. 

Focus on 'split-brain' patients reinforced hemispheric specialization. In the 

sixties physicians successfully treated neuronal over-stimulation in severe epilepsy by 

performing commissurotomies. Subsequent studies on these patients allowed researchers 

to further characterize each hemisphere without the complication of interhemispheric 

communication. Famous studies entailed showing the left and right hemispheres a 

written word (via the right and left visual fields), and asking the person to verbally 

identify the object, tactilely identify the object (with the right and left hand), or draw the 

object (with the right and left hand). From such studies the left hemisphere was classified 

as the "logical, convergent, analytical, and verbal" side while the right became the 
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were already in use in Broca's time though the right side was not perceived in such a 

neutral way. Based on the assumption that one's hand preference reflected hemisphere 

dominance, assessments of an individual's personality based on handedness naturally 

followed. The right-handed person is viewed as the rigid analyst while the left-handed 

person has ranged in character from the creative free spirit and bom-artist to the bom-

criminal (according to Lombroso) and bisexual deviant (according to Fliess) (Harrington, 

1987). 

The advancement of modem imaging techniques has allowed scientists to search 

for the biological link between hemispheric asymmetry and 'handedness'. Unfortunately, 

the problems of assessing handedness are still unresolved. Regardless, brain activity can 

be measured by positron emission tomography (PET) or by magnetic resonance imaging 

(MRI) during the performance of particular tasks. The brain scans detect the change in 

cerebral blood flow as a result of stimulation. A different pattem of activation is 

observed in the performance of finger movements between left-handers and right

handers. In left banders, the right premotor area is stimulated during both left and right 

linger activities, while the left premotor area is activated only by right finger motion 

(Kawashima, et aL, 1997). Kim and colleagues (1993) report a slightly different pattern. 

MRI analysis during finger movements revealed that in left handers, activities performed 

by the left hand activated both the right and left motor conex regions. The results of right 

finger movement in left-handed individuals is not reponed (Kim, et al.. 1990). These 

results indicate that there is a fundamental difference in how the brain processes activities 
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performed by the two hands. Fidelman (1995) proposed that this difference is derived 

from the nature of the hemispheres. Left-handed manipulations are slower but more 

accurate because the spatial goal is established in the right hemisphere prior to the motor 

activity. The right hand is faster but less accurate because the spatial goal is established 

as the motor activity occurs (Fidelman, 1995). It is unknown whether the differential 

processing affects hand choice during development. 

Gross brain asymmetries have been used to indicate cerebral lateralization and 

specialization to define living species and to construct phylogenetic relationships. For 

instance, the Sylvian fissure (lateral sulcus) separating the temporal lobe from the parietal 

lobe is longer and terminates lower on the left side in humans and pongids but exhibits 

these qualities on the right side in Old World Monkeys (Hellige, 1993; Falk, 1980). In 

addition, the right frontal lobe and the left occipital lobes are larger than their 

corresponding lobes on the opposite side, creating a torque to the brain (Hellige, 1993). 

These asymmetries are commonly used to account for the unique language abilities and 

handedness Homo sapiens, but one must keep in mind that some of these asymmetries 

are not species-specific to humans (Lemay and Geschwind, 1975). 

Handedness is more complex than a single, observable, task-specific, motor 

behavior. This output we refer to as handedness possibly results from several cerebral 

connections or commands that are not necessarily generated from the same hemispheres. 

A single reaching task requires location of the target (eye-hand coordination), reaching 

(moving the hand in space), manipulation (grip/release) and postural control (Shumway-

Cook and Wollacott, 1995). The potential for multiple levels of brain activity constitutes 



57 

Hellige's (1993) "multicomponential theory". Evidence from macaque studies indicates 

that reaching tasks involve several separate cerebral cortical areas that are highly 

interconnected (Kalaska and Crammond, 1992). Along the same vein, Irvy and 

Robertson (1998) suggested that the brain is basically symmetrical, and any functional 

differences are a product of more 'subtle' asymmetries at higher levels of information 

processing. The link between cerebral lateralization and handedness remains unresolved. 

A review of the body of literature suggests, however, that handedness is a learned, non-

genetic phenomenon that develops in concert with brain asymmetry rather than as a result 

of it (Provins, 1997). 

Ontogeny of Handedness 

The human upper limb functions in communication, feeding, locomotion, and in 

general, interacting with the environment. Accuracy and control of manipulation is 

guaranteed by feedback of vision and proprioception. The various joints act at different 

levels in order to place the hand in a useful functional position for manipulation (Speer, 

1997). The shoulder joint epitomizes the exchange of stability for mobility and acts to 

position the hand within a wide range of space around the glenohumeral pivot (flexion, 

extension, abduction, adduction, circumduction). The elbow joint controls ihc distance of 

the hand relative to the body (flexion, extension) and positions the wrLst joint for distal 

manipulations (supination, pronation). The wrist joint operates to maximize grasping 

functions and fine-tune the position of the hand in space (flexion, extension, abduction, 

adduction). The multiple finger joints are responsible for actual manipulations ranging 



from precision lo power operations. The coordination of these activities is refined by 

repetition through the life stages. 

The limbs undergo many changes as the individual progresses through the life 

stages. These stages, constrained phylogenetically and physically, comprise the life 

history plan of the organism and function in order to optimize the organism's chances of 

reaching reproductive maturity (Morbeck, 1997a). Growth of the organism is 

"synchronized" with functional demand at the life stage (Grand, 1983). Infancy is 

characterized by total reliance on the mother for food and protection. The infant limbs 

flail uncoordinatedly due to a lag in myelinization and visual development, but the 

suckling response is highly developed. The abilities of the infant indicate that its 'job' i.s 

to eat and grow. Myelinization proceeds along a proximal to distal gradient so that 

reaching skills (shoulder action) precede manipulatory skills (hand action). By 9 months, 

reaches are accurate and unilateral (Duff, 1995). At some variable point the infant is 

weaned, marking its entrance into the next life stage, childhood (Morbeck. 1997a). 

The onset of childhood is marked by increased independence from the mother. A 

grasp which includes active involvement of the thumb develops between 3-12 months, 

and an index-to-thumb grip appears by 11 months (Duff, 1995). Following the 

development of grasp, the 12-18 month old infant starts to exhibit hand specialization 

depending on the degree of difficulty of the activity (Duff, 1995). Manipulation is 

reinforced by imitation and practice such that a clear hand preference for certain tasks is 

exhibited by 4-6 years of age (Duff, 1995). Simultaneously, the brain is undergoing 

tremendous growth. New connections are being forged and old ones replaced in response 
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to internal and external stimuli. Bimanual coordination is emphasized while cerebral 

asymmetry is elaborated. The emergence of a 'natural' hand preference may be related to 

learning during this time of brain plasticity rather than expression of an inborn 

preference. If this is the case then the social and cultural environment can influence the 

choice of hand to accomplish a particular task. Consider the potential increase in 

ambidexterity in the coming generations due to the introduction of the computer 

keyboard and video games during such an impressionable period in the life span. From 

adolescence through adulthood, the handedness pattern of childhood is established by 

reinforcement and seems permanent. Unbelievably, there is, at most, only a 10% 

difference in grip strength between the two hands (Duff, 1995). 

From infancy to adulthood the human brain triples in size. The long period of 

brain growth during childhood allows the organism to learn survival and social skills 

(Bogin, 1990). Postnatal transformations follow a hard-wired program thai permits 

responsiveness through experience or brain plasticitiy. As Bogin (1991:22) notes: 

The advancement of central nervous system development 
over body growth in general provides the physical basis 
for the efficient learning and memory of these skills. It also 
allows for the integration of separately learned behaviors 
that may be creatively recombined by the individual and 
result in novel behaviors, suitable for situations that have 
never been encountered before or for changes in the physical 
or social environment not foreseen by teachers. 

External stimulation through experience is absolutely necessary for the coordination of 

manipulative behavior with the senses and thus maturation of the central nervous system 

(Piaget, 1954). The most remarkable changes during childhood occur in the maturation 

of the connectivity patterns not the number of synapses. In 1979 Huttenlocher studied 
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the changes in synapse number across the life span. He observed that the number of 

synapses per neuron undergoes a ten fold increase from birth to one year of age, followed 

by maturation to the adult profile by 6-7 years, gradually decreasing up to adolescence 

and thereafter remains constant until 70 years of age. Based on his results Huttenlocher 

concludes thai learning by the 3-7 year old child is a matter of synapse maturation and 

not an increase in connectivity. In addition to the metamorphosis of the nature of the 

synapses, whole, specialized regions in the motor cortex can migrate during the growth 

phase. Nozaki and Nakamura found that the cortical region for jaw activity in the guinea 

pig relocalizes when sucking is replaced with chewing behavior (Asanuma, 1989). The 

plasticity of the young brain accounts for the ease of learning motor skills compared tt) 

that of adults (Asanuma, 1989). 

More importantly, motor skills are learned and the patterns instilled during the 

growth period can be changed with practice. Experiments in reversal learning illustrate 

that limb preference can be altered. Rats exhibiting a paw preference for reaching a food 

item in a tube were prevented from using the preferred paw by either one of two methods, 

physically with a bracelet or chemically induced paresis. A marked change in paw 

preference was observed in the physically restricted group after only 50 reaches 

indicating that both hemispheres must be operable during the learning process for 

formation of the new habit and inhibition of the old habit (Bures, 1995; Miklyaeva and 

Bures, 1991; Martin and Webster, 1974). In an experiment performed by Robert Collin.s, 

300 immature mice divided and exposed to right-sided and left-sided feeding troughs 

resulted in the predicted bias with 8-14% resisting the predicted determination by the 
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imposed side constraints (Collins, 1975). Cultural and social pressures are effective in 

altering hand preference in humans with females inexplicably tending toward greater 

success in the shift (Porac, etal., 1986). Handedness is learned and reinforced by 

repetition. The plasticity of handedness behavior is best demonstrated by the forced 

conversion of school children which occurred and still occurs, in the United States (Porac 

et al., 1986). In some countries writing with the left hand is still "absolutely forbidden" 

(Germany, Greece, Asia, Russia, China) (laccino, 1993; Teng, etai, 1976). The fact that 

hand preference can change under social pressure or that amputees adapt to the loss of a 

dominant limb indicates that hand preference is not as 'hard-wired' in our bodies as some 

believe. 

Non-Human Primate Studies 

Non-human primate studies are responsible for the recent unmasking of the 

problems associated with the analysis of handedness. Methodological questions reveal 

the necessity to redefine our understanding of handedness and how it can be measured. 

They also reveal our generations-old, culturally inherited biases. 

One of the first references to handedness in nonhuman primates appears in 

Thomas Browne's 1646 Pseiidodoxia Epidemica of Vulgar Errors (Harris, 1993). The 

book, written to dispel what Browne perceived as erroneous beliefs by the general public, 

contains an attack on the natural state of right handedness; his argument was that if the 

right were natural, then animals should exhibit a right sidedness (Harris, 1993). In 

addition, Browne noted that the contemporary anatomical explanations for handedness 

were invalid since apes, although having both their livers and azygous veins on the right. 
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do not possess handedness. Interest in this subject was reawakened in the late 19"' 

century when William Ogle, an English physician, dismissed the nurturists' claims based 

on his observations of handedness in 23 monkeys (no species indicated) at the London 

Zoological Gardens (Harris, 1993). In 1877 Broca reported that most mammals are righi-

handed but was contradicted in 1881 by David Livingstone who asserted the opposite 

(Harris, 1993). To date, the current literature is more supportive of Livingstone's claim 

(McGrew and Marchant, 1997). 

While studies prior to 1911 are fraught with "opinion, anecdotes and informal 

uncontrolled observations of only a few animals", modern studies are extremely 

controversial. For all of the positive reports of handedness in nonhuman primates, there 

are just as many to the contrary (for reviews see McGrew and Marchant, 1997; Fagot and 

Vauclair 1991; MacNeilage, 1987; Ward and Hopkins 1993; Hopkins and Morris, 1993). 

Comparability of most studies is limited due to differences in techniques (McGrew and 

Marchant, 1997; Bradshaw and Rogers, 1993). Yet the choice of technique is rarely 

unbiased and may have far-reaching implications. The acceptance or rejection of data 

unavoidably depends upon one's notion o( Homo sapiens sapiens^ place in nature. 

Methodological issues in the observation of handedness in nonhuman primates 

includes the skill level of the activity, the environment, definitions of handedness, the 

number of events constituting hand bias, and the forced performance of unnatural acts 

(McGrew and Marchant, 1997; Preilowski, 1993). It has been demonstrated over and 

over that the skill level of the activity influences hand choice. Low-level skilLs can be 

accomplished equally well by both hands and preferences, if they exist, remain masked. 
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If a task is simple, one that does not require a shift in balance or necessitate involvement 

of other systems, then either hand may be used equally well and equally frequently 

without bias. Tasks of this simple nature were used in the past to test handedness in 

nonhuman primates and, of course, yielded negative results (MacNeiiage, et ai, 1987). 

The environment of the test subject is also important. Animals in captivity are 

functioning under different conditions than those in the wild and are not necessarily 

comparable. Similarly, results elicited from subjects forced to perform acts that are not 

within their normal behavioral repertoire, such as catching goldfish, are questionable. 

Another problem arises in determining whether the activity is due to mimicry and 

repetition rather than a naturally occurring phenomenon. Variations in the researchers' 

definition of handedness and the arbitrary decision of the number of observations that 

qualify as handedness can affect the results also (McGrew and Marchant, 1997). Despite 

the added controversy, modem non-human primate studies have advanced our 

understanding of the phenomenon of handedness by highlighting these issues. 

Summary 

From the presentation on handedness, one can surmise that the concept of 

handedness is not as conspicuous as personal experience might suggest. There is no 

universally accepted definition. There are problems in its measurement by questionnaire. 

Nonhuman primate studies are inconclusive. The connection to cerebral lateralization is 

ambiguous. Most previous studies depend upon a biased interpretation of handedess, 

established culturally throughout history and they focus on only one joint or limb 

segment. Handedness is probably not strictly a biological trait since preferences can 
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shift. There ii no doubt that one limb is preferred/specialized to perform certain tasks, 

but the opposite limb is never inactive. So the question remains, can a variable as vague 

as handedness be determined skeletally? 
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CHAPTER 3 
BI0LCX3Y AND BEHAVIOR OF BONE 

Introduction 

The vertebrate skeleton evolved approximately 350-400 million years ago 

(Wilson, 1992) and marks the earliest appearance of endoskeletal tissues. The 

incorporation of a rigid internal framework empowered organisms to locomote more 

efficiently and to operate more independently in their environments. Taxonomists 

identify five classes within the subphylum Vertebrata: fishes, amphibians, reptiles, birds 

and mammals. Discussion of the properties of bone tissue focuses on that belonging to 

the warm-blooded variety, birds and mammals and particularly that of humans (see 

Currey 1984 for a brief description of non-mammalian, non-avian bone). 

Bone tissue, as it occurs in birds and mammals, is very strong and relatively light. 

Its components provide resistance to tensile and compressive strains at the molecular 

(collagen and mineral), tissue (osteonal arrangement) and whole organ (corticomedullary 

ratio, trabecular arrangement) levels, forming the basis for its capacity to meet the 

functional demands of the organism. But the functional demands of the organism change 

over the life span; thus, bone must be dynamic. Through the processes of modeling and 

remodeling, bone is able to grow and repair itself. Because of bone's durability, life way 

impressions are preserved in it, and investigators can use these indicators to determine 

when and how an organism lived. In brief, the skeleton "summarizes an individual's life" 

(Morbeck, 1997b: 117). The search for evidence of differential limb usage as it applies to 

'handedness' is justified based on the intimate association between form and function and 

the preservatii)n of life ways in bone. 
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The skeleton serves the individual to promote survival for the ultimate goal of mating and 

rearing offspring. As a system, bones permit the organism to effectively locomote, 

maintain posture, protect the viscera and house the hemopoietic tissue (red marrow). As 

a tissue, bones are a reservoir of readily mobilizable calcium, an ion vital for many 

metabolic processes including cell motility, excitability, secretion, phagocytosis, 

intermediary metabolism, respiration and reproduction (Timiras, 1994a). 

The skeleton is an archive of events occurring over the life span of the individual 

and over evolutionary time of the species. Genetic and phylogenetic constraints 

determine the general form of bones by controlling the timing of growth and 

development, but plasticity permits adaptation within the lifetime of the organism. 

Individual mechanical and physiological demands modify a pre-existing pattern of bone 

morphology that is defined and separated into a series of nested taxonomic categories 

(species, genus, order, family, class, etc.). Taxonomic classification brings order to the 

immense diversity of living things by placing them within a categorical framework of 

increasing exclusivity (or inclusivity) according to shared morphological and behavioral 

features. The following discussions are intended to describe the human condition, though 

not exclusively, since the human form is a variation on a primate, mammal, and 

vertebrate theme. 

Biology of Skeletal Tissues 

Classification of Bones 

In order to address issues of skeletal form and function, one must begin to 

describe the various forms of bone. Bones can be classified according to many criteria 
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including shape, location and organization. According to Gray's Anatomy (1980) there 

are four basic shape categories for skeletal elements: long, short, flat and irregular. Long 

bones are characterized by their cylindrical shape and are predominantly found in the 

extremities of vertebrates (excluding the wrist and ankle). Short bones are cuboidal in 

that the width of the bone approximates the length of the bone. The bones of the wrist 

and ankle (carpals and tarsals) represent short bones. Bones that are plate-like, like those 

found in the calvarium and the sternum, are considered flat bones. Irregular bones 

include any complex element that does not qualify as a long, short, or Hat bone, such a.s 

the vertebrae. A fifth category has been established to describe bones embedded in 

tendon to increase the efficiency of muscular pull. These are referred to as sesamoid 

bones and are best exemplified by the patellae. Skeletal elements also may be 

categorized by location. Bones associated with the midline are referred to as axial. 

Those of the extremities, including the pectoral and pelvic girdles, are referred to as 

appendicular (related to the appendages). Skeletal tissue also can be described according 

to its macroscopic (compact vs. spongy) and microscopic organization (primary vs. 

secondary) which defines its functional parameters. For the purposes of the current 

study, only long bones are considered further. 

Long Bone Morphology 

All long hones are appendicular. They are arranged and act as a series of 

connected levers for the manipulation of objects and the propulsion of the body through 

space. Anatomic variations in the basic features of a long bone correspond to its 

functional demands. There are many component parts of a typical long bone (see figure 
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3-1). The central, cylindrical region of a long bone is referred to as the shaft or the 

diaphysis. The broadened ends of the diaphysis are referred to as the metaphyses. 

Irregularly shaped caps of bone, known as epiphyses, form the distal and proximal ends 

of long bones. The epiphysis forms from a separate ossification center than the shaft. 

Each long bone has at least two epiphyses (phalanges excluded), but more complexly 

shaped long bones may have more. In immature individuals, the epiphysis is separated 

from the metaphysis by a layer of growing cartilage, the epiphyseal plate. The epiphyses 

eventually fuse to the metaphyses when growth is completed. Joints are formed by the 

epiphyses of adjacent bones, and theu" morphology reflects joint function in terms of the 

direction and range of motion possible. To protect the articulating bony surfaces from 

damage and enhance mobility and weight bearing, the areas of potential bone-to-bonc 

contact are covered with a layer of hyaline cartilage, simply referred to as aiiicular 

cartilage. The external surfaces of all bones, except the articular surfaces, patellar surfacc 

and tendon or ligament attachments (Fawcett. 1994), are covered with a layer of 

connective tissue, called the periosteum. The periosteum consists of two layers; an outer 

dense connective tissue (fibrogenic) layer and an inner bone cell (osteogenic) layer. The 

hollow space of the diaphysis is the medullary or marrow cavity. The content of the 

medullary cavity varies with age. In children the cavities of all the bones are filled with 

hemopoeitic tissue or red marrow. With remodeling and age the red marrow 'retreats' to 

the axial elements, and the appendicular bones become filled with fatty yellow marrow. 

Since the medullary cavity is not exposed to the forces of ligament, tendon and muscle 

pull, it does not require the dense connective tissue layer found in the periosteum. The 
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inner surface of a long bone is lined with a single layer of bone cells referred to as the 

endosteum. 

Bone tissue exists in the skeleton in two macroscopic arrangements based on the 

degree of porosity: compact bone {substantia compacta) and spongy bone {substantia 

spongiosa). In compact bone the microscopic units are arranged in tightly packed 

parallel columns with very little space intervening (10% porosity), thereby creating the 

illusion of a solid bone mass (Buckwalter, et al, 1995a). This type of bone forms the 

outer shell of all skeletal elements, and thus often is referred to as cortical bone. Cortical 

bone provides the strength to resist weight-bearing forces in the long bone and i.s ihickcsL 

in the diaphysis. In contrast, spongy or trabecular bone is composed of irregularly 

branching spicules surrounded by a great deal of space (5()%-9()% porosity) (Buckwalter, 

et al, 1995a; Currey, 1984). While this bony lattice cannot approach the strength 

provided by cortical bone, the less organized array of spicules distributes the forces and 

provides resistance to multidirectional, albeit smaller, forces. Increased bone porosity 

involves a decrease in bone density resulting in a ten-fold concomitant decrease in 

compressive strength relative to cortical bone (Buckwalter, et al., 1995a). The more 

malleable spongy bone permits a certain degree of deformation for shock absorption. 

Spongy bone is localized in the epiphyses of long bones and aids in the distribution of 

stress from the joint surface lo the diaphyseal cortex thereby decreasing the chancc of 

articular damage. 

The dimensions of these basic long bone structures vary between species and 

within species according to the mechanical requirements of life. Alexander (1994) 
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presents an exemplification of the interspecies variation with a comparison of long bone 

corticomedullary ratios among bird, human and manatee. Bird long bones (not including 

flightless birds) generally exhibit thinner diaphyseal cortical bone and wider medullary 

cavities in order to reduce the bones' weight and accommodate loads for flight. On the 

other hand, the medullary cavity is completely absent in manatee bone, possibly to create 

ballast to counter the flotation effect of air-filled lungs. The human conicomedullary 

ratio, specialized for terrestrial locomotion, is intermediate between these two extremes. 

Intraspecies variations are superimposed on the basic genetically- and phylogenetically 

constrained morphological plan according to differences in life ways during the life 

stages. 

Composition of Bone 

Bone is not a solid homogenous mass of calcified tissue limited to 

macroscopic descriptions. On the contrary, a complex microscopic and molecular 

organization not only underpins gross structure, but also functions to fulfill the metabolic 

needs of the body. Bone is a specific type of connective tissue and, like all connective 

tissues, consists of cellular and acellular components. However, unlike other connective 

tissues, the acellular matrix of bone is calcified creating an extremely rigid tissue capable 

of supporting the body and providing a readily accessible supply of calcium. 

The extracellular matrix consists of organic and inorganic components which, 

represent and 65% of the dry weight of bone respectively (Fawcett, 1994). The 

organic substances produced by the "bone-forming" cells or osteoblasts can be further 

divided into fibers and ground substance. Fibers account for approximately 90% t)f the 
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organic portion of matrix (Fawcett, 1994) and serve as the framework for the deposition 

of inorganic materials. The fibrous scaffold is composed mostly of type I collagen but 

also contains small amounts of types V and XII (Buckwalter, etal., 1995a; Fawcett, 

1994). The collagen assembles into increasingly larger units (see figure 3-2). Type I 

collagen of bone is organized in the fiber and bundle stages. Type II collagen of hyaline 

cartilage remains at the fibril level. Collagen fibers of the outer layer of the periosteum, 

called Sharpey's fibers (see figure 3-3), extend into the mineralized matrix of bone, 

binding the structures and providing a molecular link between the connective tissues of 

muscle and bone. The remaining 10% of the organic matrix consists of amorphous 

ground substance comprised of small proteoglycans (protein core + glycosaminoglycans) 

and glycoproteins. The lesser amount of amorphous ground substance molecules allows 

for an increased packing density of collagen, reflecting the functional importance of 

collagen (Marks and Popoff, 1988). An extensive and still-growing list of ground 

substance molecules is beyond the scope of this study. However, note that these 

substances have a multitude of functions that possibly, yet not conclusively, include 

adhesion between the components of matrix and cells, initiation of calcification, and 

control of cell proliferation (Robey, 1995). Inorganic materials (calcium, phosphate, 

magnesium, carbonate, hydroxyl, chloride, fluoride, citrate, sodium) comprise the 

mineral salts of bone deposited within gaps of the organic frame during the 

mineralization process. The majority of bone mineral occurs as crystal formed by the 

combination of calcium, phosphate and hydroxyl and known as hydroxyapatite 

(Caio[P04]6[OH]2). The mechanisms of deposition are still under debate. The hardness 
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afforded by the mineral provides resistance to compression while the toughness ol" the 

collagen resists tension. When these components are combined, bone is able to withstand 

the majority of imposed bending stresses during life. 

Four types of bone cells are usually recognized in skeletal tissue: bone-lining 

cells, osteoblasts, osteocytes and osteoclasts. The former three, derived from 

osteoprogenitor cells of mesenchymal origin, represent a single lineage in various .stagc.s 

of activation (Fawcett, 1994; Buckwalter, fr a/, 1995a). Osteoblasts produce the organic 

components of the extracellular matrix. These products eventually surround the cell, and 

the matrix quickly mineralizes. The exact trigger for mineralization is still under 

investigation. Following encapsulation by the mineralized matrix, the osteoblast 

advances to the next maturity level, that of the osieocyte. Osteocytes rest in cavities of 

mineralized rratrix called lacunae. Even though surrounded by mineralized matrix and 

apparently cut-off from their nutrient supply, these cells not only continue to live, but 

also produce and resorb mineralized matrix (Marks and Popoff, 19X8). Such living 

conditions are possible due to the maintenance of a communication netwDrk among 

neighboring cells and the bone surface. As osteoblasts surround themselves with matrix, 

the cell processes extending from the cell body maintain contact with cell processes uf 

adjacent cells. Once embedded, the cell processes rest in narrow tunnels referred to as 

canaliculi. Nutrients, hormones and wastes can be exchanged through gap junctions 

between the c.'ll processes to conquer this otherwise inhospitable microenvironment. 

Upon completion of bone formation, osteoblasts that have not been incorporated in 

lacunae either become flattened inactive bone-lining cells of the periosteum or endosteum 
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or they disappear entirely as deduced from population counts during and after bone 

formation (Buckwalter, et al, 1995a). Bone-lining cells, also referred to as surface 

osteocytes, and inactive osteoblasts can be re-activated. This occurs in fracture repair 

and certain pathologies, but the reactivated cells seem only capable of producing primary 

or woven bone (Miller and Jee, 1987). The role of these cells in remodeling remains lo 

be found. 

Osteoclasis, derived from the monocyte/macrophage cell family, function to 

resorb bone tis.sue. These multinucleate cells play an important role in remodeling and 

calcium homeostasis in response to mechanical and hormonal signals. Osteoclasts attach 

themselves, like a leech, to the bone surface and digest away both the inorganic and 

organic matrix components with a powerful acid and enzyme cocktail. The attachment 

event involves mediation of membrane-bound integrins, which can be up- or down-

regulated by internal and external signals such as calcitonin or the various anti-

osteoporosis drugs (Teitelbaum, et al., 1997). Fawcett (1994) reports that the 

subsequently freed osteocytes may become bone-lining cells, but the extent of their future 

activity is questionable. 

Organization of Bone 

The various cellular and molecular components just discussed can be found in iwd 

arrangements which influence the tissue's functional capactity. Bone that Ls initially 

produced by either intramembranous or endochondral ossification has a highly irregular 

arrangement and is referred to as primary or woven bone. By the fifth year of life, woven 

bone of the embryonic skeleton is almost completely replaced by highly organized 
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secondary or lamellar bone (Buckwalier, er cil, 1995a). Woven bone is weaker than 

lamellar bone due to the random organization of collagen fibrils and greater number of 

osteocytes (Torzilli, etal., 1981). Its replacement coincides with increasing mechanical 

demands of the growing child. 

Lamel'ar bone exists in three forms: osteonal, circumferential, and interstitial. 

Osteons, or Haversian systems, are microscopic, highly organized, cylindrical, often 

branched units comprising the dense conical bone of the skeleton (see tlgure 3-1). 

Biomechanists consider osteons analogous to the fibers of a fiberglass cable (Hogan, 

1992; Alexander, 1994; Burr, et al., 1988). They consist of a series of concentric layers, 

or lamellae, of extracellular matrix arranged around a longitudinal, central vascular canal 

(Haversian canal). Lacunae containing osteocytes are located between lamellae and arc 

connected by canaliculi traversing the lamellae. Haversian canals are Joined by 

perpendicular vascular channels called Volkmann's canals. Within the mineralized 

matrix of lamellar bone, osteocytes are guaranteed to lie no more than lOO-.'^OO microns 

from the nearest blood supply (Buckwalter, et al, 1995a; Cowin, 1989). The collagen 

fibrils of each lamella run in opposite helical directions to those in adjacent lamellae, 

thereby increa.sing the strength of the microscopic unit. A thin layer of acollagenous 

mineralized matrix, called the cement line, surrounds each osteon. The cement line is a 

remnant of the boundaries of the original remodeling cavity walls. The immaturity of the 

hydroxyapatite (Schaftler, eral., 1987) coupled with a lack of collagen results in a 

relatively weak interface between osteonal units. Through cement lines, .secondary bone 

sacrifices some material stiffness and static strength for the arrest of microfractures 
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(Norman and Wang. 1997; Burr et al., 1988; Cowin, 1989; Carter and Hayes, 1977). The 

cement line is not traversed by canaliculi and thus forms a diffusion barrier between 

osteons (Cowin, 1989). Large-scale circumferential lamellae surround the periosteal and 

endosteal surfaces. As osteonal bone is remodeled, osteoclasts 'excavate' across 

Haversian systems leaving remnants that form interstitial lamellae. 

The highly connected nature of bone cells to each other and the matrix, and the 

connection of the matrix to the periosteum, allows bone to act as a syncitium, capable of 

responding as a unit to mechanical forces and hormonal signals (Buckwalter, er al, 

1995a). This unity is exhibited at molecular, cellular, tissue and organ levels. 

Development of Bone 

Bone develops by a single mechanism within two dii'ferent types of tissue. A 

cellular precursor differentiates into osteoblasts, blood vessels invade, and new bone is 

produced within either a mesenchymal or cartilaginous tissue model. The basic shape of 

a bone is under genomic control. A certain degree of mechanical loading is necessary to 

fine-tune the shape and create a functional product. If the forces are excessive, permanent 

deformity may arise; if the forces are too small, the bone may not be capable of 

withstanding the demands of terrestrial life (Buckwalter, et al. 1995b). 

Intramembranous ossification involves the deposition of bone within a 

mesenchyme model. Mesenchymal cells differentiate into osteoblasts, which begin to 

produce the molecular ingredients of bone tissue. The growing 'pearl' of bone, referred 

to as a primary ossification center, continues to expand until the mesenchyme is 
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completely replaced. Most of the flat bones of the cranium, parts of the bony face and 

clavicle are formed by intramembranous ossification. 

The majority of skeletal elements are produced by endochondral ossification in 

which the mesenchyme is converted into a cartilaginous anlage or model, and then is 

converted to bone. Endochondral ossification is initiated by an intramembranous 

condensation of bone tissue around the diaphysis. This bony collar is formed when cells 

of the perichondrium differentiate into osteoblasts. The newly mineralized matrix leads 

to degeneration of the local chondrocytes which had relied on diffusion through the 

matrix to receive nourishment (Cowin, 1989). The surrounding perichondrium now is 

called the periosteum. The bone collar is penetrated by a blood vessel supplying the bone 

cells of the mineralized matrix with nutrients and conveying hemopoeitic stem cells to 

the interior of the cavitated, calcifying cartilage model. This primary ossification center 

continues to grow until the diaphysis of the long bone is formed. At varying limes during 

development, secondary ossification centers may appear within the epiphyses following a 

similar vascular invasion. This time, however, the blood vessel transports 

osteoprogenitor cells as well as hemopoietic stem cells into the cartilaginous cap (Cowin, 

1989). Without a perichondrium from which osteoblasts can differeniiaie, secondary 

ossification centers do not develop bone collars, and thus a perimeter of hyaline cartilage 

is retained as the articular cartilage. Prior to skeletal maturity, a layer of 

mitotically/metabolically active hyaline cartilage, the epiphyseal plate, is maintained 

between the primary and secondary ossification centers. The epiphyseal plate facilitates 

longitudinal growth of long bones occurring at the surface of the metaphysis. 
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Modeling and Remodeling of Bone 

The form and organization of the skeleton must constantly change in order to 

satisfy the demands of the organism throughout the life span. Two processes responsible 

for the growth, maintenance and modulation of the skeleton are modeling and 

remodeling. Both processes are easily demonstrated with fluorescently-labeled antibodies 

and isotopes that target bone tissue (Fawcett, 1994). Modeling refers to the production of 

bone (primary) where none previously existed. An example of modeling is the de novo 

appearance of bone in endochondral or iniramembranous ossification or the production of 

a callus in fracture repair. 

Remodeling involves the destruction of pre-existing bone (primary or secondary) 

by osteoclasts and its subsequent replacement by osteoblasts. Osteoclasts receive some 

signal (physical or hormonal) to begin the degradative process. A vascular bud and 

endosteal osteoblasts migrate into the resultant bony tunnel, and new bone is produced to 

fill the cavity. It is estimated that the cutting cone created by a single osteoclast during a 

24-hour period, requires the activity of approximately 50 osteoblasts for filling 

(Buckwalter, et al., 1995b). Remodeling is a life-long constant process for the repair of 

damage, prevention of damage, and calcium homeostasis. The rate and pattern of 

remodeling are affected by the age and sex of the individual. For instance. Ruff and 

colleagues (1994) report a shift in the pattern of bone deposition in response to increased 

mechanical loads from the periosteal surface in youth to the endosteal surface in maturity. 
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Growth of Bone 

Growth of the skeleton resulting in modification of body plan requires both 

modeling and remodeling for the bones to increase in size while maintaining their basic 

shapes. These processes are under genetic and epigenetic controLs and correlate highly 

with the functional demands of the individual. 

Bones grow in length and diameter appositionally; bone is deposited on one 

surface and removed from the opposite surface. Increases in bone length occur at the 

epiphyseal plate, a remnant from the cartilaginous anlage located between the primary 

(diaphysis) and secondary (epiphysis) o.ssification centers. During the growth pha.se, the 

cartilaginous plate continues to divide and is converted to bone in response to hormonal 

signals. In order to ensure an organized deposition of bone, the plate displays polarity of 

its maturational zones (resting cartilage, proliferation, hypertrophy, degeneration, 

calcification, ossification). The more immature regions are positioned ad jacent to the 

epiphyseal bone and the more mature regions abut against the diaphysis. The diameter t)!' 

a bone can be increased by the activation of the osteoblasts in the osteogenic layer of the 

periosteum and osteoclasts in the medullary cavity. The proportionality of a bone 

throughout the growth phase is maintained by the coordination of modeling and 

remodeling. Bone form is ultimately constrained by the genotype; however, the nature of 

the materials allows for a range of phenotypic expressions due to contributions of 

environmental and physiological variables (Carter, Wong, and Orr, 1991). 
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Nutritional and Hormonal Influences on Bone 

The formation of bone tissue requires a number of external signals as well as the 

proper materials for construction. Hormonal signals control the behavior of bone cells, 

while a balanced diet ensures a constant supply of quality building materials. Growth 

and maintenance of skeletal tissue are regulated by many substances including: growth 

hormone, sex hormones, thyroid hormones (including calcitonin), parathyroid hormone, 

insulin, glucocorticoids, growth factors (such as somatomedin, insulin-like growth factor, 

epidermal growth factor, fibroblast growth factor, platelet-derived growth factor, and 

transforming growth factor (B)), prostaglandins, interleukins, vitamins A, B, C, D, and K 

(Tortora and Grabowski, 1996; Weryha and Leclere, 1995; Raisz and Kream, 198.3). The 

presence of trace minerals also may affect the activity of bone cells and quality of matrix. 

These include magnesium, boron, manganese and, of course, calcium and phosphorus, 

the components of hydroxyapatite (Tortora and Grabowski, 1996). The levels of these 

multiple tactors vary across individuals according to age, sex, diet, stress, and genetic 

dictates in order to create a potentially, ever-changing phenotype across the life span. 

Upon attainment of skeletal maturity, many of these substances are still required to 

maintain healthy bone tissue. For example, vitamin D is necessary for the absoipiion of 

calcium in the intestinal tract, and its shortage results in inferior mineralization such as 

occurs in osteomalacia and rickets. Likewise, vitamin C is required for the proper 

formation of collagen (type I), and inadequate consumption of vitamin C-rich foods 

results in weak bone matrix such as occurs in scurvy. Lowered levels of calcium as a 

result of dietary insufficiency may induce calcium loss from bone matrix (osteopenia). 
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Blood calcium levels are maintained by the interplay between parathyroid 

hormone (parathormone) and calcitonin. Calcitonin, released from the thyroid in 

resporvse to elevated levels of blood calcium, decreases the activity of osteoclasts and 

results in a net deposition of calcium in bone. Parathormone acts to elevate depressed 

levels of calcium by causing calcium release from bone and enhanced reabsorption by 

kidneys and intestines. In bone, parathormone targets osteoblasts, which release 

osteoclast-stimulating factor. The levels of bone-influencing factors not only fluctuate 

with age but also depend upon the nutritional status and general health of the individual 

as well as such conditions as pregnancy and lactation (Stini, 1996). The deficiency of 

any one of these substances will affect the modeling and remodeling processes such that 

individuals may respond differently to similar stresses. It is therefore important to 

consider the life stage of the individual when studying bone phenomena. 

Composition of Cartilage 

Like bone, cartilage responds to mechanical stress. Experiments by vanKampen 

and colleagues in 1985 demonstrated that repetitive stimuli within the physiologic range 

induced proteoglycan synthesis, while static or excessive loads seemed to inhibit it 

(Poole, 1995). Thus, the activity and products of a chondrocyte vary according to the 

mechanical demands expected of the tissue (Kuettner, 1992; Volpi and Katz, 1991). If 

mechanical demands are asymmetric, such as indicated in 'handedness', an asymmetric 

pattern of joint usage or pathology may be found. Cartilage is structurally similar lu bvinc 

tissue except that the mineral is replaced by water. Consequently, the intricate vascular 

arrangement and cell-io-cell contacts required by bone tissue are unnecessary, as 
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nutrients and wastes can dU'fuse through the unmineralized matrix. When ditYusion is 

inadequate, small blood vessels will penetrate the cartilage. Like any connective tissue, 

cartilage consists of cellular and acellular components. The extracellular matrix defines 

the class and function of cartilage (hyaline, elastic or fibrocariilage). Hyaline cartilage is 

the most abundant type found in the body and is the focus of this discussion since it 

comprises the articular cartilage. 

Articular cartilage serves to attenuate loading forces on the underlying bone and 

to optimize joint congruity. Its extracellular matrix is composed of types II, VI, IX, X, 

and XI collagen, proteoglycans, glycoproteins and water (see figure 3-4). The 

distribution of these matrix components varies across three zones (tangential, 

intermediate, basal) and the proximity to chondrocytes. Type II collagen, the most 

prevalent, is capable of arranging itself into fibrils to form the tensile-stress resistant 

structural frame of the articular cartilage but it does not form the huge fibers associated 

with type I collagen of bone. Collagen II is arranged irregularly across all three articular 

zones. Type IX and type XI collagens are closely associated with the type II collagen 

fibrils and are responsible for controlling collagen crosslinks and diameter size, 

respectively (Duance and Wotton, 1991). Type X collagen is restricted to the zone 

adjacent to the subchondral bone in an area of calcified cartilage known as the tidemark. 

The tidemark 'glues' the articular cartilage to the underlying bone. Type VI collagen is 

found in proximity to the chondrocytes themselves and may function to protect cells from 

stress (Duance and Wotton, 1991). Located in the spaces of the collagen web are smaller 

molecules, proteoglycans and glycoproteins, providing resistance to compressive stresses. 
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The proteoglycan molecules, also called aggrecans, consist of many glycosaminoglycans 

(GAGs) attached to a protein core and resemble a bottle brush. Aggrecans bind to 

hyaluronic acid to produce larger "mega-molecules". The predominant GAG molecules 

in articular cartilage are chondroitin sulfate, keratan sulfate and dermatan sulfate. 

Approximately 90% of aggrecan molecules contain chondroitin sulfate and keratan 

sulfate (Kuettner, 1992). The sulfates bound to these proteoglycans carry a negative 

charge that attracts water and acts as a charge filter for the diffusion of smaller ions 

through the matrix. The molecular nature of articular cartilage permits it to act as a shock 

absorber, protecting the underlying bony surfaces from damaging forces. During 

compression the negative proteoglycans are forced to approximate one another, and water 

is displaced into the joint cavity. Upon removal of the compression, the negative 

proteoglycans repulse one another, water is resorbed from the joint cavity, and the 

cartilage springs back to its original morphology. The movement of water also ensures 

the exchange of nutrients and wastes between the synovial fluid and the avascular 

cartilage (Junqueira, er al., 1995). The rigid surrounding collagen network limits the 

degree of hydration of aggrecans, thereby providing extra space for the presence of more 

proteoglycans. 

A number of glycoproteins also reside in the extracellular matrix to modulate 

interactions among the previously mentioned components. Chondrocytes produce all of 

the molecular components of the extracellular matrix. The cells 'loosely' till spaces 

within the collagen II-IX-XI network. They are most immediately surrounded by a halo 

of proteoglycans, which in turn is encircled by a shell of type VI collagen. This 
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'padding' is thought to provide some degree of protection to the chondrocyte (Kuettner, 

1992). Cartilage contains a greater amount of proteoglycans and glycoproteins relative lo 

collagen than bone, emphasizing its function of shock absorption (Marks and Popoff, 

1988). The molecular network of cartilage is subject to failure if repetitively and 

excessively stressed. The lack of a perichondrium prevents repair, and damage ultimately 

impinges on joint function. 

Joint Structure 

The adult body contains 206 bones, which are connected to one another in either a 

movable or non-movable manner. Joint morphology must balance stability and flexibility 

according to the expected function. Joints may be classified by the degree of movement 

permitted (synarthrosis, amphiarthrosis, or diarthrosis) or by the structural composition 

(fibrous or cartilaginous). For the purpose of the present study, only diarthrotic joints are 

considered further. 

A diarthrosis is a freely movable joint, and thus requires a special structural 

arrangement to prevent tissue damage to itself and its neighboring structures while in 

motion. Diarthrodial joints exhibit a variety of shapes, including ball and socket, hinge, 

saddle, pivot, condyloid, and gliding. The size and shape of the articulation dictates the 

direction and range of movement of the joint. Regardless of the shape, all freely movable 

joints are surrounded by a capsule and bathed in fluid. The joint capsule forms a dense 

fibrous sheath around the aniculation. It blends with the periosteum and serves to 

compartmentalize and stabilize the joint. The inner surface of the joint capsule is lined 

with a synovial membrane consisting of fibroblast-like cells, macrophages and a few 
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lymphocytes (Tortora and Grabowski, 1996; Fawcett, 1994). In areas where joint 

stresses are diminished, the synovial membrane extends folds into the joint cavity. Such 

folds or villi are reported to enlarge with age (Fawcett, 1994). Fenestrated blood vessels 

in the synovium promote leakage of water and solutes, which mix with glycoproteins and 

proteoglycans to act as a joint lubricant. The bony surfaces are covered with a layer of 

hyaline cartilage, referred to as articular cartilage. The articular cartilage of one bone 

contacts the articular cartilage of the other bone, with no perichondrium or synovial 

membrane intervening. Joint stress is reduced by the improved congruence between the 

surfaces and the maximization of surface-to-surface contact (Mow, et al., 1995). 

Meanwhile, cartilage integrity is preserved by the cushioning effect of the underlying 

spongy bone. This structure-function relationship between articular cartilage and 

subchondral bone is confirmed by the correlation between osteoarthritLs and osteopetrosis 

and the inverse relationship between osteoarthritis and osteoporosis (Radin, eral., 1972; 

Felson, 1995). 

Behavior of Bone 

The success of vertebrates depends upon the possession of a skeleton that rcacis 

to the changing environment. This plasticity allows our bones to survive the demands of 

life intact and if damaged to repair the injury. Hypertrophy of muscle and bone from 

excessive loading is most evident in tennis players and baseball pitchers who experience 

unilateral overload of their limbs (Jones, et al., 1977; King, er al., 1969). Researchers 

can readily observe the degree of response by comparing the loaded limb to the opposite 

side. On the other hand, a lack of mechanical loading leads to atrophy of muscles and 
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skeletal tissues, as demonstrated by immobilization or paralysis of limb segments or 

effects of zero gravity conditions. This dynamic activity of bone is reported to have been 

appreciated long ago by Galileo and Vesalius but scholastic inquiry did not begin until 

the late 1800's (Frost, 1990). 

Functional Adaptation 

The pertinent issue for the current study, definitive quantification of the minimal 

type and level of activity necessary for a bony reaction, remains undescribed in the 

literature. The contradictory findings concerning the relative importance of strain 

magnitude, distribution, rate and mode make it difficult to speculate about the type of 

forces to which the dominant hand versus nondominant hand is subject. The following is 

a brief overview of bone dynamics. 

Nineteenth century German scholars Culman, Roux and Wolff formally 

introduced the idea of bone responding to mechanical stress. While contributions by the 

three men are equally important, only Wolff is immortalized with an eponym for the 

phenomenon of funtional adaptation. Wolff s law states [translated by Rasch and Burke, 

1963; cited by Frost, 1990]: 

Every change in the form and function of bones, or 
of their function alone, is followed by certain definite 
changes in their internal architecture and equally 
definite secondary alteration in their external conform
ation, in accordance with mathematical laws. 

Wolff based his observations on the morphology of healed bone fractures (Prendergast 

and Huiskes, i995), tinding that the newly-formed trabecular struts align themselves in a 

predictable manner to resists stress. Some scientists are critical of Wolff s utilization of 
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pathological hone for his studies (Bertram and Swartz, 1991). However, computer 

simulations following the parameters of his law successfully recreate in vivo trabecular 

remodeling (Mullender and Huiskes, 1995). Within cortical bone, the collagen within the 

osteons, as well as in the osteonal tubes, is arranged helically in a manner to resist the 

dominant stresses it experiences (Hert, etal., 1994). The fact that muscle and bone 

(cortical and spongy) react to mechanical forces now is regarded as common sense. 

Functional adaptation of the musculoskeletal system has been demonstrated repeatedly 

following increased weight-bearing or activity (Jee, etal., 1991; Rubin and Lanyon, 

1985; Chamay and Tschantz, 1972), weightlessness (Yamada, et al., 1997; Backup, er ai, 

1994; Schulth'iis, 1991; Roer and Dillaman, 1990; Vailas, etal., 1990; Vico, et al., 1988) 

and immobilisation (Lane, et al., 1996; Gross and Rubin, 1995; Elias and Gwinup, 1992). 

Research in the last thirty years has focused on the identification of the precise 

mechanism ol this response. The maintenance of the tight communication network 

between bone cells and their matrix components must serve this purpose (Lanyon, 199.1). 

Evidence and knowledge of the histologic structure of bone suggest that either osteocytes 

or the bone-lining cells of the periosteum act as mechanoreceptors and that these cells 

mediate the osteoblastic or osteoclastic activity (Meade, 1989; Prendergast and Huiskes, 

1995). Mullender and Huiskes (1997) compared models of the activity of osteocytes and 

bone-lining cells of cancellous bone in response to loading. They found that external 

loads on the surface cells did not produce the predicted adaptive architecture, and 

therefore are less likely than embedded osteocytes to be directly involved in the 

transduction o^" mechanical forces in the remodeling event. The observation of greater 
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numbers of apoptotic osteocyies in actively remodeling bone (represented by infant 

calvaria) relative to mature bone, indicates osteocytic participation in the renewal process 

(Noble, et al., 1997). However, the rarity of apoptotic osteocytes in adult bone indicates 

that the controlled loss of osteocytes may be restricted to the turnover of primary bone. 

Theories concerning the conversion of mechanical strain to a functionally 

adaptive response include direct cellular response, streaming potentials, hydrostatic 

pressure of extracellular fluid influencing bone cells or the solubility of the matrix, and 

piezoelectricity of collagen or minerals (Hart and Davy, 1989). Duncan and Turner 

(1995) provide an overview of the mechanotransduction events, which appear to involve 

several of the processes mentioned above. Regardless of the exact activation event, bone 

cells react to the changing mechanical milieu to create a more 'agreeable' type of strain 

rather than to eliminate it altogether as purported by Wolff (Biewener and Bertram. 1993; 

Rubin, et al., 1990; Rubin and McLeod, 1990). Rubin and colleagues (1990) suggest thai 

if the eradication of stress is the goal of bone remodeling, then the anatomical curvature 

of bones as they exist in the whole skeleton must be modified. Remodeling of bone is a 

universal phenomenon based upon the commonality of mammalian skeletal biophysics 

across species lines, i.e. "dynamic strain similarity" (Rubin, etal. 1990). 

There is no agreement on the roles of various stress characteristics (quantity, rate, 

duration) to stimulate remodeling. Frost hypothesizes that excessive bending induces the 

formation of a concavity on the diaphyseal surface, and osteoclastic activity is hailed 

such that net bone deposition in the 'pit' can equalize the deforming force (Frost, 1964). 

Frost proposes that the force necessary to stimulate bone deposition must be repetitive. 



time-averuged and capable of generating a minimum peak strain of 8(H)-1200 microstrain 

(Frost, 1982; Frost 1997). To put this figure in perspective, KKK) microstrain compres.se.s 

a bone by one-tenth of a percent or one-one thousandth of its original length (Frost, 

1997). Experiments attempting to demonstrate the level of strain required to cause 

hypertrophy usually employ ulnar osteotomies and implantation of strain gauges into 

laboratory animals (Lanyon. ei al.. 1982: Rubin and Lanyon. 1985; Lanyon and Rubin. 

1984; Chamay and Tschantz, 1972). Following surgery the animals are subjected to 

known levels of activity, loading the intact radius or strain gauge-equipped bone, and 

from the extent of the response conclusions can be drawn. However, Burr and colleagues 

(1989) warn that without adequate controls, conclusions may be erroneously based on 

deposition of hone due to the surgical procedure and not the variables alone. 

Hypotheses of hypertrophy being a product of microdamage naturally emerge 

from this methodology since the intense level of strain often causes minute fractures in 

the lest bone. Researchers propose that upon surpassing some peak strain threshold, 

fatigue damage by structural failure acts as the stimulus for bone deposition (Carter. 

1983: Martin and Burr. 1982). Frost (1997) estimates the microdamage threshold al 3()()() 

microstrain and the fracturing point al 25,000 microstrain. However. Rubin and Lanyon 

(1985) observe bone remodeling during strains below physiologic levels indicating that 

strain magnitude is not the only stimulus. 

Changes in the quality of strain, e.g. frequency and distribution, also produce a 

response. Alterations in strain distribution while holding magnitude and rale constant 

reveal a location specific response (Rubin and Lanyon, 1985; Lanyon, et al., 1982). 
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It is not surprising to learn that bones, which are subject to differential loading patterns 

based on their complex shapes and the varied directions of force exposure, exhibit 

different optimal peak strain thresholds at different locations (Hert, et al., 1994; 

Biewener, etal. 1986). By varying the temporal cycle of strain, investigators found a 

greater response to dynamic strains compared to static loads (Chamay and Tschantz, 

1972; Lanyon and Rubin, 1984). O'Connor and colleagues (1982) reported that increase 

in the rate of strain sends a stronger osteogenic signal. Whalen and associates (1988) 

attempted to return attention to strain magnitude, which, they suggest, plays a greater role 

in augmenting bone density. However, they also admitted that such levels of strain are 

rarely attained during everyday activities (Whalen. et al., 1988). Frost (1997) questioned 

the greater bone density in weightlifters compared to runners, if strain magnitude plays 

little role in remodeling. By combining rate and magnitude, Rubin and McLeod (199(1) 

verified that bone remodeling induced by low magnitude/high frequency activities is 

more relevant to the adaptive response than that associated with high magnitude/low 

frequency forces. In addition to strain magnitude, distribution, and rate, the mode of 

strain also must be considered. Analysis of the equine third metacarpal subjected to 

compressive and lensile stress reveals a difference in the quality of remodeling (Skedros. 

et al., 1996). The characterization of remodeling mechanics must involve a complex 

interaction among all of these strain features, and any attempt at reduction represents an 

oversimplification of the process. 

Biology of Aging Bone 

All tissues, including skeletal, are subject to the ravages of time regardless of the 
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exact mechanism (mechanical or genetic theories). As age increases, cells decrease their 

metabolic and mitotic activities, and the organs that they form begin to function less 

efficiently and may fall into disrepair. The rates of decline of various systems vary 

within and between individuals depending on numerous internal and external variables. 

In addition, the organ systems of the body are highly interdependent such that feedback 

loops are created. 

The skeletal system serves all other bodily systems by providing protection, 

locomotion and calcium storage, but it requires all others for its healthy maintenance. 

The functional decline of any of the body systems can have a profound effect on the 

skeletal system and vice versa. The aging process is a universal phenomenon, yet each 

individual's experience is unique. The degree of incapacity or lack thereof depends upon 

one's genetic blueprint and environmental interactions; in short, the life history vignette. 

Aging :)f Bone 

Advancing age affects normal connective tissue biology by disturbing the quality 

and quantity of remodeling and repair. In the case of bone, osteoblasts arc reduced in 

number and activity (Battmann, et al., 1997; Tonna, 1978). In vitro experiments show a 

decline in bone cell proliferation, proteoglycan synthesis and collagen level after age 30 

(Fedarko, et aL, 1992). By the fifth decade of life the rate of resorption outpaces that of 

formation (Marks and Hermey, 1995; Timiras, 1994a). This imbalance is responsible the 

loss of bone mass associated with osteoporosis (Merry and Holehan, 1994). The loss of 

bone mass is mostly a product of cancellous resorption and cortical thinning (Timiras, 

1994a) and leads to a marked decrease in bone's resistance to bending {159^-20% loss) 
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and compression (50% loss) by seventy years of age (Martin, 1993). The repercussion of 

this change in bone quality is demonstrated by the increase in 'microcracks' in aged bone 

when mechanically stressed (Courtney, et al., 1996; Schaffler, et al., 1995). 

The alterations in bone biology associated with age may occur in response to the 

body's declining ability to recover dietary calcium and/or an inadequate dietary intake of 

calcium and vitamins required for bone formation. In the digestive tract of the older 

individual, the number of calcium receptors and the activation of vitamin D are reduced 

(Ebeling, et al., 1992; Timiras, 1994b; Wemeau, 1995). In addition to insufficient intake 

of dietary vitamin D, its conversion to an active state may be hampered by reduced 

exposure to sunlight in the elderly (Tii'miras, 1994b; Wemeau, 1995). Calcium is a 

critical secondary messenger for many life processes, and its levels are closely monitored 

and maintained by feedback loops involving calcitonin and parathormone. With 

advancing age, levels of parathomone increase thereby increasing bone turnover (Khosla, 

et al., 1997). Ebeling and colleagues (1992) suggested that the elevation of parathormone 

may be a compensatory response to the ineffectiveness of vitamin D. Reduction in the 

level of estrogen and increase in the level of glucocorticoids associated with stress also 

negatively effect bone integrity. General age-related loss of bone mineral is magnified 

temporarily in postmenopausal females. Osteoblasts possess receptors for estradiol 

which has induced proliferation in vitro (Fawcett, 1994). Estrogen may serve to pruicci 

bone by decreasing bone cell responsiveness to parathormone (Khosla, etal., 1997; 

Merry and Holehan, 1994). With time, the male and female rates of bone turnover 

equalize. 
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The healthy integity of bone is maintained throughout lite by the application of 

muscular forces. Bone tissue responds to the forces to which it is subject. An increase in 

force signals the need for remodeling to meet the new demand. A decrease indicates a 

lack of need and stimulates resorption. With age, there is a tendency for the ability to 

perform strenuous activity to decline due to the interactions of a number of aging 

systems. In brief, any one or combination of decreased muscle strength, muscle mass, 

cardiac output, motor nerve conduction velocity, as well as central nervous system 

coordination, occur with age (Kauffman. 1994; Timiras 1994a), and affect the amount ol" 

force that can be applied on the skeleton. The reduced biomechanical stimulation leads 

to atrophy of the unused parts. 

Aging of Articular Cartilage 

The rate of cartilage deterioration exceeds that of bone starting as early as the 

second decade of life (Timiras 1994a). Senescent chondrocytes produce an inferior 

matrix, which accounts for the loss of the normal fatigue resistance and tensile strength of 

the tissue and mcreases the likelihood of micro-traumatic damage. A structurally 

inferior collagenous framework may be due to the decreased density of chondocytes 

(Poole, 1995) or organelle failure such as the reduction of endoplasmic reticulum and/or 

the buildup of intracellular filaments (Buckwalter, et aL, 1995b; Lothe, er aL, 1979). One 

consequence of age appears to be the declining sulfation of matrix proteoglycan 

molecules (Bayliss, et aL, 1995). The reduction of sulfate groups results in a decreased 

negativity of the aggrecan complex ('boitie brush') and a subsequent decreased atiraciion 

for water. Tb' array of aggrecan molecules is altered in size and glycosaminoglycans 
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makeup (Buckwalier, et aL, 1995b). In addition, collagen II fibrils become more 

extensively cross-linked (Buckwalier, et al. 1995b) and collagen IX is notably reduced 

(Duance and Wotion, 1991). The 'dehydrated', stiffer, less stable cartilage thus loses its 

springiness and is more likely to sustain micro-trauma. Fine cracks or fibrillations may 

develop by the third decade (Gilloteaux and Linz, 1983) and with time these may 

increase in severity to the point of becoming pathological (Lothe, et al., 1979). Aging is 

also correlated with an elevation in extracellular dermatan sulfate content which may be 

associated with disruption in repair processes due to interactions with fibronectin and 

interruption of cell adhesion (Kuettner, 1992). Age-related changes of cartilage may be 

exacerbated by inadequate dietary intake of cartilage building factors such as vitamin C 

and joint disuse which responds to the lack of loading by breaking down the collagenous 

frame (Buckwalter, et al., 1995b). Aging of other components, such as the joint capsule, 

may contribute to joint instability and incongruence leading to pathology (Najima, et al., 

1997). The link between these inevitable alterations in the molecular structure of 

cartilage with age and the generation of osteoarthritis remains elusive (Hamerman, 199."^) 

especially since other predisposing factors such as trauma, obesity and heredity are 

described (Felson, 1995; Kumar, et al., 1992). If aging constitutes the only criteria for 

the development of osteoarthritis, then one would expect uniform systemic involvement 

rather than its 'spotty' occurrence. While epidemiologically it appears that aging is the 

dominant causative agent, osteoarthritic cartilage exhibits a different biochemical profile 

than that just described. The relationship between the phenomena of aging and 

osteoarthritis still is an area of active research. 
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Osteoarthritis (Degenerative Joint Disease) 

Degenerative joint disease or osteoarthritis is one of the most common and 

debilitating disorders of the aging skeletal system. Estimates suggest that approximately 

75% of those aged 75 years are stricken, a figure that rises to 90% by 80 years of age 

(Kumar, et al, 1992). The condition involves the decay of articular cartilage and bony 

sequelae (subchondral sclerosis and osteophyte generation), resulting in pain upon 

movement of the segment. Because there is usually no inflammatory response, some 

believe that the term 'osteoarthritis' is a misnomer, and they opt to use the more accurate 

description of degenerative joint disease or osteoarthrosis. The semantic argument is 

pointless (Bullough, 1992). Regardless of the terminology, osteoarthritis is highly 

correlated to the aging process, though the degree of affliction varies according to the 

individual's life experiences. 

The epidemiology of osteoarthritis is difficult to ascertain due to differences in 

diagnostic criteria and incomplete geographical surveys (Croft, 1990; Adebajo, 1995), yet 

is helpful in identifying potential etiologies of the disease (Radin, 1993). Most studies 

concur that osieoanhritis is uncommon prior to age 40 (Kumar, et aL 1992). In a classic 

studies by Kellgren and Lawrence in the I9-50's and 196()'s including 2,672 British 

citizens, nearly all participants over the age of 65 exhibited some form of radiologic 

evidence of osteoarthritis in at least one joint (Croft, 1990). Both sexes are stricken fairly 

equally up to age 50, but from the mid-fifties onward, the prevalence of the disease 

continually rises in females (Croft, 1990; Felson, 1995; Kumar, etal, 1992). Females 

also tend to be more likely to experience the disease in several joints, with the exception 
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of hip involvemenl (Felson, 1995). In an archaeological setting, Jurmain attributed the 

sexual dimorphism in osteoarthritic prevalence to "sex-associated occupations such as 

domestic cleaning" (Jurmain, 1977, p.360). However, like that of osteoporosis, a more 

likely explanation lies in the different hormonal biology of males and females. The 

distribution of osteoarthritis coincides with those joints subject to the higher stresses of 

weight-bearing or grasp including the hip, knee, lumbosacral vertebrae, cervical 

vertebrae, interphalangeal joints and carpometacarpal joints (Felson, 1995; Croft, 1990). 

This observation lends support to a mechanical etiology of the disease despite its 

incongruent absence in the ankle (Felson, 1995; Sokoloff, 1969). The talocrural joint is 

probably spared degeneration due to its great ligamentous stability (Sokoloff. 1969). 

This suppositi'jn is supported by the increased occurrence of osteoarthritii' in previously 

injured ankles (Chandnani and Resnick, 1992; Sokoloff, 1969). A study of the 

distribution of osteoarthritis in only the hands of earlier populations reveals an increased 

distribution among the more distal and radial digital joints (Waldron, 1996). The 

mechanical etiology also is supported by a comparative primate study in which a greater 

prevalence of osteoarthritis is reported in the human thumb as opposed to that of the 

macaque thumb which is exposed to the lesser forces (Lim, et al., 1995). Jurmain (1980) 

utilized the mechanical basis of the disease to predict handedness in archaeological 

specimens. Unfortunately, if the disease was symmetrically distributed, he resorted to a 

systemic eiiok»gy rather than proposing that the limbs were equally loaded. 

The nature of the disease is elucidated further by its prevalence in certain 

occupations. Several studies demonstrate that repetitively-stressed joints, such as those 
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experienced by atheletes and laborers (e.g. soccer players, ballet dancers, farmers, 

jackhammer operators, construction workers, mill workers), may be more prone to 

degenerate (Fam and Kolin, 1986; Lequesne, et al., 1997; vanDijk, er al., 1995; Felson, 

1994; Felson, 1995). This epidemiological picture of the disease is used often by 

archaeologists to reconstruct the life wayss of past populations. 

Pathologically, osteoarthritis presents as a degeneration of articular cartilage. 

This includes the development of fibrillations and fissures in the cartilage, narrowing ol' 

the joint space, osteophyte formation and eventually eburnation of the joint surface. 

Histologically the tissue exhibits an increased water content, a decreased proteoglycan 

content and a decreased level of collagen IX (Kuettner, 1992; Mow, etal., 1995; 

Hamerman, 1989). The implication of these structural changes is a decrease in tensile 

and compressive strain resistance, causing the condition to worsen with use. It is 

theorized that the initial event of this cycle of degeneration is damage to the cartilaginous 

tissue probably produced by some intermittent repetitive force. The damage causes the 

release of cytokines (interleukins and prostaglandins, especially prostaglandin Ei) which 

stimulate the chondrocytes to release proteases (Amer, 1994; Kumar, et al., 1992). 

Proteases digest the proteoglycans and collagen, increasing the pore size of the remaining 

network and allowing an increased hydration of the remaining proteoglycans. Thi.s 

phenomenon is supported by the fact that the initial damage occurs adjacent to the 

chondrocytes (Hollander, et al., 1995). The cartilage plate becomes fibrillated, with 

deeper fissures progressing until subchondral bone is exposed. The subsequent bone-to-

bone contact causes the bony surface to become thick and polished, a process known as 
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eburnation. Osteoblasts and chondroblasts at the joint margin are stimulated and 

osteophytes form (Kumar, et al., 1992). Osteophytosis may represent an attempt of the 

cartilage to repair itseU*. Growth factors released upon protein degradation stimulate 

vascular invasion from the underlying marrow cavity and mesenchymal cell activation 

(Hamerman, 1993). The repair process is ineffectual due to the progression of the 

articular degeneration and declining cellular synthetic capacity with age. Differential 

limb usage as occurs in 'handedness' theoretically should elicit a corresponding 

asymmetric distribution of osteoarthritis based on a mechanical etiology for the disease. 
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CHAPTER 4 
MATEEUALS AND METHODS 

The Sample 

Collection 

The right and left humeri, radii, ulnae and first metacarpals are obtained from 39 

embalmed human cadavers following their use in the Human Gross Anatomy coursc ai 

the University of Arizona College of Medicine. These particular bones are chosen as 

representatives of shoulder, elbow, wrii>t and thumb functional units. The sample is 

collected over a three-year period (1994-1996) and consists of 18 males and 21 females 

ranging in age from 40 to 97 years (mean age = 75.92). Inclusion in the study is based on 

two criteria. First, the antemortem handedness pattern must be available (see Handedness 

Determination below). Second, the skeletal elements must be easily accessible, i.e. the 

limb is dissected and soft tissues are not too desiccated. During the collection, us much 

soft tissue as possible is removed. The remains are transferred to the Human 

Identification Laboratory. Department of Anthropology, University of Arizona, for 

maceration, measurement and analysis. 

"Handedness" Deiermination 

Handedness of the individuals in this sample is assessed by next of kin during 

interviews by Mr. Grant Dahmer, coordinator of the Arizona Willed Body Program, 

Department of Cell biology and Anatomy, University of Arizona. A questionnaii e is 

utilized (see Appendix A). The 39 individuals are divided into two groups, right-handed 

or non-right-handed, based on the criteria of writing and throwing. The 29 right-handed 

individuals write and throw with the right limb and there are no reported 



Table 4-1 Age, Gender, and Hand Preference Distribution for the Sample 

ID# AGE GENDER HAND 

9345 77 F NR 

9347 80 F R 

9349 65 F R 

9350 79 F NR 

9359 90 M NR 

9360 78 M R 

9365 79 F R 

9366 87 M R 

9370 88 M NR 

9371 96 F R 

9373 72 F NR 

9376 80 F NR 

9377 86 F R 

9417 79 M R 

9422 71 M R 

9423 40 F R 

9428 42 M R 

9430 75 F R 

9431 88 M R 

9459 72 M R 

9504 50 M NR 

9508 79 F NR 

9521 84 F R 

9522 78 F R 

9556 72 M NR 

9567 61 F R 

9570 78 M R 

9575 77 F R 

9588 74 M R 

9592 77 M R 

95107 72 M R 

95111 97 F R 

9615 82 F R 

9616 70 M R 

9617 63 M R 

9622 78 F NR 

9624 74 M R 

9634 93 F R 

9637 78 F R 

21F: 18M 29R : lONR 

TOTAUAVG. 75.92 15F/R.6F/NR: 14M/R.4M/NR 
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indications of ambidexterity. Tiie 10 non-right-handed individuals either write and throw 

with the left limb or write with the left and throw with the right. Statistical analyses 

reveal that removal of the ambidexterous individuals from this category do not 

substantially alter the results. Thus, the group remains in tact in order to maintain the 

sample size (see Table 4-1 for profile). 

Maceration 

In order to remove the remaining embalmed soft tissues from the bones, an 

aggressive maceration process is required. The skeletal elements are subjected to a series 

of heated water baths each containing various detergents (Alconox, sodium carbonate, 

and ammonia). Each bath entails heating the remains via two Bunsen burners within a 

Labconco fume hood for approximately 1-2 hours. Between baths, the bones are cooled, 

rinsed, and scraped to remove softened tissue. The length and number of baths varies 

according to the state of preservation of the remains. A single individual is processed at a 

time. The bones are air-dried upon cotton towels. Interestingly, noticeable cracks 

developed in the 1996 specimens during the drying process. Attempt to slow down the 

drying process does not prevent the formation of the cracks. These cracks do not occur in 

the 1994 or 1995 samples which are subject to identical maceration techniques. 

Additionally, the coordinator of the body donation program reports no changes in the 

embalming process. The cracks, when they occur, are consistent in location and affect 

mainly the humeri and radii. This phenomenon may reflect biomechanical weakness at 

these locations and warrants further investigation. Once this problem presented it.self. 
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pertinent measurements are taken prior to complete drying, and post-crack measurements 

are excluded from the analysis (this affects only humeral shaft diameters). 

Measurements and Observations 

Four types of noninvasive measurements and observations are performed on the 

dry, clean bones: gross osteometry, joint surface area, cortical thickness, and 

osteoarthritic score. The number of individuals included in each analysis varies 

according to the availability (some elements are returned to the College of Medicine for 

cremation prior to the complete development of these methods) and the degree of 

pathology or postmortem alteration. 

Osteametiy 

Standard osteometric measurements are performed on the humeri, radii, ulnae and 

tlrst metacarpals with an osteometric board and sliding calipers. The measurement.s are 

reported in millimeters. The following measurements are performed: 

HUMERUS: 
Maximum length 
Maximum diaphyseal diameter 

Maximum length 
Physiological length 
Ant/Post head diamter 
Med/Lat head diameter 
Distal breadth 

RADIUS: 

(at 50% of max. length) 
Maximum head diameter 
Epicondylar breadth 

ULNA: FIRST METACARPAL: 
Maximum length 
Width of Olecranon Process 

Maximum length 
Articular head breadth 

Complete description of these measurements can be found in Appendix B. Results arc 

recorded in an Excel spreadsheet. 
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Joint Surface Area 

Joini surface area is measured and calculated from latex models prepared from the 

bones. A replica of the joint surface is created, flattened and digitized. This technique is 

incorporated in order to complement the gross bone measurements, which are limited to 

two-dimensional quantification of a particular feature. Joint surface area provides a 

three-dimensional representation of a joint for quantification, and thus may reveal more 

information concerning morphological variation and, subsequently, function. Articular 

morphology is the primary determinant of joint function by dictating the permissible 

motions. The protocol utilized by Morbeck, et al. (1994) is employed. 

A joint replica is produced by the application of liquid latex (Mold-It) to the 

articular surface. The articular surface is distinguished from non-articular bone by color 

and texture. Approximately five coats of latex are required to achieve a manageable 

thickness of the replica; the latex must dry completely between applications. Upon 

removal, both the outer and inner surfaces of the replica are dusted with talcum powder to 

prevent the latex from adhering to itself. The following articular surfaces are modeled: 

humeral head, distal condyle of humerus, radial head, distal radius, proximal ulna, 

metacarpal base, and metacarpal head. The distal ulna is not included in the series due lo 

the difficulty of identifying its boundaries. Fortuitously, since the distal ulna provides a 

pivot only for pronation and supination at the radioulnar joint and the distal radius is 

replicated, the loss of information is minimal. The three dimensional replicas are 

mounted in two dimensions for digitization. In order to reduce the amount of 

deformation that could potentially arise during this process, the replicas are strategically 
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incised to promote flattening. The humeral and radial heads require two incomplete 

slices. The distal humeral condyle requires complete separation of the capitulum from 

the trochlea and bisection of the trochlea. The requirements of the proximal ulna are 

variable depending on the presence of a connection between the vertical and horizontal 

portions of the articular surface. The distal radius, metacarpal base and metacarpal head 

do not need to be incised. The replicas are attached temporarily to index cards with tape 

and later are mounted with glue stick onto 5"x 8" pieces of clear acetate (overhead 

transparencies). A clear background allows for modification of color to achieve 

maximum contrast during the digitization. A cover sheet and backing card are added to 

provide protection, support and documentation. 

Four cards per individual are generated: (I) the right humerus (proximal and 

distal); (2) the left humerus (proximal and distal); (3) the right radius (proximal and 

distal), ulna (proximal) and metacarpal (proximal and distal); (4) the left radius (proximal 

and distal), ulna (proximal) and metacarpal (proximal and distal). Prior to digitization, 

the cards are sorted and sequenced by the content and identification numbers so that all of 

the right humeri may be analyzed together, followed by the right post-humeral bones, 

then the left humeri, and tmally the left post-humeral bones. This method is choscn in 

order to eliminate the possibility of immediate comparison of areas between the iwt) side.s 

and thus eliminate bias in data collection and analysis. 

The analysis of the latex joint replicas takes place at the Learning Resource 

Center, College of Medicine, University of Arizona. A Hewlett Packard ScanJet 3c 

scanner and a Macintosh Quadra 84()AV computer loaded with DeskScan II 2.2 and NIH 
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Image 1.6I/68k are utilized for the calculation of surface area of the irregularly shaped 

replicas. The replicas are scanned against a black background (an exposed and developed 

sheet of x-ray film) for maximum contrast, and calculations are made by the computer 

program by counting the number of pixels in the created image. Prior to the actual 

analysis, two . ontrol studies are required to establish the protocol for the image quality. 

Conrrc I Study J: The number of dots per inch (DPI) or pixels per inch can be 

modified to ei.hance the resolution of the image (see Appendix C). The system allows 

the image to be scanned at 72. 150 or 31K) DPI, however, increasing resolution entaiLs 

increasing memory demands. A control study involving the scanning of one image at all 

three levels reveals a minimal effect (average % dilYerence= 1.1 ()*%'; average .standard 

deviation=().9mm^); therefore, 72 DPI is chosen in order to conserve memory and ease 

manipulation of data. 

Contn I Study 2: A similar control study is performed to measure the effect of 

varying the th e-shold, or degree of contrast, on the surface area (see Appendix D). The 

threshold can )e modified in both DeskScan and NIH Image programs. By convention, 

manipulations are performed only in NIH Image, thereby leaving an unmodified scanned 

image in men ory. The surface areas from one set of replicas are obtained at varying 

threshold levels (+10, +20, -10, -20) and reveal an average difference of le.ss than 

Because the thickness of the replicas varies, the threshold initially set by the computer for 

each card is accepted rather than choosing a fixed threshold at which to analyze all of the 

images. In ci* nparing the thresholds of the entire sample, the average difference is 9.2."^ 

units which rc presents a mean 0.11% difference in the control. 
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With the establishment of the technical protocol, the digitization of the whole 

sample continues. Using the DeskScan program the replicas are scanned as "sharp black 

and white photos" at 72 DPI and saved as TIFF files to the hard drive. The files are then 

opened within the NIH Image program. Prior to acquiring measurements, the 

specifications for analysis must be chosen. The scale is internally set according to the 

units; in this case 2.835 pixels represent one millimeter. By selecting the threshold 

option, the computer automatically converts the scanned image into a two-tone black and 

white image without any gray values. The following analysis parameters are chosen: 

surface area, minimum/maximum, fill in interior holes, auto-wand, and display results up 

to 3 decimal places. The mean density is deselected. The replicas are numbered with the 

wand and measurements performed. The results displayed on the screen are immediately 

copied onto the appropriate card, printed, and saved in a document file. In addition, the 

manipulated image is saved as another TIFF file. The results, reported in mm', arc 

rounded to one-hundredth of a millimeter and recorded in an Excel spreadsheet. 

Cortical Thickness 

The midshaft conical thickness of all bony elements is determined 

radiographically. In some individuals both the gross bone measurements and joint 

surface areas may be affected by pathologic changes. This technique allows recovery of 

skeletal asymmetry data from those stricken with osteoarthritis as well as those exhibiting 

healed fractures. The cortical thickness is extrapolated from radiographic images since 

future study on thus sample requires intact bones. Radiographic images have been 

confirmed as "reasonable substitutes" for cross sectional observations in the calculation 
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of biomechanical qualities (Runestad, et al, 1993). If high powered calculations of 

biomechanical parameters (i.e. second moment area and section modulus) from 

radiographs are possible, then the cortical thicknesses on which they are based must be 

representative of actual cross sectional morphology. 

Antero-posterior (AP) and medio-lateral (ML) radiographs of the right and left 

bones of the upper extremities are made using a Philips Practix Portable X-ray Tank Unit 

with double focus insert tube, located in the former Human Identification Laboratory, 

Department of Anthropology, University of Arizona. Two sheets of 14" x 17" Kodak RP 

X-omat diagnostic film are used per individual, one sheet per side of the body. The 

midshaft of each bone had been marked in pencil during the gross measurements and is 

now used to align the bones along the marked midsection of the x-ray film holder. The 

bones of one side are first placed in the AP position while the other half of the film is 

protected from exposure by a lead sheet. Small segments of wire are placed between the 

bones along the midline of the film holder so that a midshaft "equator" will be transferred 

for use in the determination of the midshaft of each bone on the x-ray. The radiographs 

are shot at 15 kV, 20 mA at 36 inches for 3 seconds and developed automatically in a 

Konica QX-7() Medical Film Processor. The finished films are illuminated, and the 

cortical edges delineated with pencil at the midshaft level as indicated by the wire. Using 

a Helios microcaliper, the anterior and posterior cortical thicknesses are measured faim 

the ML films while the medial and lateral walls are measured from the AP films. 

Measurements are reported in millimeters (to hundredth decimal place). In cases where 

the cortical edges are distorted, as in osteoporotic bone, the bilateral measurement is 
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excluded from the study. If more than two walls are unobtainable, the whole bone is 

excluded. The conical thicknesses of the four quadrants are summed, resulting in a 

variable known as combined conical thickness. This figure is a standard calculation in 

the analysis of conical bone (Bloom, 1980; Dequeker, 1976). Results are recorded in an 

Excel spreadsheet. 

Osteoarthritis Score 

An osteoanhritis score is assigned to each bone based on the degree of bt)ny 

changes observed. If osteoanhritis is caused by the accumulation of "wear and tear" nn 

the aging joints, the use of one limb more extensively than the other should create an 

asymmetric pattern of joint degeneration. A four point scale is used to assess the severity 

of osteophytic lipping and ebumation (()=none, l=mild, 2=moderaie, 3=severe). The 

points are summed resulting in the cumulative osteoanhritic score for each joint 

(shoulder, elbow, wrist, thumb). The shoulder score is based on the morphology of the 

humeral head. The elbow score is the additive osteoarthritis score for the morphology of 

the distal humeral condyle, radial head and proximal ulna. The wrist score reflects the 

anatomy of the distal radius and ulna. The thumb score is represented by the condition of 

the proximal (base) and distal (head) first metacaq>aL Since the focus of the current 

study is the observation of asymmetry within individuals according to the reported hand 

preference, there is little concern about the pathological gradient berneen individuals. 

Right and left sides are examined simultaneously in order to establish the qualitative 

gradient directly. Results are recorded in an Excel spreadsheet. 
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Statistics 

The daia for the 39 individuals are entered in an Excel spreadsheet and analyzed 

using the SPSS/PC 6.1 statisiical package. There are 4 independent variables (ID#, age, 

sex, handedness) and 28 pairs of dependent variables (osteometry, joint surface area, 

cortical thickness, osteoarthritis score). In order to provide a measure of the degree of 

asymmetry, the quantitative dependent variable pairs (osteometry, joint surface area and 

cortical thickness) are converted to a percent difference. The percent dilTerence is 

calculated according to the direction of hand preference. For the reported right-handed 

individuals, the following formula is employed: [(right - left)/right] x 1(K). For the 

reported non-right-handed individuals, the following formula is employed: [(left - right)/ 

left] X 1(X). In both cases, a positive percent difference indicates that the direction of 

asymmetry corresponds to the reported handedness, and a negative percent difference 

indicates opposition to the reported handedness. For the non-metric variable, 

osteoarthritis score, the degree of asymmetry is a simple difference (R - L or L - R 

depending on reported handedness). 

Measurement error is eliminated by accepting only cases with a percent difference 

greater than 3.0. In addition, based on a sample of repeated joint surface area and 

radiographic measurements on the same specimen, this researcher determined that the 

conventional measurement error of 3.0'^^ is an acceptable estimate. My measurement 

error on this small control sample did not substantially differ from 3.0'^. Therefore all 

cases with a percent difference measurement ranging between -3.0% and +3.0% are 

removed from the data set and considered error. 
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Three categories of asymmetry direction are created. Those cases exhibiting 

asymmetry greater than +3.0% are placed in the category of "same direction". Placement 

in this category indicates that handedness could be predicted from the variable. Those 

cases exhibiting asymmetry less than -3.0% are placed in the category of "opposite 

direction". Placement in this category indicates that handedness would be misclassitled 

from the variable. Those cases falling between -3.0% and +3.0% are placed in the 

category of "no asymmetry". Placement in this category indicates that the variable 

exhibits either no asymmetry or asymmetry that can not be differentiated from 

measurement error. Each variable is analyzed by cross tabulation and chi-square. The 

analysis is performed first on the entire data set, then by hand preference, and by gender. 

Our current understanding and application of handedness will require redefinition if a 

lack of correlation between the reported handedness and the direction of the percent 

difference exists, or if the individuals present a mosaic of side differences. For example, 

the right humeral head is larger than the left, but the left metacarpal head is larger than 

the right. 

Limitations 

The most serious limitation of the current study is the small sample size. For this 

reason statistical significance is diftlcult to obtain since sometimes cells in the cross-

tabulation tables are empty. However, presentation of the results in terms of "trends" is 

valid and indicates the need for future study. 

The sample age is skewed to the right, with a mean age of approximately 76 

years. These individuals may not be as active as in earlier years and/or may be 
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experiencing various diseases affecting activity levels. Also the remodeling processes 

diminish with senescence. Future study requires the addition of younger individuals in 

order to examine whether the current results are an artifact of age. 

The handedness information is acquired from next of kin at the time of body 

donation. Although the reliability of such information has been investigated and deemed 

valid, there is a nagging question as to whether the relationship and length of cohabitation 

affects the assessment. A more detailed survey is required for future study. 

Finally, the small series of control studies performed to identify levels of 

measurement error in the joint surface area technique require elaboration to identify the 

levels of error specific to each articular surface. During the application of the liquid 

latex, it was noticed that some surfaces are more difficult to delineate than others are. 

This implies that the standard 3.0% margin for measurement error may be too low in 

some cases, and the resulting asymmetry could be attributed to error. 
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CHAPTER 5 
RESULTS 

The data are subjected to cross tabulation tests to examine the relationship oi" ihe 

direction of asymmetry to the reported handedness. The data are analyzed by overall 

predictability of asymmetry of handedness, and specifically by hand preference and by 

gender. The individual cross tabulation tables are presented in Appendix E. The cases 

exhibiting between -3.0% and +3.0% difference are within the defined range of 

measurement error and cannot be attributed to the effect of handedness. These cases arc 

deemed void of asymmetry. The percent of individuals expressing the opposite dii'ection. 

same direction and no asymmetry is recorded in Table 5-1. The percent of right-handed 

and non-right-handed individuals expressing the opposite direction, same direction and 

no asymmetry is recorded in Tables 5-2 and 5-3, respectively. The percent of males and 

females expressing the opposite direction, same direction and no asymmetry is recorded 

in Tables 5-4 and 5-5, respectively. Frequency information from the cross tabulation 

tables for the data with cases removed within the range of measurement error is compiled 

in Table 5-6. Each variable is discussed separately with regard to the direction of 

asymmetry according to the overall data, hand preference and gender. In addition, 

frequency of the correct and incorrect direction of asymmetry upon removal of ca.ses 

within the range of measurement error is provided for each variable. Removal of the 

cases within the range of measurement error results in a magnification of the percent 

difference since the total number of individuals is reduced. 
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Table 5-1 The Number and Percent of Individuals for whom Handedness Can and 
Cannot be Predicted from the Presence and Direction of Asymmetry 

Handedness NOT Handedness 
Variables N Predictable Predictable 

% Opposite % None* % Same 

Max. Humeral Length 37 0 100.0 0 

Max. Humeral Diameter 38 23.7 31.6 44.7 

Max. Humeral Head Diameter 37 13.5 78.4 8.1 
Humeral Epicondylar Breadth 38 2.6 81.6 15.8 

Max. Radial Length 31 0 96.8 3.2 

Phys. Radial Length 32 0 1(K).0 0 

Ant.-Post. Radial Head Diameter 38 2.6 71.1 26.3 
Med.-Lat. Radial Head Diameter 37 10.8 62.2 27.0 
Distal Breadth of Radius 38 13.2 68.4 18.4 
Max. Ulnar Length 33 0 97.0 3.0 
Width of Olecranon Process 36 30.6 47.2 22.2 
Max. r'" Metacarpal Length 35 2.9 82.9 14.2 
Breadth of 1''^ Metacarpal Head 37 16.2 46.0 37.8 
Combined Cortical Thick.-Humerus 27 40.8 29.6 29.6 
Combined Cortical Thick.-Radius 39 46.2 17.9 .35.9 
Combined Cortical Thick.-Ulna 27 44.5 22.2 33.3 
Combined Cortical Thick.-1""^ Meta. 27 48.2 22.2 29.6 
Area of Humeral Head 37 24.3 59.5 16.2 
Area of Humeral Distal Condyle 39 30.8 41.0 28.2 
Area of Radial Head 37 32.4 29.7 37.9 
Area of Distal Radius 39 25.6 35.9 38.5 
Area of Proximal Ulna 39 28.2 51.3 20.5 
Area of l '^ Metacarpal Base 34 32.4 35.2 32.4 
Area of l'^ Metacarpal Head 38 21.1 34.2 44.7 
Osteoarthritis of Shoulder 11 36.4 45.5 18.1 
Osteoarthritis of Elbow 22 22.7 36.4 40.9 
Osteoarthritis of Wrist 14 14.3 50.0 .35.7 
Osteoarthritis of l'"^ Metacarpal 27 37.0 26.0 37.0 

•Represents cases within the range of measurement error 
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Table 5-2 The Number and Percent of Right-Handed Individuals for whom Handedness 
Can and Cannot be Predicted from the Presence and Direction of Asymmetry 

Handedness NOT Handedness 
Variables N Predictable Predictable 

% Opposite % None* % Same 

Max. Humeral Length 28 0 100.0 0 

Max. Humeral Diameter 28 7.1 35.8 57.1 

Max. Humeral Head Diameter 28 14.3 78.6 lA 
Humeral Epicondylar Breadth 28 0 78.6 21.4 

Max. Radial Length 23 0 95.7 4.3 

Phys. Radial Length 24 0 100.0 0 
Ant.-Post. Radial Head Diameter 28 0 71.4 28.6 

Med.-Lat. Radial Head Diameter 27 lA 59.3 33.3 
Distal Breadth of Radius 28 14.3 75.0 10.7 

Max. Ulnar Length 24 0 95.8 4.2 

Width of Olecranon Process 26 26.9 46.2 26.9 
Max. 1"" Metacarpal Length 27 3.7 77.8 18.5 

Breadth of Metacarpal Head 28 10.7 46.4 42.9 

Combined Cortical Thick.-Humerus 22 36.4 36.4 27.2 

Combined Cortical Thick.-Radius 29 41.4 20.7 37.9 

Combined Cortical Thick.-UIna 23 43.5 21.7 34.8 
Combined Cortical Thick.-1'^ Meta. 23 43.5 21.7 34.8 
Area of Humeral Head 28 17.9 60.7 21.4 
Area of Humeral Distal Condyle 29 20.7 48.3 31.0 
Area of Radial Head 27 29.6 29.6 40.8 
Area of Distal Radius 29 27.6 37.9 34.5 
Area of Proximal Ulna 29 20.7 55.1 24.1 
Area of I'' Metacarpal Base 26 38.5 26.9 34.6 
Area of l"" Metacarpal Head 29 17.2 34.5 48.3 
Osteoarthritis of Shoulder 9 33.3 44.5 22.2 

Osteoarthritis of Elbow 17 17.6 41.2 41.2 
Osteoarthritis of Wrist 11 18.2 45.4 36.4 

OsteoarthritLs of 1""^ Metacarpal 22 40.9 22.7 36.4 

*Represents cases within the range of measurement error 
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Table 5-3 The Number and Percent of Non-Right-Handed Individuals for whom 
Handedness Can and Cannot be Predicted from the Presence and Direction of Asymmetry 

Handedness NOT Handedness 
Variables N Predictable Predictable 

Opposite None* Same 

Max. Humeral Length 9 0 1(K).0 0 
Max. Humeral Diameter 10 70.0 20.0 10.0 
Max. Humeral Head Diameter 9 11.1 77.8 11.1 
Humeral Epicondylar Breadth 10 lO.O 90.0 0 
Max. Radial Length 8 0 100.0 0 
Phys. Radial Length 8 0 1(X).0 0 
Ant.-Post. Radial Head Diameter 10 10.0 70.0 20.0 
Med.-Lat. Radial Head Diameter 10 20.0 70.0 10.0 
Distal Breadth of Radius 10 10.0 50.0 40.0 
Max. Ulnar Length 9 0 100.0 0 
Width of Olecranon Process 10 40.0 50.0 10.0 
Max. 1" Metacarpal Length 8 0 100.0 0 
Breadth of I'" Metacarpal Head 9 33.3 44.5 22.2 
Combined Cortical Thick.-Humerus 5 60.0 0 40.0 
Combined Cortical Thick.-Radius 10 60.0 10.0 30.0 
Combined Cortical Thick.-Ulna 4 50.0 25.0 25.0 
Combined Cortical Thick.-1"" Meta. 4 75.0 25.0 0 
Area of Humeral Head 9 44.4 55.6 0 
Area of Humeral Distal Condyle 10 60.0 20.0 20.0 
Area of Radial Head 10 40.0 30.0 30.0 
Area of Distal Radius 10 20.0 30.0 50.0 
Area of Proximal Ulna 10 50.0 40.0 10.0 
Area of l""* Metacarpal Base 8 12.5 62.5 25.0 
Area of 1"^ Metacarpal Head 9 33.3 33.3 33.3 
Osteoanhriiis of Shoulder 2 50.0 50.0 0 
Osteoarthritis of Elbow 5 40.0 20.0 40.0 
Osteoarthritis of Wrist 3 0 66.7 33.3 
Osteoarthritis of l"* Metacarpal 5 20.0 40.0 40.0 
*Represents cases within the range of measurement error 
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Table 5-4 The Number and Perceni of Males for whom Handedness Can and Cannot be 
Predicted from the Presence and Direction of Asymmetry 

Handedness NOT Handedness 
Variables N Predictable Predictable 

Opposite None* Same 

Max. Humeral Length 18 0 100.0 0 

Max. Humeral Diameter 18 16.7 27.8 55.5 

Max. Humeral Head Diameter 18 5.6 88.8 5.6 

Humeral Epicondylar Breadth 18 5.6 77.7 16.7 

Max. Radial Length 16 0 100.0 0 

Phys. Radial Length 16 0 100.0 0 

Ant.-Post. Radial Head Diameter 18 0 72.2 27.8 

Med.-Lat. Radial Head Diameter 17 0 70.6 29.4 
Distal Breadth of Radius 18 5.6 72.2 27.8 
Max. Ulnar Length 15 0 1(K).0 0 

Width of Olecranon Process 17 23.5 64.7 11.8 
Max. r"' Metacarpal Length 17 0 82.4 17.6 
Breadth of l"^ Metacarpal Head 18 22.2 55.6 22.2 
Combined Cortical Thick.-Humerus 14 42.8 28.6 28.6 
Combined Cortical Thick.-Radius 18 50.0 16.7 33.3 
Combined Cortical Thick.-Ulna 15 40.0 26.7 33.3 
Combined Cortical Thick.-1"" Meta. 14 42.9 21.4 35.7 
Area of Humeral Head 18 22.2 55.6 22.2 
Area of Humeral Distal Condyle 18 38.9 33.3 27.8 
Area of Radial Head 17 35.3 35.3 29.4 

Area of Distal Radius 18 22.2 27.8 50.0 

Area of Proximal Ulna 18 22.2 61.1 16.7 

Area of 1""' Metacarpal Base 17 35.3 35.3 29.4 
Area of 1"" Metacarpal Head 18 22.2 27.8 50.0 
Osteoarthritis of Shoulder 6 16.7 66.6 16.7 

Osteoarthritis of Elbow 11 9.1 27.3 63.6 
Osteoarthritis of Wrist 10 20.0 40.0 40.0 

Osteoarthritis of 1""^ Metacarpal 15 26.7 40.0 .33.3 

*Represents cases within the range of measurement error 
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Table 5-5 The Number and Percent of Females for whom Handedness Can and Cannot 
be Predicted from the Presence and Direction of Asymmetry 

Handedness NOT Handedness 
Variables N Predictable Predictable 

Opposite None* Same 

Max. Humeral Length 19 0 100.0 0 
Max. Humeral Diameter 20 30.0 35.0 35.0 
Max. Humeral Head Diameter 19 21.1 68.4 10.5 
Humeral Epicondylar Breadth 20 0 85.0 15.0 
Max. Radial Length 15 0 93.3 6.7 
Phys. Radial Length 16 0 100.0 0 
Ant.-Post. Radial Head Diameter 20 5.0 70.0 25.0 
Med.-Lat. Radial Head Diameter 20 20.0 55.0 25.0 
Distal Breadth of Radius 20 20.0 65.0 15.0 
Max. Ulnar Length 18 0 94.4 5.6 
Width of Olecranon Process 19 36.8 31.6 31.6 
Max. l'* Metacarpal Length 18 5.6 83.3 11.1 
Breadth of 1"'' Metacarpal Head 19 10.5 36.8 52.6 
Combined Cortical Thick.-Humerus 13 38.5 30.8 .30.8 
Combined Cortical Thick.-Radius 21 42.9 19.0 .38.1 
Combined Cortical Thick.-Ulna 12 50.0 16.7 33.3 
Combined Cortical Thick.-1'^ Meta. 13 .53.8 23.1 23.1 
Area of Humeral Head 19 26.3 63.2 10.5 
Area of Humeral Distal Condyle 21 23.8 47.6 28.6 
Area of Radial Head 20 30.0 25.0 45.0 
Area of Distal Radius 21 28.6 42.8 28.6 
Area of Proximal Ulna 21 33.3 42.9 23.8 
Area of 1"" Metacarpal Base 17 29.4 35.3 -35.3 
Area of 1"" Metacarpal Head 20 20.0 40.0 40.0 
Osteoarthritis of Shoulder 5 60.0 20.0 20.0 
Osteoarthritis of Elbow 11 36.3 45.5 18.2 
Osteoanhritis of Wrist 4 0 75.0 25.0 
Osteoarthritis of Metacarpal 12 50.0 8.3 41.7 
*Represents cases within the range of measurement error 
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Table 5-6 The Number and Percentage of Individuals Exhibiting the Opposite or Same 
Direction of Asymmetry Than That Expected Based on Reponed Handedness 
(Cases of within the range of measurement error removed) 

% Opposite % Same 
Variables N Direction Direction 

Max. Humeral Length 0 0 0 
Max. Humeral Diameter 26 34.6 65.4 
Max. Humeral Head Diameter 8 62.5 37.5 
Humeral Epicondylar Breadth 7 14.3 85.7 
Max. Radial Length 1 0 1(K).0 
Phys. Radial Length 0 0 0 
Ant.-Post. Radial Head Diameter 11 9.1 90.9 
Med.-Lat. Radial Head Diameter 14 28.6 71.4 
Distal Breadth of Radius 12 41.7 58.3 
Max. Ulnar Length 1 0 1(H).() 
Width of Olecranon Process 19 57.9 42.1 
Max. l"* Metacarpal Length 6 16.7 83.3 
Breadth of 1" Metacarpal Head 20 30.0 70.0 
Combined Conical Thick.-Humerus 19 57.9 42.1 
Combined Cortical Thick.-Radius 32 56.3 43.7 
Combined Conical Thick.-Ulna 21 57.1 42.9 
Combined Conical Thick.-1'' Meta. 21 61.9 .38.1 
Area of Humeral Head 15 60.0 40.0 
Area of Humeral Distal Condyle 23 52.2 47.8 
Area of Radial Head 26 46.2 53.8 
Area of Distal Radius 25 40.0 60.0 
Area of Proximal Ulna 19 51.9 42.1 
Area of 1" Metacarpal Base 22 50.0 50.0 
Area of 1" Metacarpal Head 25 32.0 68.0 
Osteoarthritis of Shoulder 6 66.7 33.3 
Osteoanhritis of Elbow 14 35.7 64.3 
Osteoarthritis of Wrist 5 40.0 71.4 
Osteoarthritis of l " Metacarpal 20 50.0 50.0 
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Maximum Humeral Length 

All 37 observations of maximum humeral length are within the range of 

measurement error [X^(l)=.776, p=.378]. This feature, therefore, exhibits no asymmetry 

and handedness cannot be predicted from maximum humeral length for this sample. Of 

the 37cases, 28 are right-handed, 9 are non-right-handed. Both right-handed and non-

right-handed individuals exhibit 100% absence of asymmetry. Of the 37 cases 18 are 

male and 19 are female. Both male [x"(l)=1.177, p=.278] and female [x^(l)=(K)5, 

p=.946] groups exhibit 1{K)% absence of asymmetry. 

Maximum Humeral Midshaft Diameter 

Of the 38 individuals measured, 23.7% exhibit asymmetry in the opposite 

direction, 31.6% exhibit no asymmetry and 44.7% exhibit asymmetry in the appropriate 

direction for prediction of handedness from maximum humeral midshaft diameter 

[X^(3)=17.126, P=.001]. Handedness can be predicted in only 44.7% of the cases and in 

23.7% of the cases it is misclassified. This group of 38 consists of 28 right-handed and 

10 non-right-handed individuals. Of right-handed individuals, 7.1% exhibit asymmetry 

in the opposite direction, 35.8% exhibit no asymmetry and 57.1% exhibit asymmetry in 

the appropriate direction for maximum humeral midshaft diameter. Of the non-right-

handed individuals 70.0% exhibit asymmetry in the opposite direction, 20.0%; exhibit no 

asymmetry and only 10.0%; exhibit asymmetry in the appropriate direction for the 

prediction of handedness. This group of 38 consists of 18 males and 20 females. Of the 

18 males, 16.7% exhibit asymmetry in the opposite direction, 27.8% exhibit no 

asymmetry and 55.5% exhibit asymmetry in the appropriate direction [x^(3)=l2.568. 
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p= 005]. Of the 20 females, 30.0% exhibit asymmetry in the opposite direction, 35.09f. 

exhibit no asymmetry and 35.0% exhibit asymmetry in the appropriate direction 

[X^(3)=10.066, p=.018]. If the cases within the range of measurement error are removed 

allowing analysis of only those cases exhibiting asymmetry, 34.6% of individuals express 

asymmetry in the wrong direction and 65.4% express asymmetry in the appropriate 

direction [x^(l)=14.955, p=.000]. 

Maximum Humeral Head Diameter 

Of the 37 individuals measured, 13.5% exhibit asymmetry in the opposite 

direction, 78.4% exhibit no asymmetry and 8.1% exhibit asymmetry in the appropriate 

direction for prediction of handedness from maximum humeral midshaft diameter 

[X^(3)=1.518, P=.678]. Handedness can be predicted in only 8.1% of the cases and in 

13.5% of the cases it is misclassified. This group of 37 consists of 28 right-handed and 9 

non-right-handed individuals. Of the 28 right-handed individuals, 14.3% exhibit 

asymmetry in the opposite direction, 78.6% exhibit no asymmetry and 7.1% exhibit 

asymmetry in the appropriate direction for maximum humeral head diameter. Of the 9 

non-right-handed individuals 11.1% exhibit asymmetry in the opposite direction, 77.8% 

exhibit no asymmetry and only 11.1% exhibit asymmetry in the appropriate direction for 

the prediction of handedness. This group of 38 consists of 18 males and 19 females. Of 

the 18 males, 5.6% exhibit asymmetry in the opposite direction, 88.8% exhibit no 

asymmetry and 5.6% exhibit asymmetry in the appropriate direction [x^(3)=1.445. 

p= 695]. Of the 19 females, 21.1% exhibit asymmetry in the opposite direction, 68.4% 

exhibit no asymmetry and 10.5%' exhibit asymmetry in the appropriate direction 
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[X^(3)=2.412, p=.49l]. If the cases within the range of measurement error are removed 

allowing analysis of only those cases exhibiting asymmetry, 8 observations remain of 

which 62.5% express asymmetry in the wrong direction and 37.5% express asymmetry in 

the appropriate direction [x^(l)=.174, p=.676]. 

Maximum Humeral Epicondylar Breadth 

Of the 38 individuals measured, 2.6% exhibit asymmetry in the opposite 

direction, 81.6% exhibit no asymmetry and 15.8% exhibit asymmetry in the appropriate 

direction for prediction of handedness from maximum humeral epicondylar breadth 

[X^(3)=8.836, P=.032]. Handedness can be predicted in only 15.8% of the cases. This 

group of 38 consists of 28 right-handed and 10 non-right-handed individuals. Of the 28 

right-handed individuals, 0 exhibit asymmetry in the opposite direction, 78.6% exhibit no 

asymmetry and 21.4% exhibit asymmetry in the appropriate direction for maximum 

humeral epicondylar breadth. Of the 10 non-right-handed individuals 10.0% exhibit 

asymmetry in the opposite direction, 90.0% exhibit no asymmetry and zero exhibit 

asymmetry in the appropriate direction for the prediction of handedness. This group of 

38 consists of 18 males and 20 females. Of the 18 males, 5.6% exhibit asymmetry in the 

opposite direction, 77.7% exhibit no asymmetry and 16.7% exhibit asymmetry in the 

appropriate direction [x^(3)=4.531, p=.210]. Of the 20 females, none exhibit asymmetry 

in the opposite direction, 85.0% exhibit no asymmetry and 15.0% exhibit asymmetry in 

the appropriate direction [x^(2)=6.041, p=.049]. If the cases within the range of 

measurement error are removed allowing analysis of only those cases exhibiting 

asymmetry, 7 observations remain of which 14.3% express asymmetry in the wrong 
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direction and 85.7% express asymmetry in the appropriate direction 

p=.017]. 

Maximum Length of the Radius 

Of the 31 individuals measured, zero exhibit asymmetry in the opposite direction, 

96.8% exhibit no asymmetry and 3.2% exhibit asymmetry in the appropriate direction for 

maximum humeral midshaft diameter [%^(2)=6.268, p=.044]. Handedness can be 

predicted in only 3.2% of the cases. This group of 31 consists of 23 right-handed and 8 

non-right-handed individuals. Of the 23 right-handed individuals, none exhibit 

asymmetry in the opposite direction, 95.7% exhibit no asymmetry and 4.3% exhibit 

asymmetry in the appropriate direction for prediction of handedness from maximum 

length of the radius. Of the 8 non-right-handed individuals none exhibit asymmetry in 

the opposite direction, 100.0% exhibit no asymmetry and zero exhibit asynmietry in the 

appropriate direction for the prediction of handedness. This group of 31 consists of 16 

males and 15 females. Of the 16 males, none exhibit asymmetry in the opposite 

direction, 100.0% exhibit no asymmetry and zero exhibit asymmetry in the appropriate 

direction [x\l)=3.574, p=.059]. Of the 15 females, none exhibit asymmetry in the 

opposite direction, 93.3% exhibit no asymmetry and 6.7% exhibit asymmetry in the 

appropriate direction [x^(2)=4.388, p=..l 11]. If the cases within the range of 

measurement error are removed allowing analysis of only those cases exhibiting 

asymmetry, only one observation remains and it expresses asymmetry in the appropriate 

direction. Since the cross tabulation table is basically empty, chi-square values cannot be 

calculated. 
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Physiological Length of the Radius 

All 32 observations of physiological radial length are within the range of 

measurement error [%^(1)=5.607, p=.018]. This feature, therefore, exhibits no asymmetry 

and handedness cannot be predicted from physiological radial length for this sample. Of 

the 32cases, 24 are right-handed, 8 are non-right-handed. Both right-handed and non-

right-handed individuals exhibit 100% absence of asymmetry. Of the 32 cases 16 are 

male and 16 are female. Both male [x^(I)=4.534, p=.033] and female [x^(l)=2.156, 

p=.I42] groups exhibit 100% absence of asymmetry. 

Anterior-Posterior Radial Head Diameter 

Of the 38 individuals measured, 2.6% exhibit asymmetry in the opposite 

direction, 71.1% exhibit no asymmetry and 26.3% exhibit asymmetry in the appropriate 

direction for anterior-posterior radial head diameter [%^(3)=3.651, p=.302]. Handedness 

can be predicted in only 26.3% of the cases. This group of 38 consists of 28 right-handed 

and 10 non-right-handed individuals. Of the 28 right-handed individuals, 0 exhibit 

asymmetry in the opposite direction, 71.4% exhibit no asymmetry and 28.6% exhibit 

asymmetry in the appropriate direction for prediction of handedness from anterior-

posterior radial head diameter. Of the 10 non-right-handed individuals 10.0% exhibit 

asymmetry in the opposite direction, 70.0% exhibit no asymmetry and 20.0% exhibit 

asymmetry in the appropriate direction for the prediction of handedness. This group of 

38 consists of 18 males and 20 females. Of the 18 males, none exhibit asymmetry in the 

opposite direction, 72.2% exhibit no asymmetry and 27.8% exhibit asymmetry in the 

appropriate direction [x^(2)=3.990, p=.136]. Of the 20 females, 5.0% exhibit asymmetry 
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in the opposite direction, 70.0% exhibit no asymmetry and 25.0% exhibit asymmetry in 

the appropriate direction [x^(3)=3.198, p=.362]. If the cases within the range of 

measurement error are removed allowing analysis of only those cases exhibiting 

asymmetry, 11 observations remain of which 9.1% express asymmetry in the wrong 

direction and 90.9% express asymmetry in the appropriate direction [x^(l)=2.883, 

p=.090]. 

Medial-Lateral Radial Head Diameter 

Of the 37 individuals measured, 10.8% exhibit asymmetry in the opposite 

direction, 62.2% exhibit no asymmetry and 27.0% exhibit asymmetry in the appropriate 

direction for medial-lateral radial head diameter [x^(3)=3.134, p=:.37l]. Handedness can 

be predicted in only 27.0% of the cases and in 10.8% of the cases it is misclassified. This 

group of 37 consists of 27 right-handed and 10 non-right-handed individuals. Of the 27 

right-handed individuals, 7.4% exhibit asymmetry in the opposite direction, 59.3% 

exhibit no asymmetry and 33.3% exhibit asymmetry in the appropriate direction for 

prediction of handedness from medial-lateral radial head diameter. Of the 10 non-right-

handed individuals 20.0% exhibit asymmetry in the opposite direction, 70.0% exhibit no 

asymmetry and 10.0% exhibit asymmetry in the appropriate direction for the prediction 

of handedness. This group of 38 consists of 17 males and 20 females. Of the 18 males, 

none exhibit asymmetry in the opposite direction, 70.6% exhibit no asymmetry and 

29.4% exhibit asymmetry in the appropriate direction [x^(2)=3.467, p=.177]. Of the 20 

females, 20.0% exhibit asymmetry in the opposite direction, 55.0% exhibit no asymmetry 

and 75.0% exhibit asymmetry in the appropriate direction [x^(3)=3.877, p=.275]. If the 



cases within the range of measurement error are removed allowing analysis of only those 

cases exhibiting asymmetry, 14 observations remain of which 28.6% express asymmetry 

in the wrong direction and 71.4% express asymmetry in the appropriate direction 

[X'(l)=2.50l,p=.114]. 

Distal Breadth of the Radius 

Of the 38 individuals measured, 13.2% exhibit asymmetry in the opposite 

direction, 68.4% exhibit no asymmetry and 18.4% exhibit asymmetry in the appropriate 

direction for prediction of handedness from distal breadth of the radius [x^(3)=7.336, 

p=.062]. Handedness can be predicted in only 18.4% of the cases and in 13.2% of the 

cases it is misclassified. This group of 38 consists of 28 right-handed and 10 non-right-

handed individuals. Of the 28 right-handed individuals, 14.3% exhibit asymmetry in the 

opposite direction, 75.0% exhibit no asymmetry and 10.7% exhibit asymmetry in the 

appropriate direction for the prediction of handedness from distal radial breadth. Of the 

10 non-right-handed individuals 10.0% exhibit asymmetry in the opposite direction, 

50.0% exhibit no asymmetry and 40.0% exhibit asymmetry in the appropriate direction 

for the prediction of handedness. This group of 38 consists of 18 males and 20 females. 

Of the 18 males, 5.6% exhibit asymmetry in the opposite direction, 72.2% exhibit no 

asymmetry and 22.2% exhibit asymmetry in the appropriate direction [x^(3)=3.990, 

p=.263]. Of the 20 females, 20.0% exhibit asymmetry in the opposite direction, 65.0% 

exhibit no asymmetry and 15.0% exhibit asymmetry in the appropriate direction 

'y 

CX (3)=3.900, p=.273]. If the cases within the range of measurement error are removed 

allowing analysis of only those cases exhibiting asymmetry, 12 observations remain of 



129 

which 41.7% express asymmetry in the wrong direction and 58.3% express asymmetry in 

the appropriate direction [x^(l)= 1.736, p=.188]. 

Maximum Length of the Ulna 

Of the 33 individuals measured, zero exhibit asymmetry in the opposite direction, 

97.0% exhibit no asymmetry and 3.0% exhibit asymmetry in the appropriate direction for 

prediction of handedness from maximum ulnar length [%"(2)= 18.483, p=.000]. 

Handedness can be predicted in only 3.0% of the cases. This group of 33 consists of 24 

right-handed and 9 non-right-handed individuals. Of the 24 right-handed individuals, 

none exhibit asymmetry in the opposite direction, 95.8% exhibit no asymmetry and 4.2% 

exhibit asymmetry in the appropriate direction for prediction of handedness. Of the 9 

non-right-handed individuals none exhibit asymmetry in the opposite direction, 100.0% 

exhibit no asymmetry and zero exhibit asymmetry in the appropriate direction for the 

prediction of handedness. This group of 33 consists of 15 males and 18 females. Of the 

15 males, none exhibit asymmetry in the opposite direction, 100.0% exhibit no 

asymmetry and zero exhibit asymmetry in the appropriate direction [%^(1)=7.837, 

p=.005]. Of the 18 females, none exhibit asymmetry in the opposite direction, 94.4% 

exhibit no asymmetry and 5.6% exhibit asymmetry in the appropriate direction 

[X^(2)=10.685, p=.005]. If the cases within the range of measurement error are removed 

allowing analysis of only those cases exhibiting asymmetry, only one observation 

remains and it expresses asymmetry in the appropriate direction. Since the cross 

tabulation table is basically empty, chi-square values cannot be calculated. 
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Width of the Olecranon Process 

Of the 36 individuals measured, 30.6% exhibit asymmetry in the opposite 

direction, 47.2% exhibit no asymmetry and 22.2% exhibit asymmetry in the appropriate 

direction for prediction of handedness from width of the olecranon process [%^(3)=1.866, 

p=.60l]. Handedness can be predicted in only 22.2% of the cases and in 30.6% of the 

cases it is misclassified. This group of 36 consists of 26 right-handed and 10 non-right-

handed individuals. Of the 26 right-handed individuals, 26.9% exhibit asymmetry in the 

opposite direction, 46.2% exhibit no asymmetry and 26.9% exhibit asymmetry in the 

appropriate direction for prediction of handedness. Of the 10 non-right-handed 

individuals 40.0% exhibit asymmetry in the opposite direction, 50.0% exhibit no 

asymmetry and 10.0% exhibit asymmetry in the appropriate direction for the prediction 

of handedness. This group of 36 consists of 17 males and 19 females. Of the 17 males, 

23.5% exhibit asymmetry in the opposite direction, 64.7% exhibit no asymmetry and 

11.8% exhibit asymmetry in the appropriate direction [x^(3)=7.460, p=.059]. Of the 19 

females, 36.8% exhibit asymmetry in the opposite direction, 31.6% exhibit no asymmetry 

and 31.6% exhibit asymmetry in the appropriate direction [x^(3)=3.186, p=.364]. If the 

cases within the range of measurement error are removed allowing analysis of only those 

cases exhibiting asymmetry, 19 observations remain of which 57.9% exhibit asymmetry 

in the wrong direction and 42.1 % exhibit asymmetry in the appropriate direction 

[X\l)=1.452,p=.228]. 
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Maximum Length of the First Metacarpal 

Of the 35 individuals measured, 2.9% exhibit asymmetry in the opposite 

direction, 82.9% exhibit no asymmetry and 14.2% exhibit asymmetry in the appropriate 

direction for prediction of handedness from maximum length of the first metacarpal 

[X^(3)=6.2684.365, p=.259]. Handedness can be predicted in only 14.2% of the cases. 

This group of 35 consists of 27 right-handed and 8 non-right-handed individuals. Of the 

27 right-handed individuals, 3.7% exhibit asymmetry in the opposite direction, 77.8% 

exhibit no asymmetry and 18.5% exhibit asymmetry in the appropriate direction for 

prediction of handedness. Of the 8 non-right-handed individuals none exhibit asymmetry 

in the opposite direction, 100.0% exhibit no asymmetry and zero exhibit asymmetry in 

the appropriate direction for the prediction of handedness. This group of 35 consists of 

17 males and 18 females. Of the 17 males, none exhibit asymmetry in the opposite 

direction, 82.4% exhibit no asymmetry and 17.6% exhibit asymmetry in the appropriate 

direction [x^(2)=2.953, p=.228]. Of the 18 females, 5.6% exhibit asymmetry in the 

opposite direction, 83.3% exhibit no asymmetry and 11.1% exhibit asymmetry in the 

appropriate direction [x\3)=2.351, p=.503]. If the cases within the range of 

measurement error are removed allowing analysis of only those cases exhibiting 

asymmetry, only 6 observations remain of which 16.7% express asymmetry in the wrong 

direction and 83.3% express asymmetry in the appropriate direction. Since cells in the 

cross tabulation table are empty chi square values cannot be calculated. 
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Breadth of the First Metacarpal Head 

Of the 37 individuals measured, 16.2% exhibit asymmetry in the opposite 

direction, 46.0% exhibit no asymmetry and 37.8% exhibit asymmetry in the appropriate 

direction for prediction of handedness from breadth of the first metacarpal [x^(2)=2.703, 

p=.259]. Handedness can be predicted in only 37.8% of the cases and in 16.2% of cases 

it is misclassified. This group of 37 consists of 28 right-handed and 9 non-right-handed 

individuals. Of the 28 right-handed individuals, 10.7% exhibit asymmetry in the opposite 

direction, 46.4% exhibit no asymmetry and 42.9% exhibit asymmetry in the appropriate 

direction for prediction of handedness. Of the 9 non-right-handed individuals 33.3% 

exhibit asymmetry in the opposite direction, 44.5% exhibit no asymmetry and 22.2% 

exhibit asymmetry in the appropriate direction for the prediction of handedness. This 

group of 38 consists of 18 males and 19 females. Of the 18 males, 22.2% exhibit 

asymmetry in the opposite direction, 55.6% exhibit no asymmetry and 22.2% exhibit 

asymmetry in the appropriate direction [x"(2)=2.353, p=.308]. Of the 19 females, 10.5% 

exhibit asymmetry in the opposite direction, 36.8% exhibit no asymmetry and 52.6% 

exhibit asymmetry in the appropriate direction [x^(2)=6.151, p=.046]. If the cases within 

the range of measurement error are removed allowing analysis of only those cases 

exhibiting asymmetry, 20 observations remain of which 30.0% express asymmetry in the 

wrong direction and 70.0% express asymmetry in the appropriate direction [x^(l)=2.692, 

p=.101]. 
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Combined Cortical Thickness of the Humerus Midshaft 

Of the 27 individuals measured, 40.8% exhibit asymmeuy in the opposite 

direction, 29.6% exhibit no asymmetry and 29.6% exhibit asymmetry in the appropriate 

direction for prediction of handedness from combined humeral cortical thickness 

[X^(3)=3.987, p=.263]. Handedness can be predicted in only 29.6% of the cases and in 

40.8% of cases it is misclassified. This group of 27 consists of 22 right-handed and 5 

non-right-handed individuals. Of the 22 right-handed individuals, 36.4% exhibit 

asymmetry in the opposite direction, 36.4% exhibit no asymmetry and 27.2% exhibit 

asymmetry in the appropriate direction for the prediction of handedness. Of the non-

right-handed individuals 60.0% exhibit asymmetry in the opposite direction, zero exhibit 

no asymmetry and 40.0% exhibit asymmetry in the appropriate direction for the 

prediction of handedness. This group of 27 consists of 14 males and 13 females. Of the 

14 males, 42.8% exhibit asymmetry in the opposite direction, 28.6% exhibit no 

asymmetry and 28.6% exhibit asymmetry in the appropriate direction [x^(3)=3.596, 

p=.308J. Of the 13 females, 38.5% exhibit asymmetry in the opposite direction, 30.8% 

exhibit no asymmetry and 30.8% exhibit asymmetry in the appropriate direction 

[X^(3)=4.432, P=.218]. If the cases within the range of measurement error are removed 

allowing analysis of only those cases exhibiting asymmetry, 19 observations remain of 

which 57.9% express asymmetry in the wrong direction and 42.1% express asymmetry in 

the appropriate direction [x^(l)=.012, p=.911]. 
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Combined Cortical Thickness of the Radius Midshaft 

Of the 39 individuals measured, 46.2% exhibit asymmetry in the opposite 

direction, 17.9% exhibit no asymmetry and 35.9% exhibit asymmetry in the appropriate 

direction for prediction of handedness from combined radial cortical thickness 

[X^(3)=6.940, p=.074]. Handedness can be predicted in only 35.9% of the cases and in 

46.2% of cases it is misclassified. This group of 39 consists of 29 right-handed and 10 

non-right-handed individuals. Of the 29 right-handed individuals, 41.4% exhibit 

asymmetry in the opposite direction, 20.7% exhibit no asymmetry and 37.9% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 10 non-

right-handed individuals 60.0% exhibit asymmetry in the opposite direction, 10.0% 

exhibit no asymmetry and 30.0% exhibit asymmetry in the appropriate direction for the 

prediction of handedness. This group of 39 consists of 18 males and 21 females. Of the 

18 males, 50.0% exhibit asymmetry in the opposite direction, 16.7% exhibit no 

asymmetry and 33.3% exhibit asymmetry in the appropriate direction [x^(2)=1.897, 

p=.387]. Of the 21 females, 42.9% exhibit asymmetry in the opposite direction, 19.0% 

exhibit no asymmetry and 38.1% exhibit asymmetry in the appropriate direction 

IX (3)=6.734, p=.081]. If the cases within the range of measurement error are removed 

allowing analysis of only those cases exhibiting asymmetry, 32 observations remain of 

which 56.3% express asymmetry in the wrong direction and 43.7% express asymmetry in 

the appropriate direction [x^(l)=.562, p=.454]. 
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Combined Cortical Thickness of the Ulna Midshaft 

Of the 27 individuals measured, 44.5% exhibit asymmetry in the opposite 

direction, 22.2% exhibit no asymmetry and 33.3% exhibit asymmetry in the appropriate 

direction for prediction of handedness from combined ulnar cortical thickness 

[X^(3)=1.740, p=.628]. Handedness can be predicted in only 33.3% of the cases and in 

44.5% of cases it is misclassified. This group of 27 consists of 23 right-handed and 4 

non-right-handed individuals. Of the 23 right-handed individuals, 43.5% exhibit 

asymmetry in the opposite direction, 21.7% exhibit no asymmetry and 34.8% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 4 non-right-

handed individuals 50.0% exhibit asymmetry in the opposite direction, 25.0% exhibit no 

asymmetry and 25.0% exhibit asymmetry in the appropriate direction for the prediction 

of handedness. This group of 27 consists of 15 males and 12 females. Of the 15 males, 

40.0% exhibit asymmetry in the opposite direction, 26.7% exhibit no asymmetry and 

33.3% exhibit asymmetry in the appropriate direction [x^(3)= 1.829, p=.609]. Of the 12 

females, 50.0% exhibit asymmetry in the opposite direction, 16.7% exhibit no asymmetry 

and 33.3% exhibit asymmetry in the appropriate direction [x^(3)=1.477, p=.6881. If the 

cases within the range of measurement error are removed allowing analysis of only those 

cases exhibiting asymmetry, 21 observations remain of which 57.1% express asymmetry 

in the wrong direction and 42.9% express asymmetry in the appropriate direction 

[X'(l)=.132,p=.716]. 
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Combined Cortical Thickness of the First Metacarpal Midshaft 

Of the 27 individuals measured, 48.2% exhibit asymmetry in the opposite 

direction, 22.2% exhibit no asymmetry and 29.6% exhibit asymmetry in the appropriate 

direction for prediction of handedness from combined first metacarpal cortical thickness 

[X"(3)=4.108, P=.250]. Handedness can be predicted in only 29.6% of the cases and in 

48.2% of cases it is misclassified. This group of 27 consists of 23 right-handed and 4 

non-right-handed individuals. Of the 23 right-handed individuals, 43.5% exhibit 

asymmetry in the opposite direction, 21.7% exhibit no asymmetry and 34.8% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 4 non-right-

handed individuals 75.0% exhibit asymmetry in the opposite direction, 25.0% exhibit no 

asymmetry and zero exhibit asymmetry in the appropriate direction for the prediction of 

handedness. This group of 27 consists of 14 males and 13 females. Of the 14 males, 

42.9% exhibit asymmetry in the opposite direction, 21.4% exhibit no asymmetry and 

35.7% exhibit asymmetry in the appropriate direction [x^(3)=3.845, p=.279]. Of the 13 

females, 53.8% exhibit asymmetry in the opposite direction, 23.1% exhibit no asymmetry 

and 23.1 % exhibit asymmetry in the appropriate direction [x^(2)= 1.602, p=.449]. If the 

cases within the range of measurement error are removed allowing analysis of only those 

cases exhibiting asymmetry, 21 observations remain of which 61.9% express asymmetry 

in the wrong direction and 38.1% express asymmetry in the appropriate direction 

[X'(l)=3.180, p=.075]. 
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Surface Area of the Humeral Head 

Of the 37 individuals measured, 24.3% exhibit asymmetry in the opposite 

direction, 59.5% exhibit no asymmetry and 16,2% exhibit asymmetry in the appropriate 

direction for prediction of handedness from surface area of the humeral head 

[X^(3)=5.301, P=.151]. Handedness can be predicted in only 16.2% of the cases and in 

24.3% of cases it is misclassified. This group of 37 consists of 28 right-handed and 9 

non-right-handed individuals. Of the 28 right-handed individuals, 17.9% exhibit 

asymmetry in the opposite direction, 60.7% exhibit no asymmetry and 21.4% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 9 non-right-

handed individuals 44.4% exhibit asymmetry in the opposite direction, 55.6% exhibit no 

asymmetry and zero exhibit asymmetry in the appropriate direction for the prediction of 

handedness. This group of 37 consists of 18 males and 19 females. Of the 18 males, 

22.2% exhibit asymmetry in the opposite direction, 55.6% exhibit no asymmetry and 

22.2% exhibit asymmetry in the appropriate direction [x^(3)=3.964, p=.265]. Of the 19 

females, 26.3% exhibit asymmetry in the opposite direction, 63.2% exhibit no asymmetry 

and 10.5% exhibit asymmetry in the appropriate direction [%~(3)= 1.675, p=.643]. If the 

cases within the range of measurement error are removed allowing analysis of only those 

cases exhibiting asymmetry, 15 observations remain of which 60.0% express asymmetry 

in the wrong direction and 40.0% express asymmetry in the appropriate direction 

[X^(l)=5.032, p=.025]. 
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Surface Area of the Humeral Distal Condyle 

Of the 39 individuals measured, 30.8% exhibit asymmetry in the opposite 

direction, 41.0% exhibit no asymmetry and 28.2% exhibit asymmetry in the appropriate 

direction for prediction of handedness from surface area of the humeral distal condyle 

[X^(3)=8.961, p=.030]. Handedness can be predicted in only 28.2% of the cases and in 

30.8% of cases it is misclassified. This group of 39 consists of 29 right-handed and 10 

non-right-handed individuals. Of the 29 right-handed individuals, 20.7% exhibit 

asymmetry in the opposite direction, 48.3% exhibit no asymmetry and 31.0% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 10 non-

right-handed individuals 60.0% exhibit asymmetry in the opposite direction, 20.0% 

exhibit no asymmetry and 20.0% exhibit asymmetry in the appropriate direction for the 

prediction of handedness. This group of 39 consists of 18 males and 21 females. Of the 

18 males, 38.9% exhibit asymmetry in the opposite direction, 33.3% exhibit no 

asymmetry and 27.8% exhibit asymmetry in the appropriate direction [x\3)=6875, 

p=.076]. Of the 21 females, 23.8% exhibit asymmetry in the opposite direction, 47.6% 

exhibit no asymmetry and 28.6% exhibit asymmetry in the appropriate direction 

[X^(2)=12.485, p=.006]. If the cases within the range of measurement error are removed 

allowing analysis of only those cases exhibiting asymmetry, 23 observations remain of 

which 52.2% express asymmetry in the wrong direction and 47.8% express asymmetry in 

the appropriate direction [x^(l)=2.654, p=.103]. 
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Surface Area of the Radial Head 

Of the 37 individuals measured, 32.4% exhibit asymmetry in the opposite 

direction, 29.7% exhibit no asymmetry and 37.9% exhibit asymmetry in the appropriate 

direction for prediction of handedness from surface area of the radial head [%^(3)=.482, 

p=.923]. Handedness can be predicted in only 37.9% of the cases and in 32.4% of cases 

it is misclassified. This group of 37 consists of 27 right-handed and 10 non-right-handed 

individuals. Of the 27 right-handed individuals, 29.6% exhibit asymmetry in the opposite 

direction, 29.6% exhibit no asymmetry and 40.7% exhibit asymmetry in the appropriate 

direction for prediction of handedness. Of the 10 non-right-handed individuals 40.0% 

exhibit asymmetry in the opposite direction, 30.0% exhibit no asymmetry and 30.0% 

exhibit asymmetry in the appropriate direction for the prediction of handedness. This 

group of 37 consists of 17 males and 20 females. Of the 17 males, 35.3%% exhibit 

asymmetry in the opposite direction, 35.3% exhibit no asymmetry and 29.4% exhibit 

asymmetry in the appropriate direction [x^(3)=5.228, p=.1561. Of the 20 females, 30.0% 

exhibit asymmetry in the opposite direction, 25.0% exhibit no asymmetry and 45.0% 

exhibit asymmetry in the appropriate direction [x^(3)=5.674, p=.129]. If the cases within 

the range of measurement error are removed allowing analysis of only those cases 

exhibiting asymmetry, 26 observations remain of which 46.2% express asymmetry in the 

wrong direction and 53.8% express asymmetry in the appropriate direction [x^(l)=.465, 

p=.495]. 
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Surface Area of the Distal Radius 

Of the 39 individuals measured, 25.6% exhibit asymmetry in the opposite 

direction, 35.9% exhibit no asymmetry and 38.5% exhibit asymmetry in the appropriate 

direction for prediction of handedness from surface area of the distal radius [x^(3)=5.739, 

p=.125]. Handedness can be predicted in only 38.5% of the cases and in 25.6% of cases 

it is misclassified. This group of 39 consists of 29 right-handed and 10 non-right-handed 

individuals. Of the 29 right-handed individuals, 27.6% exhibit asymmetry in the opposite 

direction, 37.9% exhibit no asymmetry and 34.5% exhibit asymmetry in the appropriate 

direction for prediction of handedness. Of the 10 non-right-handed individuals 20.0% 

exhibit asymmetry in the opposite direction, 30.0% exhibit no asymmetry and 50.0% 

exhibit asymmetry in the appropriate direction for the prediction of handedness. This 

group of 39 consists of 18 males and 21 females. Of the 18 males, 22.2% exhibit 

asymmetry in the opposite direction, 27.8% exhibit no asymmetry and 50.0% exhibit 

asymmetry in the appropriate direction [x^(3)=2.747, p=..432]. Of the 21 females, 28.6% 

exhibit asynunetry in the opposite direction, 42.8% exhibit no asymmetry and 28.6% 

exhibit asymmetry in the appropriate direction [x^(3)=8.263, p=.041]. If the cases within 

the range of measurement error are removed allowing analysis of only those cases 

exhibiting asymmetry, 25 observations remain of which 40.0% express asymmetry in the 

wrong direction and 60.0% express asymmetry in the appropriate direction [x^( 1 )=.544, 

p=.461]. 
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Surface Area of the Proximal Ulna 

Of the 39 individuals measured, 28.2% exhibit asymmetry in the opposite 

direction, 51.3% exhibit no asymmetry and 20.5% exhibit asymmetry in the appropriate 

direction for prediction of handedness from surface area of the proximal ulna 

IX (3)=5.747, p=. 125]. Handedness can be predicted in only 20.5% of the cases and in 

28.2% of cases it is misclassified. This group of 39 consists of 29 right-handed and 10 

non-right-handed individuals. Of the 29 right-handed individuals, 20.7% exhibit 

asymmetry in the opposite direction, 55.1% exhibit no asymmetry and 24.1% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 10 non-

right-handed individuals 50.0% exhibit asymmetry in the opposite direction, 40.0% 

exhibit no asymmetry and 10.0% exhibit asymmetry in the appropriate direction for the 

prediction of handedness. This group of 39 consists of 18 males and 21 females. Of the 

18 males, 22.2% exhibit asynmietry in the opposite direction, 61.1% exhibit no 

asymmetry and 16.7% exhibit asymmetry in the appropriate direction [x^(3)=7.979, 

p=.046]. Of the 21 females, 33.3% exhibit asymmetry in the opposite direction, 42.9% 

exhibit no asymmetry and 23.8% exhibit asymmetry in the appropriate direction 

iX, (3)=1.060, p=.787]. If the cases within the range of measurement error are removed 

allowing analysis of only those cases exhibiting asymmetry, 19 observations remain of 

which 57.9% express asymmetry in the wrong direction and 42.1% express asymmetry in 

the appropriate direction [x\l)=2.5l2, p=.l 13]. 
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Surface Area of the First Metacarpal Base 

Of the 34 individuals measured, 32.4% exhibit asymmetry in the opposite 

direction, 35.2% exhibit no asymmetry and 32.4% exhibit asymmetry in the appropriate 

direction for prediction of handedness from surface area of the first metacarpal base 

[Z^(3)=4.011, p=.260]. Handedness can be predicted in only 35.2% of the cases and in 

32.4% of cases it is misclassified. This group of 34 consists of 26 right-handed and 8 

non-right-handed individuals. Of the 26 right-handed individuals, 38.5% exhibit 

asymmetry in the opposite direction, 26.9% exhibit no asymmetry and 34.6% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 8 non-right-

handed individuals 12.5% exhibit asymmetry in the opposite direction, 62.5% exhibit no 

asymmetry and 25.0% exhibit asymmetry in the appropriate direction for the prediction 

of handedness. This group of 34 consists of 17 males and 17 females. Of the 17 males, 

35.3% exhibit asymmetry in the opposite direction, 35.3% exhibit no asymmetry and 

29.4% exhibit asymmetry in the appropriate direction [x^(3)=3.569, p=.312]. Of the 17 

females, 29.4% exhibit asymmetry in the opposite direction, 35.3% exhibit no asymmetry 

and 35.3% exhibit asymmetry in the appropriate direction [x^(3)=:1.869, p=.6(X)]. If the 

cases within the range of measurement error are removed allowing analysis of only those 

cases exhibiting asymmetry, 22 observations remain of which 50.0% express asymmetry 

in the wrong direction and 50.0% express asymmetry in the appropriate direction 

[Z^(l)=.392,p=.531]. 
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Surface Area of the First Metacarpal Head 

Of the 38 individuals measured, 21.1% exhibit asymmetry in the opposite 

direction, 34.2% exhibit no asymmetry and 44.7% exhibit asymmetry in the appropriate 

direction for prediction of handedness from surface area of the first metacarpal head 

iX (3)=1.392, p=.707]. Handedness can be predicted in only 44.7% of the cases and in 

21.1% of cases it is misclassified. This group of 38 consists of 29 right-handed and 9 

non-right-handed individuals. Of the 29 right-handed individuals, 17.2% exhibit 

asymmetry in the opposite direction, 34.5% exhibit no asymmetry and 48.3% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 9 non-right-

handed individuals 33.3% exhibit asymmetry in the opposite direction, 33.3% exhibit no 

asymmetry and 33.3% exhibit asymmetry in the appropriate direction for the prediction 

of handedness. This group of 38 consists of 18 males and 20 females. Of the 18 males, 

22.2% exhibit asymmetry in the opposite direction, 27.8% exhibit no asymmetry and 

50.0% exhibit asymmetry in the appropriate direction [x^(3)=1.217, p=.749]. Of the 20 

females, 20.0% exhibit asjmimetry in the opposite direction, 40.0% exhibit no asymmetry 

and 40.0% exhibit asymmetry in the appropriate direction [x^(3)=4.190, p=.242]. If the 

cases within the range of measurement error are removed allowing analysis of only those 

cases exhibiting asymmetry, 25 observations remain of which 32.0% express asymmetry 

in the wrong direction and 68.0% express asymmetry in the appropriate direction 

[X^(1)=1.I25. p=.289]. 
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Osteoarthritic Score for the Shoulder Joint 

Of the II individuals observed, 36.4% exhibit asymmetry in the opposite 

direction, 45.5% exhibit no asymmetry and 18.1 % exhibit asymmetry in the appropriate 

direction for prediction of handedness from osteoarthritic score of the shoulder joint 

[X^(2)=.928, p=.629]. Handedness can be predicted in only 18.1% of the cases and in 

36.4% of cases it is misclassified. This group of 11 consists of 9 right-handed and 2 non-

right-handed individuals. Of the 9 right-handed individuals, 33.3% exhibit asymmetry in 

the opposite direction, 44.5% exhibit no asymmetiy and 22.2% exhibit asymmetry in the 

appropriate direction for prediction of handedness. Of the 2 non-right-handed individuals 

one exhibits asymmetry in the opposite direction and one exhibits no asymmetry. This 

group of 11 consists of 6 males and 5 females. Of the 6 males, 16.7% exhibit asymmetry 

in the opposite direction, 66.6% exhibit no asymmetry and 16.7% exhibit asymmetry in 

the appropriate direction [x\2)=.908, p=.635]. Of the 5 females, 60.0% exhibit 

asymmetry in the opposite direction, 20.0% exhibit no asymmetry and 20.0% exhibit 

asymmetry in the appropriate direction [x^(2)= 1.185, p=.553]. 

Osteoarthritic Score for the Elbow Joint 

Of the 22 individuals observed, 22.7% exhibit asymmetry in the opposite 

direction, 36.4% exhibit no asymmetry and 40.9% exhibit asymmetry in the appropriate 

direction for prediction of handedness from osteoarthritic score of the elbow joint 

[X^(7)=8.190, p=.3I6]. Handedness can be predicted in only 40.9% of the cases and in 

22.7% of cases it is misclassified. This group of 22 consists of 17 right-handed and 5 

non-right-handed individuals. Of the 17 right-handed individuals, 17.6% exhibit 
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asymmetry in the opposite direction, 41.2% exhibit no asymmetry and 41.2% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 5 non-right-

handed individuals 40.0% exhibit asymmetry in the opposite direction, 20.0% exhibit no 

asymmetry and 40.0% exhibit asymmetry in the appropriate direction. This group of 22 

consists of 11 males and 11 females. Of the 11 males, 9.1%% exhibit asymmetry in the 

opposite direction, 27,3%% exhibit no asymmetry and 63.6% exhibit asymmetry in the 

appropriate direction [x^(5)=5.253, p=.386]. Of the 11 females, 36.3% exhibit 

asymmetry in the opposite direction, 45.5% exhibit no asymmetry and 18.2% exhibit 

asymmetry in the appropriate direction [x^(5)=7.658, p=.176]. 

Osteoarthritic Score for the Wrist Joint 

Of the 14 individuals observed, 14.3% exhibit asymmetry in the opposite 

direction, 50.0% exhibit no asymmetry and 35.7% exhibit asymmetry in the appropriate 

direction for prediction of handedness from osteoarthritic score of the wrist joint 

IX (3)=1.673, p=.643]. Handedness can be predicted in only 35.7% of the cases and in 

14.3% of cases it is misclassified. This group of 14 consists of 11 right-handed and 3 

non-right-handed individuals. Of the 11 right-handed individuals, 18.2% exhibit 

asymmetry in the opposite direction, 45.5% exhibit no asyrmnetry and 36.4% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 3 non-right-

handed individuals none exhibit asymmetry in the opposite direction, 66.7% exhibit no 

asymmetry and 33.3% exhibit asymmetry in the appropriate direction. This group of 14 

consists of 10 males and 4 females. Of the 10 males, 20.0% exhibit asymmetry in the 

opposite direction, 40.0% exhibit no asymmetry and 40.0% exhibit asymmetry in the 
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appropriate direction [%^(3)=4.463, p=.216]. Of the 4 females, none exhibit asymmetry 

in the opposite direction, 75.0% exhibit no asymmetry and 25.0% exhibit asymmetry in 

the appropriate direction [x^(l)=4.499, p=.034]. 

Osteoarthritic Score for the First Metacarpal 

Of the 27 individuals observed, 37.0% exhibit asymmetry in the opposite direction, 

26.0% exhibit no asymmetry and 37.0% exhibit asymmetry in the appropriate direction 

for prediction of handedness from osteoarthritic score of the first metacarpal joints 

[X^(8)=12.495, p=.130]. Handedness can be predicted in only 37.0% of the cases and in 

37.0% of cases it is misclassified. This group of 27 consists of 22 right-handed and 5 

non-right-handed individuals. Of the 22 right-handed individuals, 40.9% exhibit 

asymmetry in the opposite direction, 22.7% exhibit no asymmetry and 36.4% exhibit 

asymmetry in the appropriate direction for prediction of handedness. Of the 5 non-right-

handed individuals 20.0% exhibit asymmetry in the opposite direction, 40.0% exhibit no 

asymmetry and 40.0% exhibit asymmetry in the appropriate direction. This group of 27 

consists of 15 males and 12 females. Of the 15 males, 26.7% exhibit asymmetry in the 

opposite direction, 40.0% exhibit no asymmetry and 33.3% exhibit asymmetry in the 

appropriate direction [x^(5)=3.555, p=.6l5]. Of the 12 females, 50.0% exhibit 

asymmetry in the opposite direction, 8.3% exhibit no asymmetry and 41.7% exhibit 

asymmetry in the appropriate direction [x^(6)=10.813, p=.094]. 



Table 5-7a Chart Demonstrating the Direction of Asymmetry for All Variables in Non-Right-Handed Individuals (N=10) 

ID 

9345 
9350 
9359 
9370 
9373 
9376 
9504 
9508 

"955^ 
9622 

SEX 

M 
M 

M 

M 

2 3 4 5 6 7 8 9 ( 1 1 1 1 

1 0 1 2 3 
1 1 2 2 2 2 
8 9 0 1 2 3 

2 
6 

2 
7 

KEY for Table 5-7 
No data available 
Asymmetry agrees with handedness • No asymmetry • Asymmetry opposite handedness 

l=maximum humeral length 
2=maximum humeral diameter 
3=maximum humeral head diameter 
4=humeral epicondylar breadth 
5=maximum radial length 
6=physiological radial length 
7=ant.-post. diameter of radial head 
8=med.-lat. diameter of radial head 
9=distal breadth of radius 
10=maximum ulnar length 

1 l=width of olecranon process 
12=maximum 1" metacarpal length 
13=1*' metacarpal head breadth 
14= combined cortical thickness of humerus 

15=combined cortical thickness of radius 
16=combined cortical thickness of ulna 
17=combined cortical thickness of 1" metacarpal 
18=area of humeral head 
19=area of distal humeral condyle 
20=area of radial head 
21=area of distal radius 
22=area of proximal ulna 
23=area of base of l" metacarpal 
24=area of head of l" metacarpal 

25=osteoarthritic score for shoulder 

26=osteoarthritic score for elbow 
27=osteoarthritic score for wrist 
28=osteoarthritic score for l" metacarpal 



Table 5-7b Chart Demonstrating the Direction of Asymmetry for All Variables in Right-Handed Individuals (N=29) 

ID SEX 

9347 F 

9349 F 
9360 M 
9365 M 
9366 M 
9371 F 
9377 F 
9417 M 
9422 M 
9423 F 
9428 M 
9430 F 
9431 M 
9459 M 
9521 F 
9522 F 
9567 F 
9570 M 
9575 F 
9588 M 
9592 M 
95107 M 
95111 F 
9615 F 

9616 M 
9617 M 
9624 M 
9634 F 
9637 F 

1 1 2 2 2 2 2 
8 9 0 1 2 3 4 
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CHAPTER 6 
DISCUSSION 

There are four reportable trends revealed by frequency analysis of this data set. 

First, there is an overall trend of inability to predict handedness from skeletal remains due 

to lack of asymmetry and the expression of asymmetry in the opposite direction. Second, 

this inability to predict handedness from skeletal remains is greater in non-right-handed 

individuals than in the right-handed individuals. Third, this inability lo predict 

handedness from skeletal remains is greater for females in the sample. Fourth, and 

perhaps most importantly, there is a difference in the predictability of handedness when 

the ostcometric data are compared to the cortical thickness data and joint surface area 

data; with the latter two expressing a higher degree of misclassification than the first. 

Overall Data 

From Tables 5-1 and 5-2 and Figures 6-1 and 6-2, one easily observes that le.ss 

than 5()A)% of the sample expresses asymmetry in the appropriate direction for the correct 

prediction of handedness. The inability lo predict handedness from skeletal morphology 

affects all joint complexes in the same manner (see figures 6-3 to 6-6). In addition, from 

Figures 5-7a and 5-7b, one should note ihat there is no apparent consistency in the 

direction of asymmetry among the variables within an individual. These results 

conxiborate Gam's 1976 report of paradoxical asymmetry for the second metacarpal, and 

conrespond to the results of the Morbeck er al. (1994) in which the non-dominant limbs 

of Gombe chimpanzees exhibited the greater bone mineral density. Particularly 

noteworthy is the number of individuals for whom handedness cannot be predicted from 



Figure 6-1 Direction of Asymmetry for Osteometric Measures 
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Figure 6-2 Direction of Asymmetry for Cortical Thickness and 
Joint Surface Area Data 
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Figure 6-3 Direction of Asymmetry for Shoulder Structures 

• same 

S none 

B opposite 

•-/I ro 



Figure 6-4 Direction of Asymmetry for Elbow Structures 
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Figure 6-6 Direction of Asymmetry for First Metacarpal 
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ihe humeral head diameter {l^A7v no asymmetry and 13.5^' opposite asymmetry) and 

the surface area of the humeral head (59.5'/? no asymmetry and 2A.7>9(. opposite 

asymmetry). These measures arc the closest reflections of glenoid morphology, the 

original indicator of handedness identified by Stewart (1979) and Schulter-Ellis (1980) 

and the measures express appropriate asymmetry in less than 16.0% of the cases in this 

sample. The best indicators of handedness (with 45.0% of the sample expressing the 

appropriate direction i)f asymmetry) arc the humeral diaphyseal diameter and the area of 

the first metacarpal head. The remaining 55.0% of cases express either no asymmetry or 

the wrong direction of asymmetry. When the cases exhibiting no asymmetry are 

removed from analysis, the percent of misclassification for all variables is magnified to 

an average of 50.0% expression of asymmetry contrary to the reported hand preference 

(Table 5-6). 

These data indicate either a violation of the principles of bone remodeling or that 

skeletal asymmetry is not the product of handedness alone. It Ls doubtful that our 

understanding of bone remodeling is suspect. Most likely, the non-dominant limb is 

undergoing enough loading to stimulate an adaptive response, but such activities arc not 

dynamic enough to qualify tiieni as markers of 'handedness'. This finding pa)bably 

relate to the problems with defining and quantifying 'handedness' discussed in Chapter 2. 

Right-Handed vs. Non-Right-Handed 

There is a general trend for the non-right-handed individuals to exhibit a higher 

frequency of incorrect classification than those reponed as right-handed (see figures 6-7 

to 6-12). This finding is most noticeable in surface area, cortical thickness and 



Figure 6-7 Direction of Asymmetry for Osteometric Measures in 
Riglit-Handed Individuals 
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Figure 6-8 Direction of Asymmetry for Osteometric Measures in 
Non-Right-Handed Individuals 
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Figure 6-9 Direction of Asymmetry for Joint Surface Area in 
Right-Handed Individuals 
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Figure 6-10 Direction of Asymmetry for Joint Surface Area in 
Non-Right-Handed Individuals 
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Figure 6-11 Direction of Asymmetry for Cortical Thickness and 
Osteoarthritic Scorc in Right-Handed Individuals 
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Figure 6-12 Direction ol' Asymmetry for Cortical Thickness and 
Osteoarthritic Score in Non-Right-Handed 

Individuals 
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osteoaithritic measures, with the exceptions of the area of the distal radius, area ol' the 

metacarpal base and osteoarthritis of the first metacarpal joints. A 28.()%-4l.O% 

frequency of misclassification in these distal features indicates that right-handed 

individuals do utilize the left hand enough to generate paradoxical asymmetry. The 

majority of gross osteometric measures does not exhibit a difference in the frequency of 

misclassification between right-handed and non-right-handed individuals. Among the 

osteometric measures only the humeral diaphyseal diameter and the breadth of the 

metacarpal head exhibit the pattern of increased misclassification for non-right-handed 

individual.s. This overall pauern is not surprising since the non-right-handed group 

includes individuals who are reported left-handed, left-handed with indication of 

ambidexterity and two right-handed with indication of ambidexterity. As expected, these 

findings suggest that non-right-handed people are more likely to load the 'non-dominant' 

limb, resulting in a higher amount of incongruent asymmetry. The observation of a 

higher level of mi.sclassification for non-right-handed individuals may be a product of the 

sample size (N=l{)). Of greater import is the parallel pattern of misclassification in the 

larger right-handed group (N=29). Based on these results, there is a fair chance thai the 

skeletal elements of a right-handed individual could display larger features on the left 

side, and iho.se of a left-handed individual could exhibit larger features on the right side. 

If these results are coupled with our preconceived notions of handedness and the 

liklihood and prevalence of a "lefty' using the right limb, there is a greater chance of 

misclassification of left-handers. 
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Male vs. Female 

The absence and incongrueni asymmetry are fairly equal between the sexes with 

females exhibiting a slightly greater tendency toward misclassitlcatian for four 

osteometric measures, two areal measures, two conical thickness measures and all 

osteoanhritic scores (see Figures 6-13 to 6-18). Males exhibit a greater misc lass ific at ion 

frequency for one osteometric measure, two areal measures and two cortical thickness 

measures. The previou.sly di.scussed pattern of greater non-right-handed misclassification 

is still apparent. However, an interesting double-reversal from the hand preference and 

gender patterns emerges for combined conical thickness. Males exhibit a greater 

frequency of incorrect classification for humeral and radial combined conical thickness 

measures. More right-handed than non-right-handed males express asymmetry in tlie 

wrong direction for humeral, radial and ulnar combined cortical thickne.ss variable.s. 

These findings indicate that right-handed men are utilizing the non-dominant limb. In 

females the frequency of misclassification based on the combined conical thickness is 

only slightly higher than that of males for ulnar and first metacarpal thicknesses. The 

trend is for both right- and non-right-handed females to be incorrectly classified. The 

majority of osteometric measures does not display a gender difference in the frequency of 

the direction of asymmetry. Females express an approximate higher frequency of 

misclassification for humeral diaphy.seal diameter, humeral head diameter, width of the 

olecranon process and the distal radial breadth. The functional significance of any of 

ihe.se gender-related trends remains uncertain. The inllucnce of the osteoanhritic scores 

will be di.scu.s.sed later. 



Figure 6-13 Direction of Asymmetry for Osteometric Measures in 
Males 
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Figure 6-14 Direction of Asymmetry for Osteometric Measures in 
Females 
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Figure 6-15 Direction of Asymmetry for Joint Surface Area in Males 
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Figure 6-17 Direction of Asymmetry for Cortical Thickness and 
Ostcoarthritic Score in Males 
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Figure 6-18 Direction of Asymmetry for Cortical Thickness and 
Ostcoarthritic Score in Females 
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Osteometric vs. Cortical Thickness and Joint Surface Area 

Comparison of the osteometric variables, particularly the length measures, to the 

cortical thickness and joint surface area measures reveals a consistent pattern of 

misclassiflcation for the latter two methods and a minimization of asymmetry for the 

first, with a few exceptions (see figures 6-1 to 6-6). The length measurements display 

little to no asymmetry. The absence of asymmetry in the length of the long bones 

corresponds to the findings by Trinkaus, er al., 1994. These measures are not expected lo 

express much directional asymmetry since length is constrained by the timing and general 

'plan' of the developmental program. There is a limited window of opportunity to 

develop length asymmetries. This window is open only during the growth period. 

Unless a child is a budding tennis star, for example, it is unlikely that the immature limbs 

will be chronically, differentially loaded. The remaining osteometric (humeral 

diaphyseal diameter, humeral head diameter, epicondylar breadth, radial head diameter, 

distal radial breadth, width of the olecranon process and metacarpal head breadth), 

cortical and surface area variables are more reflective of function, and thus more likely to 

respond lo the principles of bone remodeling. Of the gross osteometric measures listed, 

only the humeral diaphyseal diameter, width of the olecranon process and breadth of the 

metacarpal head stray from the pattern of a high level of no asymmetry. In these 

variables, the level of no asymmetry drops to 32.0%-47.()%. The remainder is split 

between wrong direction (16.()%-31.()%) and appropriate direction {22.-45.09i ) of 

asymmetry. This type of pattern, reduced lack of asymmetry concomitant with an even 

distribution between incorrect and correct classifications, is also exhibited by all joint 
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surface area variables. Joint surface area measures provide at best. 45.0'^ correct 

classification for the area of the metacarpal head and at worst, 16.09? correct 

classification for the area of the humeral head. These functional indicators expre.s.s a 

higher frequency of misclassification for handedness than the osteometric feature.s. Some 

surface area variables magnify the incorrect asymmetry of their two-dimeasional 

counterpans. For instance, 14.0*^. of case.s express asymmetry in the opposite direction 

for the humeral head diameter while 24.0^? of cases express asymmetry in the wrong 

directiun for the surface area of the humeral head. This pattern occurs with the 

epicondylar breadth O.iWr vs. 31.0^), radial head (avg. l.OVt vs. .32.0^ J, and distal 

radius (13.0^. vs. 26.07i ). Other surface area variables express a consistent frequency of 

misclassification between their two-dimensional counterpans such as the proximal ulna 

(31.0^ vs. 2^A)9t) and the metacarpal head (16.0'^ vs. 21.0%). Tlie conical thickness 

measures elaborate the pattern of frequency distribution seen in the surface area features 

by reducing the degree of no asymmetry to to 3(}.()^ and elevating the level uf 

miscla-ssification to 4l.{)7r-4HA)9(. The frequency of the appropriate direction of 

asymmetry tor the prediction of handedness is consistently lower than the frequency of 

misclasssillcation for all brines. The conical thickness and surface area resulLs, in 

general, exhibit a relatively higher level of paradoxical asymmetry than the o.sieumetric 

measures. This finding supports the hypothesis of a greater activity level for the nun-

dominant limb than that encompassed by current handedness definitions. 
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Osteoarthritis 

The osieoarthritic scores within an individual express a mosaic pattern lor the 

direction of asymmetry across the four upper extremity joints analyzed (see Figures 5-7a 

and 5-7b). For example, an individual may exhibit a high osteoarthritic score for the 

right shoulder, left elbow, left wrist and right metacarpal. Both right-handed and non-

right-handed individuals, when stricken with osteoarthritis, exhibit variation across joints 

between sides. The shoulder and the thumb joints appear more likely to express 

asymmetry in the opposite direction. There is a tendency for females to be miscla-s.sified, 

especially with elbow and metacarpal joint involvement. However, when the data arc 

categorized by gender, the sample size drops dramatically for the shoulder and wri.si 

observations. No comparisons are made between hand preference groups due to the 

resultant reduction in sample size. The overall data of osteoarthritic score contrast with 

the information conveyed by Jurmain (1980, 1977) in which osteoanhritLs is used to 

indicate hand preference. These data indicate either flawed thinking in the mechanical 

etiology of osteoarthritis or, again, the non-dominant limb i-s undergoing enough loading 

to lead to a pathological response. Osteoarthritis Ls no better as a predictor of handedness 

than the osteometric, conical thickness or surface area measures. 

The Question Answered 

The data indicate that skeletal asymmetry is not a true marker of the phenomenon 

of handedness especially for non-right-handed females. If the pattern of asymmetry i.s a 

product of functional asymmetry, then handedness is not the only contributor of skeletal 

asymmetry. If the pattern of asymmetry is a product of anti-symmetry (random), then 
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there is a questionable relationship between handedness and skeletal asymmetry. Either 

handedness must not be predicted from skeletal asymmetry, or one must accept the 

random nature of handedness. Based on this sample, the scenario created in the Preface 

potentially could occur. But, if this pattern of morphological asymmetry is real, the 

question remains, why are we not witnessing a corresponding increase in the 

classification of left handedness or ambidexterity from skeletal asymmetry? There are 

two possible answers. First, the pattern established by the current research does not exi.si; 

it  is a product of the methodological limitations. Second, the bias of other re.searcher.s i s  

too strong to overcome. Future studies are warranted to confirm these results. 

Future Studies 

The evidence for the ambiguity of handedness from this sample is considered 

preliminary until the methodological limitations of this study are overcome. The problem 

with the sample size of the study is easily remedied by the continuation of the re.search. 

The age of the sample could possibly be reduced as the sample size increases, but this is 

unlikely considering the source of the sample (anatomical donations). Obtaining more 

elaborate next of kin information during the assessment of handedness can erase doubt.s 

concerning the validity of the assessment. The performance of large-scale control studie.s 

for the identification of the measurement error level for each variable is required. The 

current study must be continued in order to confirm the inappropriateness of the measure 

of handedness in the field of anthropology. 

Supplemental studies on this same sample are planned for the future. During the 

collection of the bones, I also obtained samples of the terminal branches of the brachial 
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Supplemental studies on this same sample are planned for the future. During the 

collection of the hones, I also obtained samples of the terminal branches of the brachial 

plexus from both sides of the body. If handedness results in morphological expression 

due to this differential use of one limb over the other, soft tissue structures should also 

exhibit the asymmetry. It has been determined by a histologisi in the Dept. of Cell 

Biology and Anatomy, University of Arizona, that the axonal arrangement is preserved 

and axon counts can be performed. Asymmetry in the nerves of the brachial plexus will 

allow the potential isolation of specific functional asymmetries. In addition, bone 

mineral content analysis also is possible. This type of analysis can be used to 

complement the observed trend for the functional measures (e.g.: combined cortical 

thickness and joint surface area) as reported in the current study. 

In addition, ii is necessary to examine the pattern of asymmetry within individuals 

in order to predict the limb usage. Such an analysis would require an expansion of the 

sample size. The current study reveals a mosaic pattern of asymmetry across the 

variables within an individual, but the small sample size makes interpretation of these 

results questionable. 
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APPENDIX A 
HANDEDNESS QUESTIONNAIRE 

1. What hand was used to write? R L Both 

2. What hand was used to eat with a fork? R L Both 

3. What hand was used to cut with a knile? R L Both 

4. What arm was used to throw a ball? R L Both 

5. What arm was used to swing a racquet/bat? R L Both 

6. Were there noticeable indications of ambidexterity? Y N 

7. What was the level of activity approximately 1 = high 

five years prior to death? 2 = moderate 

3 = low 

X. Was there any prolonged disuse of the upper 

extremity (paralysis, stroke, coma, etc.)? 

Y N 
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APPENDIX B 
DESCRIPTION OF OSTEOMETRIC TECHNIQUES 

Maximum Length of the Humerus: The distal end of the humerus is placed against the 
fixed end of the osteometric board. The movable end of the osteometric board is slid 
against the proximal end. The proximal end of the bone is circumducted while the most 
prominent point of the distal end (usually the trochlea) remains stationary until a position 
of maximum length is attained. The measurement is recorded. The midpoint of the bone 
is calculated and delineated in pencil for other measurements. 

Maximum Humeral Midshaft Diameter: Sliding calipers are placed at the level of the 
midshaft as determined above and the bone is rotated until the maximum measurement is 
obtained. 

Maximum Humeral Head Diameter: The fixed end of a sliding caliper is positioned on 
the superior-most edge of the humeral head while the movable end approximates the 
most prominent point on the inferior edge. 

Distal Epiondvlar Breadth: The humerus is placed an a flat surface (anterior surface 
faces up) with the distal end closest to the researcher. The sliding caliper encompasses 
the medial and lateral epicondyles and the bone is rotated until a maximum measurement 
is achieved-

Maximum Lenuth of the Radius: The distal end of the radius is positioned against the 
fixed end of the osteometric board. The movable end is slid against the proximal end 
which is then circumducted around the fixed styloid process. The maximum length is 
recorded and the midshaft calculated and marked on the bone. 

Physiological Length of the Radius: The proximal end of the radius is placed against the 
fixed end of the sliding calipers. The movable end is slid against the center of the distal 
articular surface such that the styloid process is not incorporated into the measurement. 

AP and ML Radial Head Diameters: The anterior-posterior and medial-lateral head 
diameters are taken with sliding calipers in the specified positions. 

Distal Radial Breadth: The ulnar notch is placed against the fixed end of the caliper 
while the sliding bar is moved against the lateral margin of the bone. 

Maximum Length of the Ulna: The olecranon process is placed against the fixed end of 
the osteometric board. The movable upright is slid toward the styloid process. The distal 
end of the bone is moved up and down and side to side in order to obtain the maximum 
measurement. 
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Width of the Olecranon Process: The maximum mediolaterai dimension of the olecranon 
process is obtained with a sliding caliper. 

Maximum Length of the First Metacarpal: The bone is measured with a sliding caliper. 
The base is positioned against the fixed end of the caliper. The bar of the caliper does not 
touch the concave articular surface but the prominent edges of the base. The dorsal 
aspect of the bone is positioned against the measuring bar and the head lies against the 
sliding bar. The head is moved around within the caliper in order to obtain the maximum 
measurement. 

Metacarpal Head Breadth: The maximum mediolaterai dimension of the metacarpal 
articular head is obtained with a sliding caliper. 



APPENDIX C 
CONTROL STUDY FOR DPI 

Table 1: Surface Areas (mm^) of Laiex Replicas at Varying DPI Settings 

DPI Settings Humeral 
Head 

Capitulum Lateral 
Trochlea 

Medial 
Trochlea 

72 DPI 2459.8 588.8 647.7 771.5 
150 DPI 2452.3 588.2 646.8 768.0 
300 DPI 2427.2 578.4 637.6 757.1 

Table 2: Percent Difference and Standard Deviation between Surface Areas of Varying 
DPI Settings 

DPI 
Comparison 

Humeral 
Head 

Capitulum Lateral 
Trochlea 

Medial 
Trochlea 

% SD % SD % SD % SD 
72-150 0.31% 0.53 0.10% 0.04 0.14% 0.06 0.45% 0.25 

150-3(K) 1.03% 1.77 1.68% 0.69 1.43% 0.65 1.43% 0.77 
72-300 1.33% 2.31 1.78% 0.74 1.57% 0.71 1.88% 1.02 

MEAN % 0.89% 1.19% 1.05% 1.25% 
SD* 1.71 0.58 0.56 0.75 

% Difference calculaieil by the following formula: [{xi - xi)/{mexui of Xi ;uid Xi)] X 1(K). 
•Suuidard deviaiion includes all tlirec figures of table 1 and is nol a me:m of SD's in table 2. 
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APPENDIX D 
CONTROL STUDY FOR THRESHOLD 

Table 1: Surface Areas (mm^) of Laiex Replicas Subjected to Varying Thresholds 

THRESHOLD HUMERAL HEAD CAPITULUM 
132 (standard) 2202.56 568.75 
122 (-10) 2200.45 568.38 
112 (-20) 2197.34 568.25 
142(+10) 2205.92 569.50 
152(+20) 2208.41 570.62 

Stand^ird deviation 4.37 0.9X 

Table 2; Percent Difference and Standard Deviation in Surface Area for Ten Unit 
Incremental Changes in Threshold 

BONE A 10 Tlire.sliold A 20'nireshold A 30 Threshold A 40 Thre.shold 
% Diff. SD 9, Diff. SD % Diff. SD 9, Diff. SD 

Humeral Head 0.14% 2.20 0.249?. 3.69 0.39% 6.07 0.50% 7.83 
•• 0.09% 1.49 0.25%' 3.87 0.36% 5.62 
•• 0.15% 2.38 0.279! 4.14 
" 0.11% 1.76 
(Tapituium 0.02% 0.09 0.09% 0.35 0.22% 0.88 0.42% 1.68 

0.07% 0.26 0.20% 0.79 0.39% 1.58 
•• 0.13% 0.53 0.33% 1.32 
" 0.20% 0.79 
MEAN '7r dift". 0.11% 0.23% 0.34% 0.46% 

% DilTcrcnce ailculaied by the (ollowing formula: [(X| - X2)/(mean of Xi ai)iJ Xi) X lOO] 



APPENDIX E 
CROSS TABULATION TABLES 

Maximum Length of the Humerus 

Table E-1: Frequency of Wrong vs. Conect Direction of Asymmetry Relative to 
Reported Handedness for Maximum Humeral Length of Adjusted Data 

WRONG COI^CT TolaLs 

R-HAND 

N=0 N=0 N=0 

L-HAND 

N=0 N=0 N=0 

Total.s N=0 N=0 N=0 

Table E-2: Frequency of Wrong vs. Con-ect Direction of Asymmetry Relative to 
Reported Handedness for Maximum Humeral Length of All Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=0 N=14 N=14 N=0 N=28 

R-HAND .iO.O 50.0 75.7 
70.0 82.4 

N=() N=6 N=.^ N=0 N=y 

L-flAND 66.7 33..1 24..^ 
M).i)  17.6 

Ti)tals N=0 N=2() N=17 N=0 N=.17 

.S4.1 45.y 
Liklih(xxJ R;uio: V;IIUL'=.7758X: DF=I: Signific:MCC=..17840 
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Table E-3: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Humeral Length of All Male Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=0 N=3 N=ll N=0 Z
 

II 

R-HAND 21.4 78.6 77.8 
60.0 84.6 

N=0 N=2 N=2 N=0 N=4 

L-HAND 50.0 50.0 22.2 
40.0 15.4 

Toijils N=0 N=.S N=13 N=0 N=18 

27.8 72.2 100.0 
LikJiluxKl llalio: V:ilue=l.176^1; DF=1: Sigiufic:ince=.277y9 

Table E-4; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Humeral Length of All Female Data 

WRONG ERROR ERROR CORRECT Tt)ia!.s 
WRONG CORRECT 

N=0 N=n N=3 N=0 N=14 
R-HAND 78.6 21.4 73.7 

73..3 75.0 
N=0 N=4 N=I N=() N=5 

L-HAND 80.0 20.0 26.3 
26.7 25.0 

Toial.s N=0 Z
 

II N=4 N=0 N=iy 

78.9 21.1 I(M).0 
Liklihixxl Riuio: Value=.00456; DF=1; Sigiiifiauicc=.y4615 

Maximum Diameter of the Humerus 

Table E-.'^: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Diameter of the Humerus of Data Minus 
Measurement Error Cases 

WRONG CORRECr Totals 

N=2 N=16 N=18 
R-HAND 11.1 88.y 69.2 

22.2 94.1 
N=7 N=1 N=8 

L-HAND 87.5 12.5 30.8 
77.8 5.9 

Toial.s N=9 N=17 N=26 
.34.6 65.4 100.0 

Liklih(xxJ Rjitio: Valuc=I4.9.S.S4.S: DF=1: Signinc:ince=.(XX)l 1 



Table E-6: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Diameter of the Humerus of All Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=2 N=7 N=3 N=16 N=28 

R-HAND 7.1 25.0 10.7 57.1 73.7 
22.2 77.8 100.0 94.1 
N=7 N=2 N=0 N=1 N=10 

L-HAND 70.0 20.0 10.0 26.3 
77.8 22.2 5.9 

Total.s N=9 N=9 N=3 N=17 N=38 

23.7 23.7 7.9 44.7 1(K).0 
LikliJuxKl Ratio: Valuc=17.125.'>6; DB=.3: Signiriauice= .00067 

Table E-7: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Diameter of the Humerus of Male 
All Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=() N=4 N=1 N=9 2
 

11 

R-I-IAND 28.6 7.1 64.3 77.8 
iOO.O 100.0 90.0 

Z
 

II N=0 N=0 N=1 N=4 

L-HAND 75.0 25.0 22.2 
100.0 10.0 

Total.s 2
 

II N=4 N=1 N=10 N=17 

16.7 22.2 5.6 55.6 1(K).0 
Liklih(xxl Ratio: Value=10.G662'J; DF^3; Significance=.00567 

Table E-8: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Diameter of the Humerus of Female 
All Data 

WRONG EW^OR ERROR CORRECT Totals 
WRONG CORRECT 

N=2 N=3 N=2 N=7 Z
 

II 

R-HAND 14.3 21.4 14.3 50.0 70.0 
33.3 60.0 100.0 1(K).0 
N=4 N=2 N=0 N=0 N=6 

L-HAND 66.7 33.3 30.0 
66.7 40.0 

Totals N=6 N=5 N=2 N=7 N=20 

30.0 25.0 10.0 35.0 lOO.O 
LikliluKKl I^uit): V;iJue=I0.()662y; DF=3; Signitlc;uiCL'=..01801 
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Maximum Diameter of the Humeral Head 

Table E-9: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Diameter of Humeral Head of Adjusted 
Data 

WRONG CORRECT Total-s 

N=4 N=2 N=6 

R-HAND 66.7 33.3 75.0 
80.0 66.7 
N=1 N=1 N=2 

L-HAND .50.0 50.0 25.0 
20.0 33.3 

Touils N=5 N=3 N=8 

62.5 .33.3 100.0 
LiklilKXKl Ratio: Valuc=. 17425: DF=1: Significaiicc=.67636 

Table E-IO: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Diameter of Humeral Head of All Data 

WRONG ERROR 
WRONG 

ERROR 
CORRECT 

CORRECT Touil.s 

N=4 N=14 N=8 N=2 N=28 

R-HAND 14.3 50.0 28.6 7.1 75.7 
80.0 70.0 88.'J 66.7 
N=1 N=6 N=1 N=1 N=y 

L-HAND 11.1 66.7 11.1 11.1 24.3 
20.0 30.0 11.1 33.3 

Tocal.s N=5 N=20 N=y N=3 N=37 

13.5 -54.1 24.3 8.1 100.0 
LiidiluxxJ Rjuio: Value= 1.51777: DF=.1: Signiriauicc=.67817 

Table E-11: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Diameter of Humeral Head of Male 
All Data 

WRONG Eiy^OR ERROR CORRECT Totals 
WRONG CORRECT 

N=1 N=7 N=5 N=1 N=14 

R-HAND 7.1 .so.o 35.7 7.1 77.8 
lOO.O 70.0 83.3 100.0 
N=0 N=3 N=1 N=0 N=4 

L-HAND 75.0 25.0 22.2 
30.0 16.7 

Totals N=1 N=10 N=6 N=1 N=18 

5.6 55.6 33.3 5.6 1(H).0 

-iklilKxxl Raiio; Value= 1.44540; DF=3; Signifiauice=.6y493 



Table E-12: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Diameter of Humeral Head of Female 
All Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=3 N=7 N=3 N=1 N=14 

R-HAND 21.4 50.0 21.4 7.1 73.7 
75.0 70.0 100.0 50.0 
N=1 N=3 N=0 N=1 N=5 

L-HAND 20.0 60.0 20.0 26.3 
25.0 30.0 50.0 

Totals N=4 N=10 N=3 N=2 N=19 

21.1 52.6 15.8 10.5 UKl.O 
Likiihcxxl Ratio: Value=2.412l4: DF=3: Significance=.49138 

Humeral Epicondylar Breadth 

Table E-13: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Humeral Epicondylar Breadth of Adjusted Data 

WRONG CORRECT Totals 

N=0 N=6 N=6 

R-I-IAND 1(X).0 85.7 
lOO.O 

N=1 N=0 N=1 

L-HAND 100.0 14.3 
1(K).0 

Totals N=1 N=6 N=7 

14.3 85.7 100.0 
LikliluKxl Ratio; V;ilue=5.74l63; DF=1; Signitiaincc= .01657 

Table E-14: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Humeral Epicondylar Breadth of All Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=() N=8 N=14 N=6 N=28 

R-HAND 28.6 50.0 21.4 73.7 
57.1 82.4 100.0 

N=1 N=6 N=3 N=0 N=10 

L-HAND 10.0 60.0 30.0 26.3 
100.0 42.y 17.6 

Totals N=1 N=14 N=17 N=6 N=38 

2.6 .36.8 44.7 15.8 1CM).() 
LikiiiitXKl Ratio: Valuc= DF=3; Significuicc=.03155 



Table E-15: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Humeral Epicondylar Breadth of Male All Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=0 N=4 N=7 N=3 N=14 

R-HAND 28.6 50.0 21.4 77.8 
80.0 77.8 100.0 

N=1 N=1 N=2 N=0 N=4 

L-HAND 25.0 25.0 50.0 22.2 
100.0 20.0 22.2 

Totals N=1 N=5 N=9 N=3 N=18 

5.6 27.8 50.0 16.7 1(K).0 
Liklihcxxl Ratio; Value=4.53069; DF=3; Significance=.20957 

Table E-16: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Humeral Epicondylar Breadth of Female All Data 

WRONG ERROR ERROR CORRECr T()tal.s 
WRONG CORRECT 

N=0 N=4 N=7 N=3 N=14 

R-I-IAND 28.6 50.0 21.4 70.0 
44.4 87.5 100.0 

N=0 N=5 N=1 N=0 N=6 

L-HAND 83.3 16.7 30.0 
55.6 12.5 

Total.s N=0 N=y N=8 N=3 N=20 

45.0 40.0 15.0 lOO.O 

Maximum Radial Length 

Table E-17: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Radial Length of Adjusted Daia 

WRONG CORRECT Total.s 

N=0 N=1 N=1 

R-HAND 100.0 100.0 
1{K).0 

N=0 N=0 N=0 

L-HAND 

ToiaLs N=0 N=1 N=I 

100.0 100.0 



Table E-18: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Radial Length of All Data 

WRONG ERROR ERROR CORRECT Toial.s 
WRONG CORRECT 

N=0 N=9 N=I3 N=I N=23 

R-HAND .39.1 56.5 4.3 74.2 
.S6.3 92.9 100.0 

N=0 N=7 N=1 N=0 N=8 

L-I-IAND 87.5 12.5 25.8 
43.8 7.1 

Totals; N=0 N=16 N=I4 N=1 N=31 

51.6 45.2 3.2 100.0 
Liklihcxxl Ratio: Value=6.26843: DF=2; Significance=.04353 

Table E-19: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Radial Length of All Male Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=0 N=7 N=5 N=0 N=12 

R-HAND 58.3 41.7 75.0 
63.6 100.0 

N=0 N=4 N=0 N=0 N=4 

L-HAND 100.0 25.0 
36.4 

Total.s N=0 N=ll N=5 N=0 N=16 

68.8 31.3 1(K).0 
LiklilKKxi l^uio: V;iluc=3.574l3; l)F=l; Signific:uice=.0586y 

Table E-2(): Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Radial Length of All Female Data 

WRONG ERROR ERROR CORRECT Total-s 
WRONG CORRECT 

N=0 N=2 N=8 N=1 N=ll 

R-HAND 18.2 72.7 9.1 73.3 
40.0 88.9 100.0 

N=0 N=3 N=1 N=0 N=4 

L-HAND 75.0 25.0 26.7 
60.0 11.1 

Ttuals N=0 N=5 N=9 N=1 Z
 

II 

33.3 60.0 6.7 100.0 
Likliiuxxl Rjitio: ViUue=4.38836; DF=2; Signiriau>ce=.l 1145 



Physiological Radial Length 

Table E-21: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Physiological Radial Length of Adjusted Data 

WRONG CORRECT Totals 

R-HAND 

N=0 N=0 N=0 

L-HAND 

N=0 N=() N=0 

Totals N=0 N=0 N=0 

Table E-22: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Physiological Radial Length of All Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=0 N=IO N=14 N=0 N=24 

R-HAND 41.7 58.3 75.0 
58.8 93.3 

N=0 N=7 N=I N=0 N=8 

L-HAND 87.5 12.5 25.0 
41.2 6.7 

Totals N=0 N=I7 N=15 N=0 N=32 

5.3.1 46.9 100.0 
LikliluxxJ RiUio: Vjilue=:5.60674; DF=1; Signitlauice=.0l7K'J 

Table £-2."^; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Physiological Radial Length of All Male Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=0 N=6 N=6 N=0 N=12 

R-HAND 50.0 50.0 75.0 
60.0 100.0 

N=0 N=4 N=G N=0 N=4 

L-HAND 100.0 25.0 
40.0 

Totals N=() N=10 N=6 N=0 N=16 

62.5 37.5 KXl.O 
LiklihixxJ Ratio: Vjiluc=4.5344y; DF=1; Signiliaince=.03222 



Table E-24: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Physiological Radial Length of All Female Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=0 N=4 N=8 N=0 N=12 

R-IIAND 33.3 66.7 75.0 
57.1 88.y 

N=0 N=3 N=1 N=0 N=4 

L-HAND 75.0 25.0 25.0 
42.9 11.1 

Totals N=0 N=7 N=9 N=0 N=16 

43.8 56.3 100.0 
Likliluxxl Ratio; VaJuc=2.15.'»03; DF=1; Signillcance=. 14210 

Anterior-Posterior Diameter of Radial Head 

Table E-25; Frequency of Wrong vs. Con^ect Direction of Asymmetry Relative to 
Reported Handedness for Anterior-Posterior Diameter of Radial Head ol" 
Adjusted Data 

WRONG CORRECT TotJils 

N=0 N=8 N=8 

R-HAND 100.0 72.7 
80.0 

N=1 N=2 N=3 

L-HAND 33.3 66.7 27.3 
KXJ.O 20.0 

Total.s N=1 N=H) N=ll 

9.1 90.9 100.0 
LikliluKKl Rxuio; Value=2.882'J I; DF=l; Signifiamce=.08y52 

Table E-26: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Anterior-Posterior Diameter of Radial Head t)f All 
Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=0 N=15 N=5 N=:8 N=28 

R-HAND 53.6 17.9 28.6 73.7 
78.9 62.5 80.0 

N=1 N=4 N=3 N=2 N=10 

L-HAND 10.0 40.0 30.0 20.0 26.3 
100.0 21.1 37.5 20.0 

Totals N=i N=19 N=8 N=10 N=38 

2.6 50.0 21.1 26.3 UX).0 
Likiihcxxl Rjilio: V;ilue=3.6.S151; DF=3; Signilic;ince=.30164 
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Table E-27: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Anterior-Posterior Diameter of Radial Head of All 
Male Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=0 N=7 N=2 N=5 N=14 

R-HAND 50.0 14.3 35.7 77.8 
77.8 50.0 100.0 

N=0 N=2 N=2 N=0 N=4 

L-HAND 50.0 50.0 22.2 
22.2 50.0 

Totals N=0 N=y N=4 N=5 N=28 

.50.0 22.2 27.8 100.0 
Liklihcxxl Rxitio: Valuc=3.98y53; DF=2; Signitiaince=.13605 

Table E-28: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Anterior-Posterior Diameter of Radial Head of All 
Female Data 

WRONG ERliOR ERROR CORRECT Totals 
WRONG CORRECT 

N=0 N=8 N=3 N=3 •z
 

II 4
 ̂

R-HAND 57.1 21.4 21.4 70.0 
80.0 75.0 60.0 

N=1 N=2 N=1 N=2 N=6 

L-HAND 16.7 33.3 16.7 33.3 30.0 
100.0 20.0 25.0 40.0 

Totals N=1 N=10 N=4 N=2 N=20 

5.0 50.0 20.0 25.0 100.0 
LikliluxKl Rjitio: Value=3.19773; DF=3; Significaiice=.36213 

Medial-Lateral Diameter of Radial Head 

Table E-29; Frequency of Wrong vs. Con'ect Direction of A^symmetry Relative to 
Reported Handedness for Medial-Lateral Diameter of Radial Head of 
Adjusted Data 

WRONG CORRECT Totals 

N=2 N=y N=ll 
R-HAND 18.2 81.8 78.6 

50.0 yo.o 
N=2 N=1 N=3 

L-llAND 66.7 33.3 21.4 
50.0 10.0 

Totals N=4 N=10 N=14 
28.6 71.4 100.0 

LiklUuxxJ lixilio; Valuc=2..'>0140; DF=I; Signinauice=. 1 
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Table E-3(): Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Medial-Lateral Diameter of Radial Head of All 
Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=2 N=13 N=3 N=9 N=27 

R-HAND 7.4 48.1 11.1 33.3 73.0 
50.0 72.2 60.0 90.0 
N=2 N=5 N=2 N=1 N=10 

L-HAND 20.0 50.0 20.0 10.0 27.0 
50.0 27.8 40.0 10.0 

Tocals N=4 N=18 N=5 N=10 N=37 

10.8 4X.6 13.5 27.0 1(X).() 

Liklihcxxl Ratio: Value=3.I3376; DF=3; Signifiamce=.37146 

Table E-3I: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Mediai-Laterul Diameter of Radial Head of All 
Male Data 

WRONG ERROR ERROR CORRECT TotJilji 
WRONG CORRECT 

N=() N=5 N=3 N=5 N=13 

R-HAND 3X.5 23.1 38.5 76.5 
62.5 75.0 100.0 

N=() N=3 N=1 N=0 N=4 

L-HAND 75.0 25.0 23.5 
37.5 25.0 

Total.s N=0 N=8 N=4 N=5 N=17 

47.1 23.5 29.4 100.0 
Likiihtxxl Ratio: Value=3.46652; DF=2; Significance=. 17671 

Table E-32: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Medial-Lateral Diameter of Radial Head of All 
Female Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=2 N=8 N=0 N=4 N=14 

R-HAND 14.3 .57.1 28.6 70.0 
50.0 80.0 80.0 
N=2 N=2 N=1 N=1 N=6 

L-HAND 33.3 33.3 16.7 16.7 30.0 
50.0 20.0 100.0 20.0 

Totals N=4 N=10 N=1 N=5 N=20 

20.0 50.0 5.0 25.0 100.0 
LiklilUKxi Initio; V;ilue=3.87732:1)F=3: Signinauia.'=.27.'i()2 



Distal Breadth of Radius 

Table E-33: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Distal Breadth of the Radius of Adjusted Data 

WRONG CORRECT Totals 

N=4 N=3 N=7 

R-HAND 57.1 42.9 58.3 
80.0 42.9 
N=1 N=4 N=5 

L-HAND 20.0 80.0 41.7 
20.0 57.1 

Total.s N=5 N=7 N=12 
41.7 58.3 100.0 

LiklihcxxJ Ratio; Value= 1.73590; DF=r, Significance=. 18766 

Table E-34; Frequency of Wrong vs. Correct Direction of Asymmetry Relative m 
Reponed Handedness for Distal Breadth of the Radius of All Data 

WRONG ERROR ERROR CORRECr Totiil.s 
WRONCi CORRECT 

N=4 N=14 N=7 N=3 N=28 

R-HAND 14.3 50.0 25.0 10.7 73.7 
80.0 73.7 100.0 42.9 
N=1 N=5 N=0 N=4 N=I0 

L-HAND lO.O 50.0 40.0 26.3 
20.0 26.3 57 ! 

Totals N=5 N=19 N=7 N=7 N=38 
13.2 50.0 18.4 18.4 1(X).0 

Liklihcxxl Ratio; Viilue=7.33.'>%; DF=3: Signifiaince=.061'J3 

Table E-35; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reponed Handedness for Distal Breadth of the Radius of All Male Data 

WRONG ERROR ERROR CORRECT TotaJ.s 
WRONG CORRECT 

N=1 N=7 N=4 N=2 N=14 

R-HAND 7.1 50.0 28.6 14.3 77.8 
100.0 77.8 100.0 50.0 
N=0 N=2 N=0 N=2 N=4 

L-HAND .50.0 50.0 22 2 
22 2 50.0 

rtHal.s N=I N=9 N=4 N=4 .N'=1X 

5.6 50.0 22.2 22.2 1(X).0 
LiklihiKxl Ratio: VaJuc=3.y8953; DF=3; Signific:uice=.2626f) 
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Table E-36: Frequency ot" Wrong vs. Correct Direction of Asymmetry Relative to 
Reponed Handedness for Distal Breadth of the Radius of All Female Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=3 N=7 N=3 N=I N=14 

R-HAND 2L4 50.0 21.4 7.1 70.0 
75.0 70.0 100.0 33.3 
N=1 N=3 N=0 N=2 N=6 

L-HAND 16.7 50.0 33.3 30.0 
25.0 30.0 66.7 

Tolal.s N=4 N=10 N=3 N=3 N=20 

20.0 50.0 15.0 15.0 100.0 
Liklilicxxl Ratio: Values-^.SW.SZ: DF=3; Signifiaince=.27252 

Maximum Length of the Ulna 

Table E-.37: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Ulnar Length of Adjusted Data 

WRONG CORl^CT Totiil-s 

R-HAND 

N=0 N=l 

100.0 
100.0 

N=1 

100.0 

L-HAND 

N=0 N=0 N=0 

Total.s N=0 N=I 

lOO.O 

N=I 

100.0 

Table E-.38: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Ulnar Length of All Data 

WRONG ERROR ERROR CORRECr Totals 
WRONG CORRECT 

N=0 N=6 N=17 N=1 N=24 
R-HAND 25.0 70.8 4.2 72.7 

40.0 100.0 100.0 
N=0 N=9 N=0 N=0 N=y 

L-HAND 100.0 27.3 
60.0 

Tolal.s N=0 N=15 N=17 N=1 N=33 
45.5 51.5 3.0 1(K).0 

Liklih(xxJ R;itio: 18.48252; DF=2: SignilIcance=.0(X)10 



Table E-39: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Ulnar Length of All Male Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=0 N=3 N=8 N=0 N=ll 

R-HAND 27.3 72.7 73.3 
42.y 100.0 

N=0 N=4 N=0 N=0 N=4 

L-HAND 100.0 26.7 
57.1 

Totals N=0 N=7 N=8 N=0 N=15 

46.7 53.3 100.0 
Liklihcxxl Riitio; Value= 7.83674; DB=1; Significance=,005l2 

Table E-4(): Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Ulnar Length of All Female Data 

WRONC; ERliOR ERROR CORRErr Totals 
WRUNG CORRECT 

N=0 N=3 N=9 N=1 N=13 

R-HAND 23.1 69.2 7.7 72.2 
37.5 100.0 100.0 

N=0 N=5 N=0 N=0 N=5 

L-HAND 100.0 27.8 
62.5 

Totals N=0 N=8 N=9 N=1 N=18 

44.4 50.0 5.6 1(X).0 
LiklilicKxJ RiUio: V:iJuc=4.3X624; l)F=i: Signinaince=.03623 

Width of the Olecranon Process 

Table E-41: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Width of the Olecranon Process of Ad justed Data 

WRONG CORRECT Totals 

N=7 N=7 N=14 

R-HAND 50.0 50.0 73.7 
63.6 87.5 
N=4 N=1 N=5 

L-HAND 80.0 20.0 26.3 
36.4 12.5 

Totals N=ll N=8 N=19 

57.9 42.1 100.0 
Liklihcxx] Riitio: Value= 1.45178; DF=1; Significance=.22824 



Table E-42: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Width of the Olecranon Process of All Data 

WRONG ERROR 
WRONG 

ERROR 
CORRECT 

CORRECT Totals 

N=7 N=9 N=3 N=7 N=26 

R-HAND 26.9 34.6 11.5 26.9 72.2 
63.6 75.0 60.0 87.5 
N=4 N=3 N=2 N=1 N=10 

L-HAND 40.0 30.0 20.0 10.0 27.8 
36.4 25.0 40.0 12.5 

Totals N=ll N=12 N=5 N=8 N=36 

30.6 33.3 13.9 22.2 100.0 
Liklihtxxl Ratio: Vjiluc= 1.86556: DF=3: Signifiaince= .60077 

Table E-43: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Width of the Olecranon Process of All Male Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=2 N=7 N=2 N=2 2
 

II 

R-l-IAND 15.4 53.8 15.4 15.4 76.5 
50.0 100.0 50.0 100.0 
N=2 N=0 N=2 N=0 N=4 

L-HAND .50.0 50.0 23.5 
50.0 50.0 

Totals N=4 N=7 N=4 2
 

II to
 

N=17 

23.5 41.2 23.5 11.8 1(K).() 

Liklihocxi Ratio: V:ilue=7.45'J86: DF=3; Signillcance=.05860 

Table E-44: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Width of the Olecranon Process of All Female 
Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=5 N=2 N=1 N=5 N=13 

R-IIAND 38.5 15.4 7.7 38.5 68.4 
71.4 40.0 100.0 83.3 
N=2 N=3 N=0 N=1 N=6 

L-HAND 33.3 50.0 16.7 31.6 
28.6 60.0 16.7 

Totals N=7 N=5 N=1 N=6 N=iy 

36.8 26.3 5.3 31.6 100.0 
LiklilicxKl Ratio: Value=3.18626: DF=3: Signiricance=.3637y 



196 

Maximum Length of the First Metacarpal 

Table E-45: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Length of the First Metacarpal of 
Adjusted Data 

WRONG CORRECT Totals 

N=l N=5 N=6 

R-HAND 16.7 83.3 100.0 
100.0 100.0 
N=0 N=0 N=0 

L-FIAND 

Toiiils N=I N=5 N=6 

16.7 83.3 100.0 

Table E-46: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Length of First Metacarpal of All Data 

WRONG ERROR ERROR CORRECT Tolal.s 
WRONG CORRECT 

N=1 N=1.S N=6 N=5 N=27 

R-HAND 3.7 55.6 22.2 18.5 77.1 
100.0 68.2 85.7 100.0 
N=0 N=7 N=1 N=0 N=8 

L-MAND 87.5 12.5 22.9 
31.8 14.3 

Total.s N=I N=22 N=7 N=5 N=35 

2.9 62.9 20.0 14.3 1(K).0 
Liklilicxxl Ratio: Value= 4.36486; DB=.3; Signiric:incc=.22467 

Table E-47: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Length of First Metacarpal of All Male 
Data 

WRONG Eiy^OR ERROR CORRECr TiUiil.s 
WRONG CORRECT 

N=0 N=8 N=3 N=3 N=14 

R-HAND 57.1 21.4 21.4 82.4 
72.7 100.0 100.0 

N=0 N=3 N=0 N=0 N=3 

L-HAND 100.0 17.6 
27.3 

Touil.s N=0 N=ll N=3 N=3 N=17 

64.7 17.6 17.6 1(X).0 

LiklihiKXl RxUio: V;ilue=2.y5302: DF=2; SigiiifiGuice=.22843 



Table E-48: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Maximum Length of First Metacarpal of All 
Female Data 

WRONG ERROR ERROR CORRECT TotaLs 
WRONG CORRECT 

N=1 N=7 N=3 N=2 N=13 

R-HAND 7.7 53.8 23.1 15.4 72.2 
100.0 63.6 75.0 100.0 
N=0 N=4 N=1 N=0 N=5 

L-HAND 80.0 20.0 27.8 
36.4 25.0 

Total.s N=1 N=ll N=4 N=2 N=18 

5.6 61.1 22.2 11.1 100.0 
LiklUuKKJ Riitio: Valuc= 2..35104; DF^3; Signific:uice=.50281 

First Metacarpal Head Breadth 

Table E-49: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for First Metacarpal Head Breadth of Ad justed Data 

WRONG CORRECT Totals 

N=3 N=12 N=15 

R-HAND 20.0 80.0 75.0 
50.0 85.7 
N=3 N=2 N=5 

L-HAND 60.0 40.0 25.0 
50.0 14.3 

Total.s N=6 N=14 N=20 

30.0 70.0 100.0 
Liklihixxl Ratio; V:iluc= 2.69238; DF=r. Signifiainces. 10083 

Table E-.5(): Frequency of Wrong vs. Correct Direction of Asymmetry Relative lo 
Reported Handedness for First Metacarpal Head Breadth of All Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=3 N=13 N=0 N=12 N=28 

R-HAND 10.7 46.4 42.y 75.7 
50.0 76.5 85.7 
N=3 N=4 N=0 N=2 N=y 

L-HAND 33.3 44.4 22.2 24.3 
.50.0 23.5 14.3 

Total-s N=6 N=17 N=0 N=14 N=37 

16.2 45.y .37.8 100.0 
Likliluxxl Ratio: V:iluc= 2.70319; DF=2; Si}jnifiaiiice=.2.S883 
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Table E-51: Frequency ot'Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness tor First Metacarpal Head Breadth of All Male Data 

WRONG ERROR ERROR CORRECT Tolal.s 
WRONG CORRECT 

N=3 N=7 N=0 N=4 N=14 

R-HAND 21.4 50.0 28.6 77.8 
75.0 70.0 100.0 
N=I N=3 N=0 N=0 N=4 

L-HAND 25.0 75.0 22.2 
25.0 30.0 

Total.s N=4 N=10 N=0 N=4 N=i8 

22.2 55.6 22.2 1(X).0 
Liklilicxxl Riuio: V:iluc=2.35.346: DF=2: Signitic:uice=.3082y 

Table E-52; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for First Metacarpal Head Breadth of All Female Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=0 N=6 N=0 N=8 N=14 

R-HAND 42.9 57.1 73.7 
85.7 80.0 

N=2 N=1 N=0 N=2 N=5 

L-HAND 40.0 20.0 40.0 26.3 
100.0 14.3 20.0 

Toial-s N=2 N=7 N=0 N=IO N=1'J 

10.5 .36.8 52.6 1(K).() 

Likliluxxl Riitio: V£ilue=6.15102; DF=2; Signifiauice=.04617 

Combined Cortical Thickness of the Humerus 

Table E-53: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Combined Cortical Thickness of Humerus of 
Adjusted Data 

WRONG CORl^Cr Total.s 

N=:8 N=6 N=14 

R-HAND 57.1 42.9 73.7 
72.7 75.0 
N=3 N=2 N=5 

L-HAND 60.0 40.0 26.3 
27.3 25.0 

Total.s N=1I N=8 N=19 
57.y 42.1 100.0 

LikliluxxJ RaCio; V;iluc=.()l238; DF=l; Sigmllauicc=.y 1141 
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Table E-54: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Combined Cortical Thickness of Humerus of All 
Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=8 N=4 N=4 N=6 N=22 

R-HAND 36.4 18.2 18.2 27.3 81.5 
72.7 100.0 100.0 75.0 
N=3 N=0 N=0 N=2 N=5 

L-HAND 60.0 40.0 18.5 
27.3 25.0 

Totals N=ll N=4 N=4 N=8 N=27 

40.7 14.8 14,8 29.6 1(K),{) 

Liklih(xxl Ratio: VaJue=3.y8662; DF=3: Signiricance=.262y 1 

Table E-55: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Combined Cortical Thickness of Humerus of All 
Male Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=5 N=2 N=2 N=2 N=n 

R-HAND 45.5 18.2 18.2 18.2 78.6 
83.3 100.0 100.0 50.0 
N=1 N=0 N=0 N=2 N=3 

L-HAND 33.3 66.7 21.4 
16.7 50.0 

Totals N=6 N=2 N=2 N=4 Z
 

II 
42.9 14.3 14.3 28.6 100.0 

Likiiluxxl Riuio: Value=3.3y632: DF=3; Significaiice=.30848 

Table E-56: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reponed Handedness for Combined Cortical Thickness of Humerus of All 
Female Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=3 N=2 N=2 N=4 N=ll 

R-HAND 27.3 18.2 18.2 36.4 84.6 
60.0 100.0 100.0 100.0 
N=2 N=0 N=0 N=0 N=2 

L-HAND 100.0 15.4 
40.0 

Totals N=5 N=2 N=2 N=4 N=13 

38.5 15.4 15.4 30.8 100.0 



2(K) 

Combined Cortical Thickness of the Radius 

Table E-57; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Combined Cortical Thickness of Radius of 
Adjusted Data 

WRONG CORRECT Totals 

N=12 N=ll N=23 

R-HAND 52.2 47.8 71.9 
66.7 78.6 
N=6 N=3 N=9 

L-HAND 66.7 33.3 28.1 
33.3 21.4 

Totals N=18 N=14 N=32 

56.3 43.8 100.0 
Liklih(xxl Ratio; Value=.56158;DF=l; Significancc=.45363 

Table E-58: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Combined Cortical Thickness of Radius of All 
Data 

WRONG ERliOR ERROR CORRECr TotaLs 
WRONG CORRECT 

N=12 N=6 N=0 N=ll N=29 

R-IIAND 41.4 20.7 37.9 74.4 
66.7 100.0 78.6 
N=6 N=0 N=1 N=3 N=10 

L-HAND 60.0 10.0 30.0 25.6 
33.3 100.0 21.4 

Total.s N=18 N=6 N=1 N=14 N=39 
46.2 15.4 2.6 35.9 1(K).0 

Likliluxxl Ratio: Value= 6.'J4020; DF=3: Significance=.0738.3 

Table E-.'iy: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Combined Cortical Thickness of Radius of All 
Male Data 

WRONG ERROR ERROR CORRECT TtHal.s 
WRONG CORRECT 

N=7 N=3 N=0 N=4 N=14 
R-HAND 50.0 21.4 28.6 77.8 

77.8 100.0 66.7 
N=2 N=0 N=0 N=2 N=4 

L-HAND 50.0 30.0 22.2 
22.2 33.3 

Total.s N=9 N=3 N=0 N=6 N=18 
50.0 16.7 33.3 100.0 

LikliluxKi Ratio: Valuc= i.Xy6-'54: DF=2: Sigiiiliauicc= .38741 
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Table E-60: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reponed Handedness for Combined Conical Thickness of Radius of All 
Female Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=5 N=3 N=0 N=7 N=15 

R-HAND 33.3 20.0 46.7 71.4 
55.6 100.0 87.5 
N=4 N=0 N=1 N=1 N=6 

L-HAND 66.7 16.7 16.7 28.6 
44.4 100.0 12.5 

Total.s N=9 N=3 N=1 N=8 N=21 

42.9 14.3 4.8 .38.1 100.0 
LiklihtxxJ R^itio; Value= 6.7.336'J; DF=3; Signiricajice= .0808y 

Combined Cortical Thickness of the Ulna 

Table E-61: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reponed Handedness for Combined Conical Thickness of Ulna of Ad justed 
Data 

WRONG CORRECT Total.s 

N=10 N=8 N=18 

R-HAND 55.6 44.4 85.7 
83.3 88.9 
N=2 N=1 N=3 

L-HAND 66.7 33.3 14.3 
16.7 11.1 

Totals N=12 N=9 N=21 

57.1 42.9 100.0 
LiJclihood Ratio: Value= .13244; DF=I; Significance= .71.*592 

Table E-62: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reponed Handedness for Combined Conical Thickness of Ulna of All Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=10 N=3 N=2 N=8 N=23 

R-HAND 43.5 13.0 8.7 .34.8 85.2 
83.3 100.0 66.7 88.9 
N=2 N=0 N=1 N=1 N=4 

L-HAND 50.0 25.0 25.0 14.8 
16.7 33.3 11.1 

Totals N=12 N=3 N=3 N=9 N=27 

44.4 11.1 11.1 33.3 1(K).0 
Liklihixxl Ratio: Value= 1.740.'>7: DF=3: Significance= .62795 
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Table E-63: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Combined Cortical Thickness of Ulna of All Male 
Data 

WRONG ERROR ERROR CORRECT TotJil.s 
WRONG CORRECT 

N=5 N=2 N=1 N=4 N=12 

R-HAND 41.7 16.7 8.3 33.3 80.0 
83.3 100.0 50.0 80.0 
N=l N=0 N=l N=l N=3 

L-HAND 33.3 33.3 33.3 20.0 
16.7 50.0 20.0 

Total.s N=6 N=2 N=2 N=5 N=15 

40.0 13.3 13.3 33.3 UX).0 
LiklihcxxJ Ralio: Value= 1.82872: DF=.^; Signiricancc=.60870 

Table E-64: Frequency of Wrong v.s. Correct Direction of A.symmetry Relative lu 
Reported Handedness for Combined Cortical Thickness of Ulna of All 
Female Data 

WRONG ERROR ERROR CORRECT Tc)tal.s 
WRONG CORRECT 

N=5 N=1 N=1 N=4 N=ll 

R-HAND 45.5 9.1 9.1 36.4 91.7 
83.3 100.0 100.0 lOG.O 
N=l N=0 N=0 N=0 N=I 

L-HAND 100.0 8.3 
16.7 

Tolal.s N=6 N=1 N=I N=4 N=12 

50.0 8.3 8.3 33.3 1(X).0 
Liklihcxxl Ratio: Value=1.477.^.^: DF=.^; Signiriciu)ce=.68751 

Combined Cortical Thickness of the First Metacarpal 

Table E-6.S: Frequency of Wrong vs. Correct Direction ol" Asymmetry Relative to 
Reported Handedness for Combined Cortical Thickness of First Metacarpal 
of Adjusted Data 

WRONG CORRECT Taial.s 

N=10 N=8 N=18 
R-HAND 55.6 44.4 85.7 

76.9 100.0 
N=3 N=0 N=3 

L-HAND 100.0 14.3 
23.1 

TotaLs N=13 N=8 N=21 

61.9 .38.1 100.0 
LiklihcKKl Riuio; Vuluc= .^.17^58; DF=1: SigniHaince= .07456 
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Table E-66: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Combined Conical Thickness of First Metacarpal 
of All Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=IO N=2 N=3 N=8 N=23 

R-HAND 43.5 8.7 13.0 34.8 85.2 
76.9 100.0 75.0 100.0 
N=3 N=0 N=1 N=0 N=4 

L-HAND 75.0 25.0 14.x 
23.1 25.0 

Ti)ial.s N=13 N=2 N=4 N=8 N=27 

48.1 7.4 14.8 29.6 100.0 
LiklilKxxl Rjilio: Valuc=4.l0811; DF=3; Signiric:uice=.25002 

Table E-67: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Combined Conical Thickness of First Metacarpal 
of All Male Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=4 N=2 N=1 N=5 N=12 

R-HAND 33.3 16.7 8.3 41.7 85.7 
66.7 100.0 100.0 100.0 
N=2 N=0 N=0 N=0 N=2 

L-HAND 100.0 14.3 
33.3 

Total.s N=6 N=2 N=1 N=5 N=14 

42.9 14.3 7.1 35.7 100.0 
Likliluxxl Rxitio: Value=3.845(W; DF=3; Signifiauice= .27X69 

Table E-68; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reponed Handedness for Combined Conical Thickness of First Metacarpal 

of All Female Data 

WRONG ERROR EliROR coi^cr Totals 
WRONG CORRECT 

N=6 N=0 N=2 N=3 N=ll 

R-HAND 54.5 18.2 27.3 84.6 
85.7 66.7 100.0 
N=1 N=0 N=1 N=() N=2 

L-HAND 50.0 50.0 15.4 
14.3 33.3 

Totals N=7 N=0 N=3 N=3 N=13 
53.8 23.1 2.3.1 1(K).() 

LikliluxKl R:uio; V;iluc=1.60169-, DF=2; Signinc:mce=.448y5 



Surface Area of the Humeral Head 

Table E-69: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Humeral Head of Adjusted Data 

WRONG CORRECT Total.s 

N=5 N=6 N=ll 

R-HAND 45.5 54.5 73.3 
55.6 100.0 
N=4 N=0 N=4 

L-HAND lOO.O 26.7 
44.4 

TotaLs N=9 N=6 N=15 

60.0 40.0 100.0 
LiklUicxxl Ratio: VaJue=5.03215; DF=1; Significances .02488 

Table E-70: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Humeral Head of All Data 

WRONG ERROR ERROR CORRECT TtUal.s 
WRONG CORRECT 

N=5 N=5 N=12 N=6 N=28 

R-HAND i7.y i7.y 42.9 21.4 75.7 
55.6 7L.4 80.0 lOG.O 
N=4 N=2 N=3 N=0 N=9 

L-HAND 44.4 22.2 33.3 24.3 
44.4 28.6 20.0 

Totals N=9 N=7 N=15 N=6 N=37 

24.3 i8.y 40.5 16.2 I(H).0 
LiiclihcxKl Ratio: Vcilue=5..30127; DF=3; Signific;mce= .15102 

Table E-71; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Humeral Head of All Male Data 

WRONG EliROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=2 N=2 N=6 N=4 N=14 

R-HAND 14.3 14.3 42.9 28.6 77.8 
50.0 66.7 85.7 100.0 
N=2 N=1 N=l N=0 N=4 

L-HAND 50.0 25.0 25.0 22.2 
50.0 33.3 14.3 

Total.s N=4 N=3 N=7 N=4 N=18 

22.2 16.7 38.9 22.2 1(K).0 
LikiilKxxl Ratio: V!iluc= .3.96.353: DF=3: Signiricuicc=.26543 
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Table E-72; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Humeral Head of All Female Data 

WRONG ERROR ERROR CORRECT ToiiiLs 
WRONG CORRECT 

N=3 N=3 N=6 N=2 N=14 

R-HAND 21.4 21.4 42.9 14.3 73.7 
60.0 75.0 75.0 100.0 
N=2 N=1 N=2 N=0 N=5 

L-HAND 40.0 20.0 40.0 26.3 
40.0 25.0 25.0 

TotaLs N=5 N=4 N=8 N=2 N=19 

26.3 21.1 42.1 10.5 100.0 
Liklihcxxl R;itio; Value= 1.67454; DF=3; Significance= .64261 

Surface Area of the Distal Condyle of the Humerus 

Table E-73: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Humeral Distal Condyle of 
Adjusted Data 

WRONG CORl^ECT Totals 

N=6 N=9 N=15 

R-HAND 40.0 60.0 65.2 
50.0 81.8 
N=6 N=2 N=8 

L-HAND 75.0 25.0 34.8 
50.0 18.2 

Toial.s N=12 N=ll N=23 

52.2 47.8 100.0 
LikliluxxJ RiUio: V:iJue=2.65357; DF=1: Significancc=. 10332 

Table E-74; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Humeral Distal Condyle of AH 
Data 

WRONG ERROR ERROR CORRECT Toiai.s 
WRONG CORRECT 

N=6 N=5 N=9 N=9 N=29 

R-HAND 20.7 17.2 31.0 31.0 74.4 
50.0 71.4 100.0 81.8 
N=6 N=2 N=0 N=2 N=10 

L-HAND 60.0 20.0 20.0 25.6 
50.0 28.6 18.2 

Totals N=12 N=7 N=9 N=ll N=39 

30.8 17.9 23.1 28.2 HK).0 
Likliiuxxl Ratio: VjiJue=8.%058: DF=3; Signiriaince= .02982 
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Table E-75: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Humeral Distal Condyle of All 
Male Data 

WRONG ERROR ERROR CORREC^r Ti)lai.s 
WRONG CORRECT 

N=5 N=I N=3 N=5 N=14 

R-HAND 35.7 7.1 21.4 35.7 77.8 
71.4 33.3 100.0 100.0 
N=2 N=2 N=0 N=0 N=4 

L-HAND 50.0 50.0 22.2 
28.6 66.7 

Total."? N=7 N=3 N=3 N=5 N=18 

38.9 16.7 16.7 27.8 l(H).0 
Likliluxxl Rxilio: Value=6.87456; DF=3; Signifiaince= .07600 

Table E-76; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Humeral Distal Condyle of All 
Female Data 

WRONG ERROR ERROR CORRECT Tinal.s 
WRONG CORRECT 

N=1 N=4 N=6 N=4 N=15 

R-HAND 6.7 26.7 40.0 26.7 71.4 
20.0 100.0 100.0 66.7 
N=4 N=() N=0 N=2 N=6 

L-HAND 66.7 33.3 28.6 
80.0 33.3 

Tutal.s N=5 N=:4 N=6 N=6 N=21 

23.8 19.0 28.6 28.6 100.0 
Liklihocxl Riilio; Value= 12.48513; DF=3; Signifiamce=.00589 

Surface Area of the Radial Head 

Table E-77: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Radial Head of Adjusted Data 

WRONG CORRECT TotaLs 

N=8 N=ll N=19 

R-HAND 42.1 57.9 73.1 
66.7 78.6 
N=4 N=3 N=7 

L-HAND 57.1 42.9 26.9 
33.3 21.4 

Total.s N=12 N=14 N=26 
46.2 53.8 lOO.O 

LikliliixxJ Ralio: V;iluc= .46.502: DF=1: Sij:nincuice=.4y.S2y 



Table E-78: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Radial Head of All Data 

WRONG ERROR 
WONG 

ERROR 
CORRECT 

CORRECT Totiil.s 

N=8 N=3 N=5 N=ll N=27 

R-HAND 29.6 11.1 18.5 40.7 73.0 
66.7 75.0 71.4 78.6 
N=4 N=1 N=2 N=3 N=10 

L-HAND 40.0 10.0 20.0 30.0 27.0 
33.3 25.0 28.6 21.4 

Totals N=12 N=4 N=7 N=14 N=37 

32.4 10.8 18.9 37.8 lOO.O 
LiJcliluxxJ Rjuio: V;ilue=.482(X); DF=3; Significaiicc=.92283 

Table E-79: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Radial Head of All Male Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=3 N=l N=5 N=4 N=13 

R-HAND 23.1 7.7 38.5 30.8 76.5 
50.0 100.0 100.0 80.0 
N=3 N=0 N=0 N=1 N=4 

L-HAND 75.0 25.0 23.5 
50.0 20.0 

TotaLs N=6 N^l N=5 N=5 N=17 

35.3 5.9 29.4 29.4 100.0 
LiklihocKl Ratio; V:iJue=5.22842; DF=3: Significance=. 15581 

Table E-8(); Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Radial Head of All Female Data 

WRONG ERROR ERROR CORRECT Tt)tal.s 
WRONG CORRECT 

N=5 N=2 N=0 N=7 Z
 

II 

R-HAND 35.7 14.3 50.0 70.0 
83.3 66.7 77.8 
N=1 N=1 N=2 N=2 N=6 

L-HAND 16.7 16.7 33.3 33.3 30.0 
16.7 33.3 100.0 22.2 

TotaLs N=6 Z
 

II N=2 N=9 N=20 

30.0 15.0 10.0 45.0 1(K).() 
Likliluxxl Ralio: VnJue=5.674()4: DF=3; Signifiauice=. 12859 



Surface Area of the Distal Radius 

Table E-81: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Distal Radius of Adjusted Data 

WRONG CORRECT Total.s 

N=8 N=10 N=I8 

R-HAND 44.4 55.6 72.0 
80.0 66.7 
N=2 N=5 N=7 

L-HAND 28.6 71.4 28.0 
20.0 33.3 

Totals N=10 N=15 N=25 

40.0 60.0 100.0 
Liklihcxxl Ratio: Vjiluc=.544iy; DF=1: Significance=.46070 

Table E-82; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Distal Radius of All Data 

WRONG El^OR ERROR CORRECT Totals 
WRONG CORRECT 

N=8 N=4 N=7 N=10 N=29 

R-HAND 27.6 13.8 24.1 34.5 74.4 
80.0 57.1 100.0 66.7 
N=2 N=3 N=0 N=5 N=10 

L-HAND 20.0 30.0 50.0 25.6 
20.0 42.9 33.3 

Totals N=10 N=7 N=7 N=15 N=39 

25.6 17.9 17.9 38.5 100.0 
Likliluxxl Rjitio: V:ilue=5.73876; DF=3; Signilic:aiice=. 12504 

Table E-83: Frequency of Wrong vs. Coirect Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Distal Radius of All Male Data 

WRONG ERROR ERROR CORRECT Totals 
WRONG CORRECT 

N=3 N=2 N=1 N=8 N=14 

R-HAND 21.4 14.3 7.1 57.1 77.8 
75.0 50.0 100.0 88.9 
N=1 N=2 N=0 N=1 N=4 

L-HAND 25.0 50.0 25.0 22.2 
25.0 50.0 11.1 

Totals N=4 N=4 N=1 N=9 N=1S 

22.2 22.2 5.6 50.0 1(M).() 
LiklUuxKl Riiiio; Viilue=17465y; DF=3; Signilicance=.43237 



Table E-84: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Distal Radius of All Female Data 

WRONG ERROR ERROR CORRECT Total-s 
WRONG CORRECT 

N=5 N=2 N=6 N=2 N=15 

R-HAND 33.3 13.3 40.0 13.3 71.4 
83.3 66.7 100.0 33.3 
N=1 N=1 N=0 N=4 N=6 

L-HAND 16.7 16.7 66.7 28.6 
16.7 33.3 66.7 

ToUiJ.s N=6 N=3 N=6 N=6 N=21 

28.6 14.3 28.6 28.6 100.0 
LiJcliluxKl Riitio: V:ilue=8.263.^3; DFs.l: Signinc:uice=.()4087 

Surface Area of the Proximal Ulna 

Table E-85: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Frox. Ulna of Adjusted Data 

WRONG CORRECT Toial.s 

N=6 N=7 N=13 

R-HAND 46.2 53.8 68.4 
54.5 87.5 87.5 
N=5 N=1 N=6 

L-HAND 83.3 16.7 31.6 
45.5 12.5 

Total.s N=ll N=8 N=19 

57.9 42.1 100.0 
LiklLlicxxl RiUio: Value=2.512.'<6; DF=1; Significance=.l 12% 

Table E-86: Frequency of Wrong vs. Coaect Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Frox. Ulna of All Data 

WRONG EWiOR ERROR CORRECT Totiil.s 
WRONG CORRECT 

N=6 N=5 N=ll N=7 N=:29 

R-HAND 20.7 17.2 37.9 24.1 74.4 
54.5 62.5 91.7 87.5 
N=5 N=3 N=1 N=1 N=10 

L-HAND 50.0 30.0 10.0 10.0 25.6 
45.5 37.5 8.3 12.5 

Total.s N=ll N=8 N=I2 N=8 N=3y 

28.2 20.5 30.8 20.5 1(K).0 
Liklihixxl Ratio: Valuc=5.74735; DF=3; Signitlauice=.124.'^7 
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Table E-87: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Prox. Ulna of All Male Data 

WRONG ERROR ERROR CORREC Totals 
WRONG CORRECT T 

N=2 N=2 N=7 N=3 N=14 

R-HAND 14.3 14.3 50.0 21.4 77.8 
50.0 50.0 100.0 100.0 
N=2 N=2 N=0 N=0 N=4 

L-HAND 50.0 50.0 22 2 
50.0 50.0 

Total.s N=4 N=4 N=7 N=3 N=18 

22.2 22.2 38.9 16.7 100.0 
LikliluxxJ Ratio: Value= 7.97907; DF=3; Significance=.04645 

Table E-88: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of Prox. Ulna of All Female Data 

WRONG ERROR ERROR CORRECT TotaLs 
WRONG CORRECT 

N=4 N=3 N=4 N=4 N=15 

R-HAND 26.7 20.0 26.7 26.7 71.4 
57.1 75.0 80.0 80.0 
N=3 N=1 N=1 N=1 N=6 

L-HAND 50.0 16.7 16.7 16.7 28.6 
42.9 25.0 20.0 20.0 

Total.s N=7 N=4 N=5 N=5 N=21 

33.3 19.0 23.8 23.8 1(K).0 
Liklihcxxi Ratio: Valuc=1.0.'5y88: DF=3: Significince=.78677 

Surface Area of the First Metacarpal Base 

Table E-89: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of First Metacarpal Base of Adjusted 
Data 

WRONG CORRECT Total-s 

N=10 N=y N=19 

R-HAND 52.6 47.4 86.4 
90.9 81.8 
N=1 N=2 N=3 

L-HAND 33.3 66.7 13.6 
9.1 18.2 

Total.s N=I1 N=ll N=22 
50.0 50.0 100.0 

LikliluxxJ Ratio; VjLlue=..39246: DF=1; Sigiiiiicance=.53lOl 
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Table E-90: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of First Metacarpal Base of All Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=10 N=3 N=4 N=9 N=26 

R-HAND 38.5 11.5 15.4 34.6 76.5 
90.'J .50.0 66.7 81.8 
N=1 N=3 N=2 N=2 N=8 

L-HAND 12.5 37.5 25.0 25.0 23.5 
9.1 50.0 33.3 18.2 

Totals N=ll N=6 N=6 N=ll N=34 

32.4 17.6 17.6 32.4 100.0 
LiklihcKKl Ratio: Value=4.01144; DF=3; Signiricance=.26023 

Table E-91: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of First Metacarpal Base of All Male 
Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=6 N=1 N=3 N=4 N=14 

R-HAND 42.9 7.1 21.4 28.6 82.4 
100.0 50.0 75.0 80.0 
N=0 N=1 N=1 N=1 N=3 

L-HAND 33.3 33.3 33.3 17.6 
50.0 25.0 20.0 

Totals N=6 Z
 

II
 

to
 

N=4 N=5 N=17 

.35.3 11.8 23.5 29.4 1(K).0 

LiklilicKxJ Riiiio: Viiluc=3.36868; DF=3: Signifiauice=.31196 

Table E-92; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of First Metacarpal Ba.se of All 
Female Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=4 N=2 N=1 N=5 N=12 

R-HAND 33.3 16.7 8.3 41.7 70.6 
80.0 50.0 50.0 83.3 
N=l N=2 N=1 N=1 N=5 

L-HAND 20.0 40.0 20.0 20.0 29.4 
20.0 50.0 50.0 16.7 

Total.s N=5 N=4 N=2 N=6 N=17 

29.4 23.5 11.8 .35.3 1(H).0 

Liklihixxl Ralio: V:iluc= 1.86859; DF=3: Signiricaiice=.6(X)12 



Surface Area of First Metacarpal Head 

Table E-93; Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of First Metacarpal Head of 
Adjusted Data 

WRONG CORRECT Totals 

N=5 N=14 N=19 

R-HAND 26.3 73.7 76.0 
62.5 82.4 
N=3 N=3 N=6 

L-IIAND 50.0 .50.0 24.0 
37.5 17.6 

Totals N=8 N=17 N=25 

32.0 68.0 100.0 
Likiihcxxl Raiio: V;due=l.12501; DF=I; Signilicance=.28884 

Table E-94; Frequency of Wrong vs. Correct Direction of Asymmetry Relative lo 
Reported Handedness for Surface Area of First Metacarpal Head of All Data 

WRONG ERROR ERROR CORRECT Totals 
WliONG CORRECT 

N=5 N=5 N=5 N=14 N=2y 

R-IIAND 17.2 17.2 17.2 48.3 76.3 
62.5 83.3 71.4 82.4 
N=3 N=1 N=2 N=3 N=9 

L-HAND 33.3 11.1 22.2 33.3 23.7 
37.5 16.7 28.6 17.6 

Totals N=8 N=6 N=7 N=17 N=38 
21.1 15.8 18.4 44.7 100.0 IJ.O lO.H 'tH.t 

Likiihcxxl Ratio: Value=l.39185; DF=3; Significance=.70745 

Table E-95: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of First Metacarpal Head of All 
Male Data 

WRONG ERROR ERROR CORRECT Tirtals 
WRONG CORRECT 

N=3 It Z
 N=2 N=7 N=14 

R-HAND 21.4 14.3 14.3 50.0 77.8 
75.0 66.7 100.0 77.8 
N=1 N=1 N=0 N=2 N=4 

L-HAND 25.0 25.0 50.0 22.2 
25.0 33.3 22.2 

Totals N=4 N=3 N=2 N=9 N=i8 

22.2 16.7 11.1 50.0 1(K).() 

LikliluxxJ Ratio: V:ilue=1.216'J5: DF=3: Signiricaiicc=.748y4 



Table E-96: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Surface Area of First Metacarpal Head of All 
Female Data 

WRONG ERROR ERROR CORRECT Total.s 
WRONG CORRECT 

N=2 N=3 N=3 N=7 N=15 

R-HAND 13.3 20.0 20.0 46.7 75.0 
50.0 100.0 60.0 87.5 
N=2 N=0 N=2 N=1 N=5 

L-HAND 40.0 40.0 20.0 25/0 
50.0 40.0 12.5 

Totals N=4 N=3 N=5 N=8 N=20 

20.0 15.0 25.0 40.0 100.0 
Likliiuxxl Ratio: Value=4.18979; DF= 3; Significance=.24I69 

Osteoarthritis of the Shoulder Joint 

Table E-97: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Osteoarthritis of Shoulder Joint of All Data 

- 1 Nt) +1 Total-s 
Point Difference Point 
N=3 N=4 N=2 N=9 

R-HAND 33.3 44.4 22.2 81.8 
75.0 80.0 100.0 
N=1 N=1 N=0 N=2 

L-HAND .50.0 50.0 18.2 
25.0 20.0 

Total.s N=4 N=5 N=2 N=n 

36.4 45.5 18.2 100.0 
LikliljcxxJ Riiiio: Viiluc=.y2836; DF=2; Signifiauice=.62865 

Osteoarthritis of the Elbow Joint 

Table E-98 Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Osteoarthritis of Elbow Joint of All Data 

-6 .2 -1 No + 1 +2 +3 + 10 
Points Points Point Difference Point Points Points Points 
N=1 N=1 N=1 N=7 N=2 N=2 N=1 N=2 

R-HAND 5.9 5.9 5.9 41.2 11.8 11.8 5.9 11.8 
100.0 100.0 33.3 87.5 50.0 100.0 100.0 lOO.O 
N=0 N=0 N=2 N=1 N=2 N=0 N=0 N=() 

L-HAND 40.0 20.0 40.0 
66.7 12.5 50.0 

Total.s N=1 N=1 N=3 N=8 N=4 N=2 N=1 N=2 

4.5 4.5 13.6 36.4 18.2 9.1 4.5 9.1 
LikliJKKKl Ratio: Value=8.18965; DB=7; Sigiufiauice=.31617 
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Osteoarthritis of the Wrist Joint 

Table E-99: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Osteoarthritis of the Wrist Joint of All Data 

.2 No +1 +2 Total.s 
Points Difference Point Points 
N=2 N=5 N=3 N=1 N=ll 

R-HAND 18.2 45.5 27.3 9.1 78.6 
100.0 71.4 75.0 100.0 
N=0 N=2 N=1 N=0 N=3 

L-HAND 66.7 33.3 21.4 
28.6 25.0 

Total.s N=2 N=7 N=4 N=1 N=14 

14.3 50.0 28.6 7.1 l(K).0 
LiklihcKKl Ratio; Valuc= 1.67378; DF=3; Signillcaiice= .64278 

Osteoarthritis of the Joints of the First Metacarpal 

Table E-lOO: Frequency of Wrong vs. Correct Direction of Asymmetry Relative to 
Reported Handedness for Osteoarthritis of the Joints of the First Metacarpal 
of AH Data 

-5 Pt.s. -3 Pts. -2 PLS. -I Pt. No +.5 Pt. + 1 R. +2 as. +3 Pt.s. 
Diff. 

N=0 

r
l
 II 2

 N=1 N=6 N=5 N=1 N=4 N=3 N=0 

R-HAND 9.1 4.5 27.3 22.7 4.5 18.2 13.6 
100.0 100.0 100.0 71.4 100.0 80.0 100.0 

N=1 N=0 N=0 N=0 N=2 N=0 N=l N=() N=1 

L-HAND 20.0 40.0 20.0 20.0 
100.0 28.6 20.0 1(X).0 

Totals N=1 N=2 N=1 N=6 N=7 N=1 N=5 N=3 N=1 

3.7 7.4 3.7 22.2 25.9 3.7 18.5 11.1 3.7 
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