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Abstract

This research began to establish alternate possible means for determining the 

biological affinity for fragmented skeletal remains between geographically disparate 

populations, specifically American-Caucasians and Southeast Asians. The goal is to 

determine the feasibility of developing a method that may be used in the field to 

differentiate the remains of U.S. servicemen from people of Southeast Asia. This 

technique is based upon differences in bone histomorphometric variables. The variables 

used in this research are the osteon area (On.Ar), Haversian canal area (H.Ar), and osteon 

population density (OPD).

The conclusions reached in this research suggest that differences exist on the 

population level among these two populations. Histomorphometric differences occur 

within mean Haversian canal area measurements and osteon population densities. 

However, it is not possible to discern which variables are principally accountable for the 

differences.
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Chapter 1. Introduction

This research explores possible means for determining biological racial affinity1 

for fragmented skeletal remains. The intention of the research is two-fold. The broader 

objective is to determine the extent (if any) of histomorphometric variation that exists 

between racial populations and, if so, to provide baseline data for the comparison of 

populations. Such information has applications in physical anthropology, paleopathology, 

and forensics, as well as in clinical settings. The specific goal of this research is to 

develop a method that can be used in the field to differentiate the remains of U.S. 

servicemen2 and Southeast Asians, thereby eliminating the need to return remains to the 

United States for the determination of group affinity through DNA analysis. Ultimately, 

this will save the U.S. Military both time and money. This method can be utilized in the 

field with minimal laboratory support. It is a relatively quick and easy procedure that can 

be performed with minimal training.

Background

The U.S. Military, through the Central Identification Laboratory in Honolulu, 

Hawai’i (CILHI) is undertaking efforts to recover U.S. personnel lost in arenas of 

previous engagement. As of March 1992, 2,267 American military personnel were still 

unaccounted for from the Vietnam War in Southeast Asia. One thousand and ninety five 

of these Americans are classified as KIA-BNR or “killed in action and body not

1 The term “racial affinity” is used as defined by the AAPA Statement on Biological Aspects of Race in the 
American Journal of Physical Anthropology 101:569-570 (1996). This states that all humans are of the 
same species and that “pure races” do not exist but there are biological differences between human 
populations and that “[g]enetic differences between populations commonly consist of differences in the 
frequency of all inherited traits, including those that are environmentally malleable (p.569)”
2 Specifically the Caucasoid portion of the U.S. Military



recovered”. There has been an ongoing effort to recover as many of these KIA-BNRs as 

possible. The remains of hundreds of American servicemen and women have been taken 

to CILHI, and many have been successfully identified to the individual through 

anthropologic, odontologic, and DNA analysis (Holland et al., 1993).

However, there many sets of remains for which identification is not possible, 

because many anthropologic, odontologic, and DNA techniques can only be performed 

when bony remains retain diagnostic morphological landmarks, complete or nearly 

complete dentition, or bone preservation that allows for DNA extraction. Often the 

remains are fragmented and/or incomplete, and because many of the associated material 

items are scavenged, these techniques are not always suitable; thus, it is not possible to 

identify the biological affiliation of the remains, much less the identity of the individual.

An added problem is that, in recent years, there has been a vast increase in “bone 

dealing” in Vietnam. Many rural Vietnamese citizens have been led to believe that the 

return of the remains of American servicemen may be rewarded with remuneration or 

relocation to America. This has led to a dramatic increase in the number of “remains of 

United States servicemen” being turned in to the Vietnamese Office for Seeking Missing 

Persons (VNOSMP) and to CILHI anthropologists (Mann and Holland, 1999).

Over 90 percent of the remains turned in by villagers that have been examined by 

CILHI personnel have consisted of a bone fragment or tooth accompanied by a dog tag, 

dog tag rubbing, or some other form of U.S. Army identification. Many of the examples 

consist of a bone fragment that has been fractured or even sawed from a larger bone. The
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informant is willing to lead the investigators to the rest of the remains in exchange for 

remuneration (Mann and Holland, 1999).

The Department of Defense’s 1992 POW/MIA Fact Book states that over 7,400 

such cases have been reported since 1982. Many of the cases can be immediately 

dismissed, as the bones are easily recognizable as non-human, or as belonging to elderly 

individuals, or infants. However those cases that aren’t easily dismissed are investigated 

and, if necessary, the area from which the remains are reported to have come is 

excavated.

If it is decided that a set of remains warrants an excavation, due to a suspicion that 

they are those of an American service member, several steps are taken before excavation 

occurs. Witnesses, if any, are interviewed. The proper military channels are then 

consulted for documentation of American troops/aircraft in the area during the conflict. 

Next, crew preparations are made and an excavation is executed. If any remains are 

recovered, they are sent to CILHI to determine whether they belong to an American, and 

to attempt individual identification.

CILHI excavations may be treacherous, and are often complicated by “extreme 

environmental (e.g., unexploded ordnance, extreme temperatures, monsoons, typhoons, 

flooding, poisonous reptiles and insects), biological (e.g., the ever-present risk of fungal, 

parasitic, and infectious diseases, and unsanitary living conditions), and physical and 

geographic (e.g., rugged mountainous terrain and dense jungle) hazards” (Hoshower,

1998). It may take considerable effort to locate the human remains in situations of 

clandestine burial (when KIA extractions were impossible), or if the remains are scattered
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over a large area. In the case of airplane crashes, excavations may descend 3.5 m or more 

below the surface before sterile soil is encountered (Webster, 1998). Clearly it is a costly, 

and an often-dangerous endeavor to find, excavate, identify, and repatriate American 

MIA remains. Accurate determination of the biological affinity of the remains that are 

first encountered by CILHI personnel will ensure that only necessary excavations are 

undertaken.

However, often no diagnostic landmarks are present on the small, solitary, 

fragments that are examined in the field. Of the many traditional metric and 

morphological methods that are used to assign biological affinity to skeletal material, 

most utilize the midfacial region, cranial outline, and mandibular form (Bass, 1995; 

White, 2000). As one descends to the postcranial skeleton, the methods available for 

assigning biological affinity become less numerous and less definitive (Reichs, 1998). 

Consigning fragments to individuals of American or Southeast Asian descent when there 

is no morphological trait available to determine racial affinity is nearly impossible to do 

in the field given currently available methods. There seems to be a lack of morphological 

or metric procedures that can differentiate the biological affinity of highly fragmented 

remains, although there are several laboratory methods (e.g. trace element, isotope, and 

DNA analysis) that can be used to differentiate American Caucasians and Southeast 

Asians.

Trace element and isotope analyses both offer information about an individual’s 

diet and geographic origin. The quantity of strontium isotopes contained within bone 

originates from two sources: “the amounts naturally available in the local environment,
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and the composition of the diet” (Price, 1998:127). Differences in the strontium level are 

likely to vary 20 to 25 percent within a geographically defined population (Price, 1998). 

However, the two populations considered here have significantly distant points of origin 

and a different enough diet such that strontium levels should be of use in differentiating 

American Caucasians from Southeast Asians.

However, there are several problems in using isotope techniques on 

archaeological skeletal material. The first is that post-depositional chemical alterations 

may affect the levels of strontium contained within the recovered bone, and 

“Investigations of strontium diagenesis in bone have often been contradictory” (Price, 

1998:135). Although KIA-BNR remains have been in or on the ground fewer than 37 

years (1965 marks the arrival of U.S. forces in Vietnam), the effects of jet fuel or 

explosive residue that may have been present may have altered the bones’ chemistry in 

such a way that strontium analysis is unreliable. A second problem is whether the ground 

water would leach out or deposit strontium in bones such that analysis for geographic 

origin would be inaccurate. In addition, it should be considered whether the indigenous 

food and water ingested by American soldiers during their tour(s) of duty would alter 

their original strontium levels. Finally, strontium analysis requires full laboratory support, 

is time-consuming and expensive, and would be impractical in the field.

Another method for the identification of remains is through DNA sequence 

analysis. A polymerase chain reaction is used to amplify the DNA extracted from the 

bone. This DNA is then compared to the DNA of family members of MIAs in order to 

determine individual identification. To use DNA sequence analysis, the remains must
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have a suspected identity in order to obtain DNA from related individuals to make the 

ultimate determination of identity.

While DNA sequencing is a promising technique for identifying individuals 

(especially when dealing with highly-fragmented, non-diagnostic elements), the method 

occasionally fails to identify individuals due to the extreme heat and humidity to which 

the remains have been exposed for over three decades (Holland et al., 1993).

In some cases, mitochondrial DNA sequencing has resulted in identification of 

individuals where nuclear DNA sequence analysis has failed (Holland et al., 1993). These 

successes are due to the additional copies of mtDNA that are available for amplification 

(there are hundreds to thousands of copies of the mtDNA genome in a human cell vs. the 

two copies of the nuclear genome) (Holland et al., 1993). The availability of extra copies 

increases the likelihood that mtDNA will be found in degraded specimens in which DNA 

is not found.

While mtDNA sequencing is a valuable tool for identification, this method is only 

advisable in the final stages of analysis, when attempting identification of individuals. 

This analysis is too costly, with regard to both time and money, to undertake for every set 

of remains that are turned in to, or recovered by, CILHI personnel. In addition, mtDNA 

analysis requires specialized laboratory support; clearly this method is not suitable for the 

preliminary task of sorting American remains from those of Southeast Asians.

Due to the problems associated with these techniques, this research attempts to 

create a new method that can be used to determine whether skeletal remains belong to 

American servicemen. That it does not require laboratory support or transport of remains
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to the U.S. for preliminary identification is obviously desirable and it is designed to be of 

use in the field, thereby eliminating the cost and time associated with the aforementioned 

techniques. The technique demonstrated below will provide investigators with the 

information needed to decide whether to pursue the recovery of a set of remains. This 

method requires only a microtome and grinding accessories, polarizing microscope with 

an image-capturing device, and computer with appropriate software, none of which 

would overburden a CILHI base camp.

Basis for Hypotheses

This method is based on the examination of the microarchitecture of bones. Based 

on a review of the bone histology literature, it is hypothesized that environmental, 

nutritional, and genetic differences affect the histology of bone. These differences can be 

identified in thin sections of bone. The focus of this research is the primary unit of 

compact bone, the osteon. Compact bone, such as that comprising the shafts of long 

bones, is composed of dense lamellar bone that cannot be nourished by diffusion from 

surface blood vessels. Osteons, comprised of canals and canaliculi, deliver the nutrients 

that the surrounding bone needs. A cross-section of compact bone in the femur (or any 

other long bone) would have many concentric rings surrounding a canal. These rings, or 

Haversian lamellae, together with their respective canal, is known as the Haversian 

system or osteon (Figure 1-1). Osteons are about 0.3mm in diameter and are about 3- 

5mm in length. They are the basic structural unit of compact bone (White, 2000). While 

there are many types of osteons (see chapter 2), this research focuses on secondary
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osteons.

Figure 1-1. Typical osteon (from Blystone (2000))

Bone remodeling is a life-long process by which bone is renewed and repaired 

through the continuous removal of bone (bone resorption) and the replacement of the old 

bone by the synthesis of new bone matrix and mineralization (bone formation). The 

groups of cells that remodel bone are called bone remodeling units (BRUs) (Eriksen et 

al., 1994). The BRUs of cortical bone create an advancing tunnel through the bone. The 

tunnels are headed by a “cutting cone,” which resorbs bone, and are followed by a 

“closing cone,” which forms new bone. The result of this remodeling cycle is a Haversian 

system, or osteon (Eriksen et al., 1994). There are several factors that affect the rate at

RASMUSON LIBRARY
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which bone remodels. These include: age, genetic history, regional trauma, 

biomechanics, nutrition, drug use (e.g., anticonvulsants, alcohol, estrogens, 

corticosteroids and illegal drugs), and disease (e.g., senile osteoporosis, diabetes mellitus, 

and Paget’s disease) (Reichs, 1998). Most of these variables are controlled for by the 

nature of the populations studied. For example, military personnel are restricted to a 

narrow age range, typically from 17 to 35, thus eliminating age-related remodeling as a 

source of variability. Individuals suffering from regional trauma that affects bone 

remodeling, such as partial paralysis, would be excluded from military service, and 

individuals with the diseases mentioned above are also unlikely to have served in the 

military. This eliminates the possibility that the inclusion of sick individuals confounds 

the results. Furthermore, all soldiers would have been subject to similar exercise regimes, 

resulting in comparable levels of biomechanical stress placed upon the skeleton, and 

would have eaten regulated diets that provided equivalent nutrition. Both of these factors 

are expected to produce within-group homogeneity (i.e., homogeneity within the sample 

of U.S. servicemen). Therefore it is expected that homogeneity, with regard to these 

factors, would have existed among soldiers. It is also expected that only differences in 

diet, drug use, and genetics will produce the variation that might be seen in the 

histomorphometry of Caucasians and Southeast Asians.

Bone microarchitecture is highly correlated with bone mineral density and bone 

mineral mass (Insok, 1999; Schnitzler and Mesquita, 1998). The differences in the 

measurements of bone mass are affected by the turnover state of the skeleton (Eriksen et 

al., 1994). Therefore the differences in bone mineral mass and density in these
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populations should correlate with similar relative differences in the frequency of osteons

present in the bone. As Pfeiffer (1998:225) states,

There is clear evidence from comparative anatomy that there are species- 

specific patterns of bone histology. That is, there is a genetic 

predisposition to histological structures of particular shapes and sizes 

(Enlow and Brown, 1956; Enlow and Brown, 1957; Enlow and Brown,

1958; Foote, 1916). It is possible that with further descriptive work we

may be able to use histological variables like On.Ar [osteonal area] and 

H.Ar [Haversian canal area] as benchmarks for population relationships 

and metabolic health, respectfully.

Thus, there are indications that these differences in histology exist. To date, much 

research (e.g., Bhudhikanok et al., 1996; Ho, 1996; Nelson et al., 1995; Schnitzler and

Mesquita, 1998; Schnitzler et al., 1990) has been devoted to the differences in bone

mineral content (BMC), bone mineral density (BMD), and bone mineral mass (BMM) 

between Asians and Caucasians, Hispanics, and African-Americans. For the most part, 

the focus is for clinical orthopedics, in order to understand the frequency of osteoporosis 

and osteoporotic fracture risks across populations (DeSimone et al., 1989; Farmer et al., 

1984; Ho, 1996; Russel-Aulet et al., 1991; Schnitzler et al., 1990). Numerous studies 

(Russel-Aulet et al., 1991; Wang et al., 1997) have found that Asians have a lower bone 

mineral density and bone mineral mass than Caucasians. For example, Gam et al. (1964) 

found that 51 individuals of Chinese or Japanese ancestry had significantly less compact 

bone than age- and sex-specific reference standards for Americans of European ancestry, 

averaging 1.28 standard deviations (SD) below the Fels trend line. This remained true for
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Asian subjects bom abroad (-1.27 S.D.) and those bom in the U. S. (-1.19). Furthermore 

it was reported that the children of Chinese-Caucasian ancestry also fell below the Fels 

line (-0.66).

“Hagiwara et al. found that the lumbar spine bone mineral density was 

lower in 217 healthy Japanese than in age-matched U.S. references. Kin et 

al. found that 1048 women and 248 men from Japan had approximately 

10% lower bone mineral density of the lumbar spine compared to U.S. and 

Australian white population reference standards at all ages. Norimatsu et 

al. found that in 132 Japanese women, peak bone mass was 4.7% lower at 

the vertebra and 9.9% lower at the femoral neck that that of reference 

white women in the United States. Tsai et al. found 10-15% lower bone 

mineral density in the hip region in 116 Chinese women than reported in 

U.S. populations” (Russel-Aulet et al., 1991:580-1).

On the other hand, no observable bone mass differences between Caucasians and 

Hispanics have been observed (Bhudhikanok et al., 1996; Wang et al., 1997), but 

African-Americans are reported to have higher bone mineral density than Caucasians. 

Research shows that African-Americans have 20 percent higher bone mineral mass 

(bmm) in the femoral neck, 10 percent higher bmm in the lumbar spine and five percent 

higher bmm in the radius than Caucasians (Nelson et al., 1995). The bone mass is higher 

even after adjustment for body mass (Pollitzer and Anderson, 1989).

Hypotheses

The present research tests the following hypotheses: a) there are differences in the 

mean area of osteons between Caucasian-Americans and Southeast Asians; b) differences



exist between the mean area of Haversian canals between Caucasian-Americans and 

Southeast Asians; c) there are differences in the osteon population density (OPD) 

between the two samples; and d) between-researcher discrepancies in the definition of 

secondary osteons do not allow for valid comparisons of data collected under the 

different definitions

There are other studies that provide evidence for population differences in the 

rates of bone remodeling. Further evidence of histological differences between 

populations results from applications of histomorphometry, used for the last three 

decades to estimate age at death (Reichs, 1998). There are numerous histological methods 

available to the anthropologist for age determination (Reichs, 1998), but most involve the 

calculation of the number of osteons per mm2 in microtomed bone samples (ribs, 

clavicles, tibiae and femora are all used). However, most, if not all, of these methods 

have been criticized for their over- or under-estimation of age for individuals from other 

populations (Reichs, 1998; Thompson and Gunness-Hey, 1981; Ubelaker, 1977). 

Because individuals from biological groups other than that on which the method was 

based are incorrectly aged, suggests that there are differences in osteon population 

density that are based on biological affiliation. Therefore, differences in the osteon 

population density should help to establish populations from which samples are drawn. 

Pfeiffer (1998:225) states, “Interest in using osteon population density for estimating age 

at death has led to observation on the variability of osteon organization throughout 

cortical bone (Lazenby and Pfeiffer, 1993; Pfeiffer, 1992; Pfeiffer et al., 1995b; Stout and 

Gerhlert, 1979; Stout and Stanley, 1991), but relatively little has been published
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describing cortical osteon size (Evans, 1976a; Evans, 1976b; Stout, 1976; Stout and 

Teitelbaum, 1976).” That is precisely why both osteon population density and cortical 

osteon size quantification are the focus of this research.

In addition, Richman et al. (1979) examined the frequencies of two types of 

osteons (secondary osteons and type II osteons, both of which are covered in detail in 

chapter 2) in three populations: Pueblo Indians, Arikara, and Eskimos. Using the 

Kruskal-Wallis One-Way Analysis of Variance, they tested for differences in the 

frequencies of these osteon types in the three populations. The results show no significant 

differences among secondary osteons, suggesting secondary osteons cannot be used to 

differentiate the populations. On the other hand, variation in type II osteon frequencies 

produced a significance level of less than 0.01. The populations showed significant 

differences with regards to the number of type II osteons. The authors attribute the 

variation to dietary differences between the three groups. Eskimos had the highest 

frequency of type II osteons and it is suspected that the high protein diets of Eskimos may 

cause metabolic acidosis, which is associated with bone turnover. Metabolic acidosis may 

have caused the Eskimos to possess an abundance of type II structures, in order to aid in 

the more-frequent mobilization of the readily available minerals in bone that buffer 

extracellular fluids (Richman et al., 1979). Similarly, the dietary differences between 

Southeast Asians and Caucasian-American populations may also result in osteonal 

variation.
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Sample

Skeletal samples were chosen on the basis of three variables: age (between 18- 

40), sex (only males were used due to the lack of Asian female samples and due to 

differences in bone remodeling in women), and a relative lack of bone pathologies that 

affect histological structures. The sample consists of 41 Asian and 11 Caucasian and 

African-American men. The majority of the Asian samples are the remains of ARVN 

(Army of the Republic of South Vietnam) soldiers. The Asian sample was obtained from 

the collections at CILHI. The Anglo- and African-American men sampled for this study 

came from the collection of Mary F. Ericksen at the George Washington University 

School of Medicine.

Histological samples from each individual are made from a wedge (which does 

not bisect the shaft, so the structural integrity of the femur is not compromised for future 

researchers3) taken from the anterior mid-diaphysis of femora. The sections are 

microtomed and ground so that the histological structures are viewable using light and 

polarized light microscopy. Areal information is collected using image analysis software 

and the resulting data are statistically analyzed for differences between the two 

populations.

Potential of Bone Histology

The use of bone histology for preliminary identification of biological affinity has 

great potential, as bone histology is very resilient. Shackleford (1966) and Solomon and

3 This is important because there are few museums and curators of collections that allow otherwise whole 
femur shafts to be bisected.
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Hasse (1967) show that soil conditions and age generally do not greatly affect the 

preservation of histological structure. Furthermore, Race et al. (1968) find that greatest 

changes caused by weathering are chemical in nature and that the Haversian systems are 

often still clear in samples that have undergone chemical replacement. This may be due 

to the fact that hydroxyapatite is highly subject to isomorphous substitution and the 

histological structure is preserved during diagenesis (Race et al., 1968).

While bone histology shows great promise for these reasons, several problems 

may arise with histological methods. A major source of error is the failure to identify 

osteoporotic disease during analysis. The increase in porosity associated with 

osteoporosis could skew the mean osteon area for each sample. However, given the age 

range of the individuals in question, osteoporotic disease seems unlikely. Another source 

of error is that extreme heat, such as that resulting from an airplane crash or artillery 

explosion, could distort the shape, appearance, or size of the histological structures in 

bone. While this is a possibility, bone that has experienced this type of taphonomic 

process should be readily identifiable due to color changes, and macroscopic or 

microscopic cracking that occurs when bone has been burned. Also, the potential 

presence of Asian U.S. service members may also pose a problem for identification if 

their bone histology is similar to that of the Southeast Asian population. Although an 

exact count of the Asians among the ranks of U.S. service members MIA or KIA-BNR 

during the Vietnam War was unobtainable, it was indicated that it was a very small 

number; therefore the likelihood of encountering one of these individuals is small, but 

this possibility must be taken into consideration. Finally, the amount of variation in
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osteons throughout the appendicular skeleton is not fully known. Therefore, the findings 

here may not be applicable to other portions of the skeleton, and will not necessarily be 

of use for any other elements recovered in the field. Further study can clarify this 

situation. Nonetheless, this study is felt to be important, because it will indicate whether 

population differentiation based on field analysis of bone microarchitecture is possible.

Summary

There are several hypotheses proposed in this research based upon presumed 

histomorphometric differences in two human populations. Specifically, there is reason to 

believe that there will be a difference in the size and abundance of osteons and Haversian 

canals between Southeast Asians and American Caucasians. The goal is to develop a 

baseline standard that can be used to differentiate the remains of American service 

members from Southeast Asians. This study also will benefit physical and forensic 

anthropologists by providing an additional method for determining group affiliation. The 

method eliminates the need for racially diagnostic macroscopic bone morphology and 

expensive equipment, and may provide a determination of racial affinity from virtually 

any fragment of cortical bone (once the range of osteonal variation is in the appendicular 

skeleton). Finally, further study may allow other racial populations to be included in this 

method.
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Chapter 2 . Review of the Literature 

History of the study of the Haversian System

Van Leeuwenhoeck (1678) was the first to distinguish and comment upon the 

Haversian system in bone (Martin and Burr, 1989) and admitted his perplexity, “But I 

doubt whether I /hall be able hereafter more di/tinctly to di/cover the/e la/t /aid Pipe, 

becau/e I cannot handle the Bone after my own plea/ure” (van Leeuwenhoeck, 1678). 

Soon after, Clopton Havers (1691) presented several lectures on the microscopic 

structures of bone and joints to the Royal Society. Although he was not the first to 

identify the Haversian system, he was the first to describe and hypothesize about the 

functions of the “longitudinal and transverse pores” in compact bone. He thought that the 

role of these canals was to supply medullary oils to “mollify” the bone, and that those 

located arthrotically supplied lubricating oil (Martin and Burr, 1989). His theories were 

widely accepted for the next fifty years4. Thus, by the middle of the eighteenth century, 

his name had lent itself to their description of these features as the canals of Havers, or 

the “ ...qui fint Haverfii pori recti... [straight pores of Havers]” (Albinus, 1757). Albinus 

confirmed Havers’ findings by using vascular injection methods to demonstrate the 

presence of vessels in cortical bone, and was the first to recognize that these canals were 

vascular channels (Martin and Burr, 1989). Several years later, van Leeuwenhoeck (van 

Leeuwenhoeck, 1693) classified the “tubes and cylinders” that he and Havers had 

described into four types based upon their size. However, van Leeuwenhoeck’s

4 Although it is of interest to note that one anatomical school of thought denied the existence of a canal 
system in bone (Bostock 1825) as cited by Enlow DH (1962) Functions of the Haversian system. The 
American Journal of Anatomy 110.



descriptions were ignored, probably due to the obscurity and brevity of their presentation 

(Martin and Burr, 1989). Almost a century passed before further work was presented 

regarding the Haversian system (Martin and Burr, 1989).

During the eighteenth century the major controversy among anatomists (e.g., Du 

Hamel [1700-1782], Bichat [1771-1802], Haller [1708-1777], and Scarpa [1752-1832]) 

was whether bone was or was not lamellar. In this intellectual environment, van 

Leeuwenhoeck’s and Havers’ observations and the systems of concentric lamellae 

making up osteons were ignored and almost forgotten (Martin and Burr, 1989). However, 

by the mid-nineteenth century, Haversian systems were rediscovered. Both Bruns (1812- 

1883), in 1841, and Cruveilhier (1791-1874), in 1844, resurrected van Leeuwenhoeck’s 

descriptions of osteons and presented their findings as original research (Martin and Burr, 

1989). In 1845, Todd and Bowmann described and named this structure the “Haversian 

systems of lamellae.” By 1849, the descriptions and illustrations of Haversian systems, 

including the cement line surrounding osteons, were being included in anatomy texts 

(e.g., (Quain, 1849) (Martin and Burr, 1989). Tomes and DeMorgan (1853) identified the 

resorption canal (Haversian space) and recognized that the Haversian system was a 

substitution mechanism for the replacement of bone. Through their study of the 

substitution mechanism, they were able to distinguish between “primary” and 

“secondary” bone (Martin and Burr, 1989). In 1914, the term “osteone” was first 

introduced by Biedermann (Martin and Burr, 1989).

During the latter half of the nineteenth century and the early portion of the 

twentieth century, most osteological research focused on the mechanical properties of
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bone and how these affect structural properties, such as the Haversian system. Such 

research generated W olffs law5 in 1892. In 1866, a mathematician named Culmann 

(1821-1881) issued a “trajectorial theory” of bone architecture based upon primary 

mathematical stress directions in other materials. Although Culmann’s theory dealt 

mostly with the alignment of trabeculae, his idea of stress trajectories was important to 

the study of the microstructural components of compact bone and their arrangement and 

function, because it was originally thought that cortical bone was simply a condensation 

of trabeculae (Martin and Burr, 1989). These mechanical discussions persisted into the 

1920s and 1930s.

Some, (e.g., (Weidenreich, 1923), insisted that bone always formed around spaces 

that housed blood vessels, and argued that the vascular system responded to mechanical 

alterations, and that the arrangement of the osteons was predetermined by the 

arrangement of blood vessels. Jores (1920) and Petersen (1930) proposed the opposite- 

that bone and bone cells were sensors for mechanical alteration. Most of the ideas 

prevalent today, about the mechanical function of osteons, the functional and structural 

units of bone, and the response of bone to stresses, were present in some form or another 

by the mid-1930s (Martin and Burr, 1989).

The extrapolation of anthropological data from these structures has a much more 

shallow history. Histomorphometry, or quantitative bone histology, provides 

anthropologists means to discover information about the life of individuals and
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patterns of compression and stretching forces. (As defined by Steele DG, and Bramblett CA (1988) The 
Anatomy and Biology of the Human Skeleton. College Station: Texas A&M University Press.)
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populations that is not available through other means. Although there are many 

histological applications in anthropology, the most common use is in estimating the 

individual’s age at death. Histomorphometric analysis has been used to estimate age at 

death for almost a century (the first published report was by Balthazard (1911)] as cited 

by Robling and Stout [2000]). Amprino and Bairati (1936) illustrated age-associated 

changes in cortical bone, Jowsey (1966) published a “semiquantitative analysis” of those 

changes, and Currey (1964) reported increased numbers of Haversian systems in aged 

bone. In 1965, Kerley published a quantitative method for aging bone based on 

histological methods. This spawned the publication of numerous subsequent methods: 

those that modify Kerley’s (1965) method (Ahlqvist and Damsten, 1969; Kerley and 

Ubelaker, 1978), new general methods (Ericksen, 1991; Singh and Gunberg, 1970; 

Thompson, 1979), methods for damaged bone (Samson and Branigan, 1987), methods 

that reduce damage to the bone sampled (Ericksen, 1991; Thompson, 1979), methods that 

target specific bones (such as the mandible (Singh and Gunberg, 1970)]; fibula (Kerley 

and Ubelaker, 1978)]; ulna (Thompson, 1979)], sixth rib; (Stout and Paine, 1992)], and 

clavicle; (Stout et al., 1996)]), methods that target specific populations (Cho, 1996; 

Fangwu, 1983; Narasaki, 1990; Watanabe et al., 1998), and overall comparisons of 

accuracy between these microscopic and macroscopic techniques (Aiello and Molleson,

1993).

Aging techniques are by no means the only anthropological application of 

quantitative bone histology. For example, Stout and Gerhlert (1979) have reassembled 

individuals from mixed skeletal elements based solely upon matching histological



signatures in each element. Furthermore, specific disease processes in individuals (i.e., 

Schultz, 2001), general health in populations (i.e., Pfeiffer, 2000), and, more specifically, 

dietary differences among populations (i.e., Klepinger, 1992; Richman et al., 1979) are 

identified through histological analysis.

Histological analysis is also used in forensic and other medical sciences. For 

example, the effects of heat and fire produce different results on bone histology, 

depending upon whether a body is burned peri- or post-mortem (Schultz, 2001). Other 

histological changes allow for the diagnosis of atrophy due to inactivity (Schultz, 2001), 

and may even provide rough estimates for burial time by quantitatively examining the 

quantity of anisotropic particles (which have different optical properties in different 

directions under a polarizing microscope) housed in the microstructures as a result of 

diagenesis (Berg (1982)] cited by Schultz, (2001)]).

Clearly, histological studies of bone provide varied and valuable information. 

There are scores of potential research questions that can be addressed through the 

histological analysis of bone, and many disciplines (archaeology, paleopathology, 

forensics, and demographic studies) can use this information.

Review of Bone Macro- and Microanatomy

The approach employed here rests on several essential concepts regarding bone 

physiology, formation, function, and microstructure which should be reviewed. The 

histological analysis of bone, whether used to assess the age of an individual or to
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analyze dietary differences on the population level, requires familiarity with the 

metabolic basis and function of the histomorphological features under consideration.

The following discussion provides a basis for understanding the histological 

variables examined in the present research. As Parfitt (1983:144) states, “if the results of 

bone histomorphometry are to be more than a number pattern associated with a particular 

disease or treatment effect, their interpretation must be based on a detailed grasp of the 

structure and function of bone and its cells”.

Bone Function and Formation

Bone tissue is a complex integration of organic and inorganic constituents. 

Collagen protein with dense inorganic hydroxyapatite and specialized form of connective 

tissue compose bone (Steele and Bramblett, 1988; White, 2000). Bone is produced in two 

ways. First, there can be intramembranous ossification in which there is direct formation 

of bone within a membrane with no preformed cartilage models. Second, there is 

endochondral ossification in which bones are preceded by a cartilaginous precursor 

(White, 2000).

Bone is an organ as well as a tissue (Ortner, 1970). As an organ, it has 

physiological functions and a distinctive structure; however, bone also has mechanical 

functions. The functions of bone can be divided into two parts. As an organ, bone is 

responsible for haematopoiesis and mineral homeostasis. As a tissue, bone is responsible 

for mechanical support and protection of vital structures (Martin and Burr, 1989). 

Although there are many different types of bone (most of which are not covered in basic 

histology texts), such as primary vascular, plexiform, non-vascular, non-cellular,
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lamellar, non-lamellar (including woven and parallel-fibered), coarse-, fine-, and 

compacted-cancellous bone, inner and outer circumferential bone, laminar bone, and 

several other special varieties of bone (Evans and Bang, 1966), it is cortical bone that is 

important here.

Bone has four surfaces, the periosteal, intracortical (Haversian), inner cortical 

(cortical-endosteal) and trabecular endosteal (Parfitt, 1983). The periosteal envelope 

contains all of the hard and soft tissues of any single bone, while the endosteal envelope 

(and its three subdivisions; Haversian, inner cortical, and trabecular envelope) house all 

of the soft tissues within the bone (excluding osteocytes and their processes). The 

behavior of bone and the response to mechanical, chemical, and hormonal stimuli differ 

“significantly” between the periosteal and endosteal envelopes (Parfitt, 1983). During 

growth there is simultaneously a net gain of periosteal bone and a net loss of endosteal 

bone (Parfitt, 1983). However, bone turnover and remodeling takes place at each of these 

four surfaces and they are always in one of three states: forming, wherein the surface is 

covered by osteoid seams and osteoblasts; resorbing, in which the surface is scalloped by 

Howship’s lacunae containing osteoclasts; or quiescent, wherein the surface is covered by 

the lamina limitans, a thin layer of unmineralized connective tissue (Parfitt, 1983).

Cortical bone, in cross-section, has three distinctive layers (Figure 2-1) (Enlow, 

1962). The outermost or periosteal layer is typically comprised of lamellar bone formed 

from the germinative layer of the periosteum and is responsible for the growth in 

diameter of the bone (Ortner, 1970). Within the lamellar bone several structures are 

found: the lacunae, which house osteocytes, and their anastomosing canaliculi and
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primary osteons. The intermediate and dominant type of bone in adult cortical bone is 

osteon-remodeled bone. This type of bone is “characterized by distinctive circular 

systems of bone known as osteons” (Ortner, 1970). It is these secondary osteons that 

innervate, supply nutrients, and aid in the removal of waste products from the 

surrounding osteocytes (Enlow, 1962; Ortner, 1970).
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Figure 2- 1.Cortical bone in cross-section, from Dox et al., (1993)

Cellular Basis of Bone Remodeling

Human bone is in a constant state of turnover or “remodeling” (Stout, 1989). In 

this section, the cellular basis of bone remodeling is discussed: the sequence in which it



takes place, formation rates, and the cellular basis for its shape and size. Remodeling 

occurs through the resorption of bone by osteoclasts and the sequential replacement of 

most of the bone by osteoblasts. These processes are observable in cross-sections of 

cortical bone as discrete, quantifiable, and measurable structures (Stout 1989), each 

having morphological characteristics that allow for the identification of the process 

occurring in the bone at any given time.

Remodeling differs from modeling in several ways. Bone modeling is 

characterized by changes in bone structure occurring on existing bone and is usually 

responsible for large changes in bone structure. These alterations occur through 

independent action of the osteoblasts and osteoclasts. Because these actions are not 

coupled, resorption and formation may occur on different surfaces. In bone remodeling, 

the osteoclastic and osteoblastic actions are coupled, and therefore, resorption and 

formation occur on the same surface of bone. Remodeling does not cause large changes 

in bone structure at a given site; rather, it maintains the current structure.

The first phase in the formation of an osteon occurs when osteoclasts create a 

resorption cavity in existing bone. The environment and/or processes that trigger this 

event are the subject of considerable debate (Ortner, 1970). Enlow (1962) and Frost 

(1964a) propose that micropetrosis (when osteocytes die and the lacunae fill in with 

calcium salts) may be accountable, whereas Johnson ((I960) cited by Ortner, 1970) 

suggests that the breakdown of protein polysaccharide barriers that coat the surfaces of 

bone may activate osteoclasts.
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The remodeling sequence in cortical bone always follows the activation- 

resorption-formation (A-R-F) sequence (Table 2-1) (Eriksen et al., 1994; Robling and 

Stout, 2000).

Table 2- 1.The A-R-F sequence of bone remodeling (Eriksen et al., 1994)

ACTIVATION -Activation of osteoclastic precursors.

RESORPTION -Initial resorption by osteoclasts.

-Later resorption by mononuclear cells.

FORMATION -Termination of resorption and invasion of resorption

cavities by preosteoblasts.

-Differentiation of preosteoblasts into osteoblasts.

-Formation of new bone matrix and subsequent 

mineralization by osteoblasts.

This sequence “removes and replaces discrete, measurable ‘packets’ of bone”, also 

known as bone structural units (BSUs), which in cortical bone are secondary osteons 

(Robling and Stout, 2000). Each remodeling cycle is launched by the activation of 

osteoclastic precursors, which become multinucleated osteoclasts and begin osteoclastic 

bone resorption. This complex arrangement of cells is collectively called a basic 

multicellular unit (BMU) (Robling and Stout, 2000). This resorption process lasts 

approximately 30 days, during which a tunnel, ranging from 150 pn (Eriksen et al.,

1994) to 300 pn (Robling and Stout, 2000) is resorbed by osteoclasts and followed by a 

group of mononuclear cells (their exact role is unclear although it is thought that these 

cells smooth the scalloped border of the resorptive bay in preparation for the reversal 

line, which demarcates the outer border of the osteon (Robling and Stout, 2000)) that is
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nearly longitudinal to the axis of the bone. This resorbed area will define the completed 

osteon’s size. When viewed in cross-section (Figure 2-2), the resorptive phase is 

indicated by the presence of resorptive bays (also called “cutting cones”) that are 

distinguished by scalloped borders due to the presence of Howship’s lacunae (Robling 

and Stout, 2000; Stout, 1989). Howship’s lacunae are small football-shaped depressions 

found in areas where the resorption of bone is occurring, and are usually occupied by 

osteoclasts.

After the resorption phase is finished, the void created is filled by preosteoblasts 

during a five-day period. The preosteoblasts then differentiate into osteoblasts. Next 

begins the osteoblastic period of matrix formation in which the osteoblasts synthesize 

new bone matrix. Rows of osteoblasts adhere to the reversal zone and deposit layers of 

unmineralized bone matrix, or osteoid (Robling and Stout, 2000). After 15 to 20 days, the 

matrix undergoes mineralization during continued osteoblastic bone formation. The 

formation period lasts approximately 90 days, during which new bone refills the tunnel 

(Figure 2-2), resulting in a mean wall thickness of 40 to 60 pn, and a central canal 

diameter of about 30 pn (Eriksen et al., 1994). In humans with a normal skeletal 

metabolism, the remodeling period, (i.e., the duration of the complete remodeling 

sequence), is approximately 100 days in cortical bone and 200 days in cancellous bone 

(Eriksen et al., 1994).

This mean formation time of osteons does seem to change as the individual ages. 

Frost (1961) reports a calculated mean formation time of an osteon in the rib of a seven 

year old as 46± 37 days and 79± 63 days at the age of 43. Frost (1961) also suggests that
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the larger diameters of the osteons in the appendicular bones indicate that they require 

about 25% longer to form. There are several other differences in the remodeling 

sequences of cancellous bone that, for the sake of brevity, are not discussed here. One 

should consult Eriksen et al. (1994), Martin and Burr (1989), and Robling and Stout 

(2000) for further discussion of this topic.
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Figure 2-2. Formation of an osteon, modified from Martin and Burr (1989) and Eriksen et al. (1994)

The Haversian system’s shape and size are largely dependent upon the shape and 

size of the resorbed cavity (Broulik et al., 1982). The radius of the cross-section in the 

resorbed area is determined by the velocity of bone resorption multiplied by the duration 

of bone resorption. This distance is likely limited by the proper maintenance of nutrients 

and oxygen as well as the removal of waste products (Broulik et al., 1982). A circular 

cross-section supports the dependence of the osteoclasts, osteoblasts, and osteocytes on



the diffusion processes (Broulik et al., 1982). According to this theory, an enhanced 

cellular activity would decrease the distance between the capillary within the canal and 

the outer periphery of the completed osteon, whereas a reduced cellular activity would 

increase the radius. This trend is mirrored in the bone turn-over rate, which also 

influences osteon size (Broulik et al., 1982). When there is an increase in formation rate 

of remodeling sites, the total demand for oxygen and nutrients also increases. This 

decreases the total energy supply to a single cell, as well as limiting the removal of waste 

products from the cell. The farther the cells are from the Haversian canal, the more 

sensitive they become to this change. The results are a reduced radius osteon (Broulik et 

al., 1982).

Haversian System

The Haversian system, which is also referred to as a secondary osteon (secondary 

osteons are hereafter referred to as simply ‘osteons’), is considered the universal basic 

structural unit of bone (BSU) (Baltadjiev, 1995; Eriksen et al., 1994; Frost, 1964b; 

Maximow and Bloom, 1958). Haversian systems reveal three important processes in the 

growth and development of long bones: the rate of bone formation, the paths of internal 

bone remodeling, and the blood supply to compact bone (Baltadjiev, 1995). The 

Haversian system, or secondary osteon, is an irregularly cylindrical structure that 

branches and anastomoses, having thick walls surrounding a narrow lumen- the 

Haversian canal (Figure 2-3) (Ascenzi and Bonucci, 1968; Maximow and Bloom, 1958). 

The average diameter of a Haversian system, as measured on the bones of seven humans, 

is 246 pn (Frost, (1961). The canal itself is usually between 22 and 110 pn with the
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minimum 10 and the maximum 300 pn and averaging 71 pn according to Frost (1961). 

The Haversian canal is enveloped by concentrically arranged lamellae of bone, of which 

there may be four to 20 surrounding each canal. Each of these lamellae is three to seven 

pn thick (Maximow and Bloom, 1958). Osteons are oriented mainly along the long axis 

of the bone. Thus, in cross-section, the canals appear as circular openings with 

surrounding lamellae, while in longitudinal section they appear as slits. In addition to the 

canal and lamellae, Haversian systems contain a large number of lacunae, which contain 

an embedded osteocyte and canaliculi that anastomose from the canals and allow for 

communication (Maximow and Bloom, 1958).
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Haversian Canal

The Haversian canal usually contains three types of structures: blood vessels, 

nerves, and a variety of cell types (Martin and Burr, 1989). There are usually two blood 

vessels in each Haversian canal, although greater and lesser numbers are known to occur 

(Maximow and Bloom, 1958). These vessels, for the most part, are capillaries and 

postcapillary venules, and occasional arterioles, which lie in close association with the 

loose connective tissue that fills the remaining space of the canal (Maximow and Bloom, 

1958). These osteonal vessels are generally about 15 pn in diameter and tend to be wider 

near the endosteal surface and in areas of thicker compact bone. The vessels are thinnest 

at the periosteal surface (Baltadjiev, 1995; Cohen and Harris, 1958). Blood enters these 

intracortical capillaries from the medullary cavity (Martin and Burr, 1989). Sixty percent 

of the time, the vessels within the canal are accompanied by two to seven unmyelinated 

nerve fibers (Sherman, 1963). These vary from 0.8 to 7.0 pn in diameter and enter the 

Haversian canal from both the periosteum and the medullary cavity but are not found in 

calcified bone matrix (Martin and Burr, 1989). The function of these nerves is not fully 

understood (Martin and Burr, 1989) because the capillaries have no smooth muscle. They 

are not for vasomotor influences nor do they have innervations to the osteocytes.

In addition, there are four types of wall-lining cells within the canal: 

undifferentiated lining cells, resting mature osteoblasts, active osteoblasts, and osteoblast- 

osteocytes representing various stages in the differentiation process (Baltadzhiev, 1994). 

The diameter of the Haversian canal depends on its position in the compact bone
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(Bogonatov and Gonchar-Zaikina, 1976), although usually the diameter of the canal does 

not surpass lA of the osteon’s diameter (Baltadjiev, 1995).

Lacunae and Canaliculi

Lacunae are spaces within the lamellae. These lacunae house osteocytes that are 

surrounded by extracellular fluids (Martin and Burr, 1989). The osteocytes are 

osteoblasts that have become trapped within the bone that they have secreted and have 

become more or less isolated from the extracellular matrix (Frost, 1964b). Johnson 

(1960) reports that about 10% of the osteoblasts that deposit bone persist as osteocytes, 

and the rest disappear. The size of an osteocyte and its lacuna is directly dependent upon 

several factors: the size of the osteoblast from which it is formed (Marotti, 1981), its 

relative distance from the Haversian canal (Yeager et al., 1975), and the appositional 

growth rate in the secondary osteons (Marotti, 1977). In all likelihood, osteocytes do not 

consist of a homogeneous population of quiescent cells, but more than likely also respond 

to metabolic and mechanical stimuli (Cane et al., 1982).

The canaliculi (or ‘canalicules’ as they are referred to by some authors, e.g., 

Maximow and Bloom (1958)]), of the Haversian system are extravascular and their 

function is presumed to be the promotion of tissue fluids that maintain the osteocytes and 

interstitial fluid (Maximow and Bloom, 1958). Typically, these canaliculi anastomose, in 

a radial fashion outwards from the canal, forming a network of communication between 

the canal, the successive lamellae of the Haversian system, and their lacunae. It was 

believed that in the outermost lamellae, the external canaliculi turn back into the system,
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and that intercommunication occurring between canaliculi of adjacent systems was the 

exception rather than the rule (Maximow and Bloom, 1958). This thought has been

purported into modem histological texts (e.g., Garven, 1965; Maximow and Bloom,

1958; Rasmussen and Bordier, 1974). However, this hypothesis has been conclusively 

refuted (Martin and Burr, 1989). Curtis et al. (1985), using a scanning electron 

microscope cast method, demonstrated that canaliculi do join lacunae in adjacent osteons 

and do communicate with those in interstitial bone. One possible reason for disputes 

regarding the extent of the network is that it may vary in different parts of bone or in 

different bones (Martin and Burr, 1989). However, the work of Curtis et al. (1985) shows 

that the canalicular system may be more extensive than previously thought, indicating 

that the capacity for exchange of materials and information throughout the cortex may be 

greater than previously suspected (Martin and Burr, 1989). The extent of this exchange is 

demonstrated by Martin and Burr (1989), who state that there are 26,000 lacunae and 1 x 

106 canaliculi/mm3 of bone with surface areas of:

9 o
Canaliculi 160 mm /mm

Lacunae 5 m m W

compared with

9 ^Haversian canals 3 mm /mm

(Martin and Burr, 1989), also see (Frost, 1960; Johnson, 1960; Martin, 1984; Morris et 

al., 1982) as cited by Martin and Burr (1989).
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Lamellae

Almost all bone is lamellated, and there are several types of lamellae that are 

encountered within bone (Martin and Burr, 1989). The lamellae, in general, are 3 to 7pn- 

thick layers of bone (Frost, 1961; Pirok et al., 1966) laid out as circumferential bands that 

gives the impression of tree rings (as Leeuwenhoek (1693) first noted in his 

“Observations on the texture of the bones of animals compared with that of wood”). 

Because all lamellae, in and of themselves, are nearly identical in structure, it is their 

placement and location within the bone that designates the type of lamellae they are. If 

the lamellae are arranged around the periosteal or endosteal circumference of the bone, 

they are referred to as either primary or circumferential lamellae. Lamellae that seem 

disorganized and incomplete are usually the remodeled remains of primary or secondary 

bone and are referred to as interstitial lamellae. Finally, lamellae may be arranged 

concentrically around individual vascular canals, which and these are referred to as either 

osteonal or concentric lamellae (Martin and Burr, 1989).

The concentric lamellae of a Haversian system are the rings around the canal. By 

staining for connective tissue fibers, the lamellae in a cross section of an osteon will show 

longitudinally fibrillated lamellae alternating with circularly fibrillated lamellae (although 

a perfect alternation of longitudinally fibrillated lamellae and circularly fibrillated 

lamellae rarely occurs) (Maximow and Bloom, 1958; Maximow A., 1958). Usually the 

arrangement is approximate and the fibrils run spirally to the axis of the canal and these 

spirals cross at various angles, sometimes even perpendicular, in adjacent lamellae 

(Maximow and Bloom, 1958). It is this alternation in the direction of fibrils that causes
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the optic ‘Maltese cross’ phenomena (figure 2-4) seen in cross section under polarized 

light (Maximow and Bloom, 1958).
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Figure 2-4. Showing the Maltese cross effect (Ascenzi and Bonucci, 1976)

For a much more in-depth discussion regarding the orientation of the lamellae and 

the three kinds of fiber bundle arrangements in osteons seen under polarized light (i.e., 

Type T (transverse fibers), Type L (longitudinal fibers), and Type A (alternating or 

intermediate fibers)), one should consult (Ascenzi and Bonucci, 1970; Ascenzi and 

Bonucci, 1976; Ascenzi et al., 1979; Bogonatov, 1975; Evans and Vincentelli, 1969; 

Vincentelli and Evans, 1971). For typologies of bundle arrangements as seen by 

histological staining, one should consult (Smith, 1960a; Smith, 1960b).

Cement Lines. Reversal Lines and Arrest Lines

The cement line itself “is one of the most intriguing, elusive...and potentially 

important questions in bone biology today” (Martin and Burr, 1989). It is what essentially 

holds the entire BSU together (Parfitt, 1983). In appearance, it is the darker outer ring of 

an osteon that marks the extent of the resorption/reversal period of bone remodeling. 

Almost all cement lines are also reversal lines and are recognized by an irregular



scalloped appearance and discontinuity of canaliculae (Parfitt, 1983). These demarcate 

the furthest extent of a previous bone resorption episode and form during the quiescent 

interval preceding the commencement of bone formation (Parfitt, 1983). Cement lines 

may also be arrest lines that are characterized by a smooth surface and continuity of 

canaliculae. These represent periods of interruption during bone formation. If formation 

had not resumed, then this line would act as the lamina limitans on the new bone surface 

(Parfitt, 1983). Cement lines contain significantly less calcium and phosphorus and 

significantly more sulfur than the surrounding bone matrix. The Ca/P ratio of cement 

lines is significantly greater than that of the lamellar bone, which suggests that the 

mineral in cement lines may not be in the form of mature hydroxyapatite (Schaffler et al., 

1987), and is collagen deficient (Martin and Burr, 1989).

Volkmann’s Canal

There are smaller canals that enter the bone at right angles from the periosteal and 

endosteal surfaces and penetrate the lamellae of the Haversian canal. These are known as 

Volkmann’s canals and they, like canaliculi, also link the Haversian canals together in a 

network that supplies blood and lymph to the cells of the bones (White, 2000). These 

canals differ in appearance from Haversian canals. They are generally smaller (White, 

2000), are not surrounded by concentric lamellae, and usually contain larger blood 

vessels (Maximow and Bloom, 1958). Although Haversian canals frequently 

communicate with the endosteum and marrow of the bone6 communication between the
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Haversian canals and the periosteum is carried out solely through Volkmann’s canals 

(Maximow and Bloom, 1958).

Types of Osteons

There are many types of osteons that are found in cortical bone. It is necessary to 

be able to accurately identify each type based upon their morphology because different 

histological methods, (such as ageing techniques), employ different osteon types. 

Similarly, it is important to be familiar with the etiology of each type of osteon in order to 

fully appreciate the metabolic state and condition of health to which they may allude (e.g. 

Stout (1986) reports a significant association between type II osteons and certain 

diseases).

Primary Osteons

When bone is first forming, blood vessels of the periosteum may become trapped 

by the advancing circumferential lamellae of the cortex. This results in a primary vascular 

channel. These primary vascular channels are referred to as non-Haversian canals 

(Robling and Stout, 2000). In these non-Haversian canals, a few rudimentary lamellae 

may be deposited around the canal, which results in a primary osteon containing a central 

non-Haversian canal. If no lamellae are formed, then the structure is simply referred to as 

a non-Haversian canal (Robling and Stout, 2000).

Generally these vascular canals are smaller and the lamellae are fewer in primary 

osteons than in secondary osteons (Martin and Burr, 1989) and are associated with 

relatively rapid accumulation of bone, as seen in tubercles, crests and other bony
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processes (Enlow, 1962). There are two main features of primary osteons. First, the shape 

of primary osteons is dictated by the shape of the vascular space in which it develops. 

Second, primary osteons are always completely surrounded by woven bone (as long as it 

has not been disturbed by subsequent developmental processes) (Smith, 1960a). The 

endosteal portion of the cortex usually contains anastomosing spicules of bone, which 

resemble cancellous bone. The cavities in this type of bone frequently become filled in, 

which also result in primary osteons (Enlow, 1962; Ortner, 1970). There are several 

varieties of secondary osteons, discussed below, that exist in cortical bone, but they all 

are distinguished from primary osteons by the existence of a reversal line at their 

periphery. Primary osteons do not have this feature. However, smooth cement lines may 

be found at the periphery of primary osteons that have formed during the expansion in 

width of long bones (Parfitt, 1983). Because primary osteons are formed during modeling 

and not remodeling, there are fewer and fewer non-Haversian canals present in the cortex 

with age. This being the case, their frequency has been incorporated in histological 

ageing techniques (see Ericksen (1991), Fangwu (1983), and Kerley (1965)).

Secondary Osteons

Secondary osteons, also referred to as type I osteons, are the most common 

osteons found in cortical bone (Robling and Stout, 2000). They are comprised of the 5 

major structures previously mentioned (Haversian canal, lacunae, canaliculi, lamellae, 

and cement line). Secondary osteons possess a single canal, generally 50 to 90 pn in 

diameter (Frost, 1961; Georgia et al., 1978). This canal is surrounded by lamellae that 

contain the lacunae and osteocytes arranged in a circular fashion around the canal, all of
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which are enclosed by a cement line. As stated previously, they differ from primary 

osteons by the way in which they were formed, and by the fact that they posses the 

characteristic reversal line due to the resorption process of the bone modeling units 

(BMUs).

Partially-destroyed secondary osteons are referred to as remodeled osteons 

(Sedlin and Frost, 1963). The number of secondary osteons present in the cortex tends to 

increase with age, and there is usually a higher density of secondary osteons on the 

endosteal surface of bones (Drusini, 1996; Pfeiffer et al., 1995a; Pfeiffer et al., 1995b). 

This being the case, they have been widely utilized in histological ageing techniques. In 

spite of their common consideration by researchers, there is no universally accepted 

definition of secondary osteons. Rather, exact usage of the term 'secondary osteon' differs 

between researchers (Robling and Stout, 2000).

Type II Osteons

Type II osteons, also referred to as embedded osteons, are smaller versions of 

secondary osteons that form through the radial remodeling of a preexisting Haversian 

canal (Jaworski et al., 1972; Richman et al., 1979; Robling and Stout, 2000). In 

appearance, the type II osteon is distinguished from other osteons by a smaller Haversian 

system, concentric lamellae within a reversal line embedded completely within a larger 

‘parent’ osteon (Robling and Stout, 2000), and their common occurrence on the periosteal 

and endosteal borders of the cortex (Martin, 1984). There appears to be a specific type of 

resorption cavity that antedates the formation of a type II osteon (Ortner, 1974). This 

intraosteonal remodeling begins with a small “football” shaped dilation in the Haversian
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canal that expands 10 to 20 pn further than the original diameter of the canal (Jaworski 

et al., 1972).

Type II osteons have been associated with several processes, such as dietary stress 

and certain diseases, and have been the subject of debate. Kidder and Stout (1986) report 

a significant association between type II osteons and diseases such as diabetes mellitus, 

cancer, senile osteoporosis, immobilization, and heart condition (unpublished manuscript 

cited in Stout (1989)]). In addition, type II osteons have been associated with dietary 

stress (Richman et al., 1979) and in response to the demands of mineral homeostasis in 

periods of stress (Martin (1983)] as cited by Stout [1989]). However others have failed to 

reproduce these results (Iwaniec, 1997). Some authors have associated an increase of type 

II osteons/mm2 with age (Ericksen, 1991; Yoshino M., 1994), while others have found no 

significant association (Richman et al., 1979). A potential cause of this discrepancy may 

be the confusion of type II osteons with the visually similar zonal osteon or may be due 

to different microscopy approaches (Pfeiffer, 2000). A few authors have questioned the 

validity of zonal osteon as a taxonomic subcategory. Iwaniec (1997:75) points out that “it 

has not been demonstrated that type II osteons do not simply represent near boundaries of 

type I osteons and as such do not constitute an independent phenomenon”. Thus any 

relationships between this structure and processes to which they might be related should 

be viewed speculatively.

Double Zonal Osteons

Double zonal osteons, also referred to as zonal osteons, form in a different 

manner than secondary osteons. Osteon remodeling may be divided into two basic
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mechanisms. The first is when an osteon is formed by tunneling and refilling by BRUs 

that move on a path through previously formed bone and not directly determined by the 

presence of existing osteons. The second type is that which involves the reformation of 

an existing Haversian canal that is termed “intraosteonal remodeling” (Martin et al., 

1980; Parfitt, 1983). This latter type of remodeling produces type II and zonal osteons. 

These osteons are characterized by a hypercalcified ring that occurs within the concentric 

lamellae. This hypercalcifed ring distinguishes a point at which the “matrix elaboration” 

temporarily stopped during the formation period (Robling and Stout, 2000). When 

viewed on microradiographs, zonal osteons typically have two “zones” of similar 

radiopacity separated by an arrest line (the hypercalcified ring) (Pankovitch et al., 1974) 

which may be related to the “resting seams” as described by Frost (1981). The 

morphological difference between a zonal osteon and a type II osteon is that the zonal 

osteon “lacks an internal reversal line, and by the parallel contours of lamellae and 

osteocyte lacunae between the inner and outer zones” (Robling and Stout, 2000:192) and 

they are also distinguished “on the basis of their synchronization with the lamellae and 

osteocytic lacunae of the osteon in which they occur. Type II osteons, in contrast, disrupt 

the pattern of lamellae and osteocytic lacunae’ (Stout, 1992:25).

Some authors suggest that physiological stress can result in intermittent bone 

deposition that may produce zonal osteons (Pfeiffer, 2000; Stout, 1989; Stout and 

Gerhlert, 1979). Therefore, the abrupt changes in the mineral density of the zonal osteons 

imply periods of quiescence that are analogous to Harris lines (Pfeiffer, 2000). We would 

expect elevated numbers of zonal osteons in individuals with nutritional deficiencies
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(Stout, 1989). No association was found between disease and the presence of zonal 

osteons (Kidder and Stout (1986) as cited by Stout (1989)).

However, the problems inherent with studies of type II osteons also exist in the 

study of zonal osteons, probably for the same reasons. For example, Yoshino et al. (1994) 

noted that the number of zonal osteons/mm2 decreases with age, Pankovich et al. (1974) 

saw an increase in the population with age, and Stout and Simmons (1979) describe no 

change (Martin et al., 1980; Robling and Stout, 2000). Furthermore the value of zonal 

osteons as chronic stress indicators as purported by Martin and Armelagos (1985) and 

Hartnady (1997) have been called into question by Trivers and Armelagos (1997) (as 

cited by Pfeiffer [2000]).

Furthermore, there seems to be some confusion of the precise nature of zonal 

osteons (Kidder, 1985). Pankovich et al.’s (1974:358) definition seems to describe two 

structures, “A double-zoned (DZ) osteon was defined as a system that exhibited either an 

abrupt change in mineral density or one or more growth arrest lines” (emphasis added). 

The first portion of this definition characterizes a double zonal osteon as having one or 

more arrest lines in which a slower rate of closure occurs allowing for a denser matrix, 

with a higher degree of mineralization, to form (Kidder, 1985). This seems to represent a 

recovery and resumption of growth due to some sort of stress. However, Pankovich et 

al.’s definition also characterizes a zonal osteon as “a system...exhibit[ing]...an abrupt 

change in mineral density,” which seems to more closely describe a type II osteon as 

described by Ortner (1974), above, than a double zonal osteon. Therefore, the certitude of 

this description and its parameters, much like that of type II osteons, is questioned.
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Miscellaneous Osteons

There are several other types of osteons that will be briefly touched upon here: 

drifting osteons, Faserfilz-osteons, blind osteons, “marginal osteones [sic]” and super 

osteons. The majority of these types have received scant coverage in both clinical and 

anthropological literature. The reason behind the paucity of the literature concerning 

these osteons is unclear.

Drifting osteons are a result of BMUs that simultaneously pass through the cortex 

both longitudinally and transversely. The resulting osteon, in cross-section, is 

transversely elongated which exhibits a “hemicyclic lamellae ‘tail’” (Robling and Stout,

1999). These osteons are most commonly found in subadult bone (Burton et al., 1989; 

Lacroix, 1971) as cited by Robling and Stout (1999). Robling and Stout (1999) cite 

Coutelier (1976) and Sedlin and Frost (1963) who also attest to their documented

association with age.

Blind osteons are described by Cohen and Harris (1958) as osteons that taper 

slightly and end “blindly” (i.e. without communication with other Haversian systems). He 

notes that they are usually directed either distally or proximally, that they usually end in 

areas of interstitial lamellae (not within the substance of intact osteons), and their canals 

do not progress beyond their concentric lamellae. He also notes that the Haversian canals 

of these osteons as being “filled throughout their terminal 50 to 200 pn with material 

staining like bone.” The number of blind osteons was reported to vary considerably 

throughout Cohen and Harris’s (1958) sample and no indication is given that they are 

linked to sex, age, or health.



Faserfilz-osteons are osteons that are indicative of certain disease processes 

(Schultz, 2001). Faserfilz-osteons are described as osteons in which the lamellae are 

irregularly built up (like in felt, hence the name). This type of osteon is frequently found 

in slow-growing and primarily osteoblastic solid-bone tumors (Schultz, 2001). These may 

be related to the secondary osteons that Petersen (1930) (as cited by Martin and Burr 

(1989)) noted near the periosteal surface of bony tuberosities. Peterson termed these 

“marginal osteones [sic]”.

Super-osteons, defined by Bell et al. (2001), are clusters of remodeling osteons 

near the periosteum in the femoral shaft. Bell at al. (2001) report no association of these 

clusters with age or sex, but they recorded a negative relationship between super-osteons 

and giant canals (in which the diameter is greater than 385 pn). The authors suggest that 

this relationship is due to the loss of control in remodeling in which osteonal systems 

form deleteriously large cortical cavities (Bell et al., 2001).

These drifting osteons, Faserfilz-osteons, blind osteons, “marginal osteones [sic],” 

and super osteons have received scant coverage in the clinical and anthropological 

literature. However, they should be considered as potential sources for future studies 

incorporating histological examinations of metabolic health and pathological processes.

Arrangement and Distribution of Osteons in Bone

The arrangement and distribution of osteons varies greatly in cortical bone, 

averaging around 12.7 to 13.5 Haversian canals per mm2 in the femur and tibia (Black et 

al., 1974; Martin and Burr, 1989). The arrangement and distribution seems to depend 

upon several factors, including: cortical drift, tissue age, strain and mechanical effects,
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and general systemic factors that can increase or decrease bone turnover (Martin and 

Burr, 1989). Authors have debated upon the designs in the placement of osteons; for 

example whether osteon placement is stochastic or ordered and which factors, if any, 

dictate their positions.

Since the latter portion of the nineteenth century, the arrangement and orientation 

of osteons have been attributed to mechanical factors (Koltze, 1951; Lanyon and Bourn, 

1979; Schumacher, 1935) as cited by Martin and Burr [1989]). Current evidence show 

that groups of osteons which extend 5 to 10 mm seem to spiral at an angle of 11 to 17 

degrees periosteally to endosteally in the longitudinal axis (Cohen and Harris, 1958), 

Martin unpublished data cited in (Martin and Burr, 1989). The osteons twist about each 

other like “braided ropes” (Cohen and Harris, 1958) or “branching and intertwining tree 

roots (Martin and Burr, 1989). The spiral course of the osteon twists medially. Thus, the 

spirals are opposite in the mirrored bone (Cohen and Harris, 1958), and are reported to 

branch more extensively in the midshaft than the metaphysis (Koltze, 1951) as cited by 

Martin and Burr (1989), (Cohen and Harris, 1958; Cohen J. and Harris W. H., 1958).

Osteonal distribution (both number and distribution) shows bilateral symmetry 

(Amprino and Sisto, 1946). Thus, it seems that the factors that affect bone remodeling 

affects bilateral bones in similar ways, and that the distribution of the osteons is 

topographical rather than random (Knese et al., (1954)] as cited by Martin and Burr 

[1989]). In addition, osteons accumulate in cortical bone as the individual ages (Martin 

and Burr, 1989; Martin et al., 1980). This accumulation is not only a product of the 

individual’s age, but is also a product of the mean tissue age (MTA). MTA is dependent
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upon various hormonal and metabolic factors, cortical drift, and mechanical strain 

(Martin and Burr, 1989). Conversely (and slightly counterintuitively), the MTA is also 

derived from the continuing accrual of secondary osteons, as tissue that is being 

remodeled to a greater extent is “newer” and thus has a younger MTA than areas 

undergoing less turnover (Martin and Burr, 1989).

MTA is also affected by cortical drift that occurs during growth modeling phases 

(Frost, 1987). Cortical drift occurs primarily during the expansion of the bone when new 

tissue is formed on some surfaces while existing tissue is resorbed. Thus, when the bone 

finishes growing, there will be areas of the original cortex and areas of new bone that 

were opposed to the periosteal and endosteal surfaces during growth (Martin and Burr, 

1989). Experiments with canine tibiae show that cortical drift occurs in a posterior 

direction, resulting in the “oldest” and most heavily remodeled bone occurring in the 

anterior portion of the bone (figure 2-5) (Amprino and Marotti (1964)] as cited by Martin 

and Burr [1989]). Therefore, the most heavily remodeled areas of bone may not be due to 

mechanical loading, but rather to growth-related remodeling ((Amprino and Sisto, 1946; 

Frost, 1987)] as cited by Martin and Burr [1989]). Although modeling will cease after 

maturity and the entire cortex may eventually become composed of osteons, portions 

with different MTA can still exist within the same cortex (Martin and Burr, 1989).
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Figure 2-5. Cortical Drift as seen in the tibia of a canine .

Osteon density is partially determined by the pattern of 

drift during growth ( dashed outline). As the bone drifts 

posteriorly, bone is resorbed from the anterior periosteal 

surface and added to the anterior portion of the endosteal 

surface. This results in more osteons being in the oldest 

bone (the anterior cortex and the endosteum of the posterior 

cortex).

Thus, it does seem that there are factors that dictate the placement of osteons; 

however, these patterns are not obvious unless viewed at the correct level (i.e. at the 

mean tissue level or at the cellular level). Currey (1964) reports that the osteonal 

placement/mm2 does not follow a Poisson distribution, and thus, does not appear random. 

Martin et al. (1980) shows that osteon placement within microscopic areas does not seem 

highly selective in terms of placement (Martin and Burr, 1989). It may be that the 

arrangement and distribution is ordered on macroscopic levels due to mechanical strains 

and cortical drift, but that the actual arrangements of the osteons, themselves, within

7 Modified from Martin and Burr (1989)



these macro-fields may be more random (Martin and Burr, 1989). For further 

explanation, one should consult Martin and Burr (1989), Martin et al. (1980), and Tappen 

(1977).

Function of Osteons

The function of the osteon has long been thought to be a reaction to mechanical 

stress. This classic concept has its roots in the beginning of the twentieth century (Martin 

and Burr, 1989; Ortner, 1970). However there are several other theories that deserve 

consideration. Two such theories, suggested by Enlow (1962), address the mechanical 

functions of the osteon. Enlow’s (1962) first hypothesis is that osteons serves to anchor 

muscle during the growth phase. These osteons develop at sites of muscle attachment to 

give the proper surface for the reattachment while the bone grows both in length and 

diameter during modeling (Ortner, 1970). His second theory addresses the hypothesis 

that osteons serve as a mechanism for replacing dead bone, as the circumferential 

lamellar bone is particularly susceptible to cell death (Enlow, 1962). Osteons provide an 

efficient system as the osteon’s radial structure minimizes the distances from the vascular 

supply, thus more effectively providing osteocytes with necessary nutrients and waste 

removal (Broulik et al., 1982; Enlow, 1962).

The formation of new osteons may actually cause some osteocyte death, as the 

formation of osteons may disrupt the vascular supply to existing bone (Currey (1959) as 

cited by Ortner (1970)). Furthermore, researchers ((Amprino, 1948; Currey, 1959) as 

cited by Ortner (1970)) report that osteonal remodeled bone does not possess the same 

mechanical strength as other bone (contra. Mulhem and Van Gerven, 1997) who reports

48



that both high osteon population density (OPD) and large osteon size increases the 

fatigue properties of bone. This is believed to be the case because high osteon population 

density inhibits the accumulation of microcracks initiated by the cyclic loading of bone. 

However, a theoretical dilemma exists if stress stimulates remodeling in bone and the 

resulting bone is less able to withstand that stress (Ortner, 1970).

This being the case, it seems that the function of osteons must involve other 

factors (Ortner, 1970). The physiological functions of the bone itself should be 

considered. One major function of osteons is to provide calcium and phosphorus, thereby 

ensuring homeostasis of these elements in serum concentrations (Ortner, 1970). Both of 

these elements have important physiological functions in the human body (Ortner, 1970). 

Calcium manages membrane permeability, promotes growth, elicits the contraction of 

muscle, and aids in blood clotting, among other things (Ortner, 1970). Phosphorus is 

essential for the synthesis and breakdown of glycogen-producing energy, and is important 

in the basis of cellular chemistry (Ortner, 1970). Although these requirements are not 

exclusively maintained by bone mineral, these elements are supplied by the diet- they 

may be made available in cases of starvation or when there are unusually large 

requirements for either element due to osteonal remodeling (Ortner, 1970).

Effects of Intrinsic and Extrinsic Variability of Cortical Bone Remodeling

The effects of intrinsic and extrinsic variation in cortical bone remodeling are 

vast. According to Pfeiffer (2000:296), osteon size (On.Ar) is more consistent across 

populations than Haversian canal size, suggesting that the area of the osteon is rooted in a 

“genetically based developmental canalization and Haversian canal area is more sensitive
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to shorter-term homeostatic variables”. Consideration will be given to all of these 

variables that could possibly affect osteon size and/or Haversian canal size: sex-related 

variations, age-related variations, dietary-related variations, environmental-related 

variations, population-related variations, physical activity-related variations, and 

pathological-related variations. For a summary of the major normal and histodynamic 

parameters, one should consult Cohen and Harris (1958) and Pirok et al. (1966).

To understand the variability, resulting from any one or a combination of the 

factors stated previously, is crucial in research of this type. Unfortunately, it is difficult to 

sort out which of the factors may be primary and to correctly assign an etiology to the 

variation observed. In this study, an attempt has been made to control every possible 

means to control these source of variation. By controlling these variables, it is hoped that 

any possible intrinsic variability between the two populations is properly discerned. 

However, all of these sources of variation will be reviewed, as they may all contribute to 

the overall variability seen in cortical bone remodeling, and all are possible sources for 

misinterpretation of the data. Each of these sources of variation (sex-, age-, dietary-, 

environmental-, pathological-, physical activity- and populational-variations) will be 

discussed individually.

Sex-Related Variations

Regardless of the element under consideration, differences in cortical bone 

thickness between the sexes have been demonstrated throughout all age ranges (Birren, 

1985; Thompson, 1980). Differences in cortical remodeling rates have also been
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established between post-menopausal women, and men of the same age range (Robling 

and Stout, 2000). However, it is not clear whether differences in cortical remodeling rates 

exist between the sexes at a younger age. Kerley (1965), among others, found no 

difference between the sexes, while other researchers found that they were better able to 

age bone when they took sex-differences into account (Ericksen, 1991; Thompson, 1979).

Information concerning differences in osteon size due to sex-related variations is 

still controversial, as most information has been garnished for ageing techniques. 

However, the current data are presented here. Pfeiffer (1998) reports no significant 

difference between the sexes for any of the variables that she tested (notably the osteon

t h  t l i  t hsize), in samples from 18 century English, 19 century Canadian settlers, and 20 

century South Africans. Pfeiffer (1998) concluded that no significant sex differences exist 

in osteon size in either the sternal third of the sixth rib or the femoral mid-shaft. She does 

report that the Haversian canal area is more variable than osteon area8.

On the other hand, Burr et al. (1990) report sexual dimorphism in osteonal size. 

They found that female Pecos Indians have a greater mean femoral osteon area

9  9(0.041mm ) than the males (0.034mm ). In addition, Martin and Armelagos (1979) report 

that females have more forming osteons and more resorption spaces per unit area of bone 

than males approximately 30 years of age. Mulhem and Van Gerven (1997) also report a 

significant difference in osteon density and size between the sexes in medieval Nubian 

populations. Mulhem and Van Gerven (1997) found that males had more intact osteons 

than females, that females had significantly larger osteons than males, and that the

8 This is especially true in her 20th century population sample where the reported within-sample coefficients 
of variation were frequently greater than 100%, which indicates a higher overall variability
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diameter of the Haversian canal was approximately the same between males and females. 

Mulhem and Van Gerven (1997) primarily attribute this finding to differences involving 

mechanical stress issues. Burr et al. (1990) also found that in modem populations females 

have larger Haversian canals in the femoral midshaft but that males tended to have more 

canals. Burr et al. (1990) also found that, as expected, smaller osteons contained smaller 

Haversian canals in both sexes, and that larger canals were significantly correlated with 

greater porosity and percent of remodeled cortex. This is expected because the presence 

of larger and more numerous canals would result in a higher porosity level. This occurs 

naturally over time and thus leads to a higher percentage of remodeled cortex. Pfeiffer 

(2000), however, states that no statistically significant differences between the sexes have 

been found in any study that has incorporated the use of within-bone variability statistics. 

She concludes that there is not a consistent sex difference. Unfortunately it seems that 

any variation due to sex will also be dependent upon variations due to age and they are, to 

some degree, inseparable.

Age-Related Variations

It has been known for some time that intracortical porosity of human bone 

changes with age. This increase may be caused by an increase in Haversian systems, an 

increase in resorption spaces, and/or larger Haversian canals (Martin and Burr, 1989). 

The activation frequency and the refilling time of osteons are increased in older 

individuals (there are approximately 250% more resorption spaces in the femora of 75- 

year-old people than in 25-year olds (Martin and Burr, 1989)]), resulting in increased
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porosity. However, whether this alone accounts for the increase in bone porosity, or 

whether an increase in the dimensions and number of secondary osteons also is a factor, 

is not as clear. Currently, most researchers agree that osteons accumulate with age (e.g., 

Black et al., 1974; Currey, 1964; Evans, 1976a; Martin and Burr, 1989; Stout and 

Gerhlert, 1979);(contra. Black et al., 1974). However, Thompson (1980) has argued that 

the difference in women is primarily due to an increase in Haversian canal size, whereas 

in men it is due to an increase in the osteon population.

Changes in osteonal dimensions with age are much harder to assess due to three 

things: the definition of the terms 'secondary osteon', relevance, and mensuration. 

Differences between studies due to these problems have reduced the term ‘secondary 

osteon’ into a Nomen Dubium: a name that is invalid because of the inadequate 

description of the feature of interest, and the great potential for confusion. This variation 

almost completely eliminates the possibility for comparison of data between researchers. 

Table 2-2 shows a few definitions of secondary osteons that are current in the literature. 

As you can see, these definitions are highly variable and allow for considerable 

interpretation regarding the precise nature of secondary osteons.

In addition to problems with definitions of secondary osteons, further 

complicating the comparison of research is the fact that many times it is not clear whether 

calculated osteonal areas refer to area within the cement line, between the cement line 

and the Haversian canal, or whether resorption spaces are included. Nor is it always 

reported if the area was calculated from the perimeter of the osteon, maximum diameter 

of the osteon, or the product of the minimum and maximum diameter averaged. The
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Table 2-2. Osteon definition according to researcher9

Author(s)
Criteria used to include a 
BSU in secondary osteon count

Kerley (1965:162) Exhibits 80% or more of its original 
lamellar area and has an intact Haversian canal

Wu et al., (1970:218) Completely unremodeled (entire lamellar
area intact, regardless of age)

Ortner (1975:29) Must have a Haversian canal of normal size

Stout (1986:297) Exhibits a Haversian canal at least 90% 
unencroached upon

Ericksen (1991:174) Exhibits a completely intact Haversian canal; 
Volkmann’s canals also counted

source of the samples is also often unclear. Were the samples drawn from periosteal 

surfaces, endosteal surfaces, or both? Osteon size differs through the bone, so 

information about the source of the sample is crucial (Baltadjiev, 1995; Bogonatov and 

Gonchar-Zaikina, 1976). In addition, many authors fail to note the number of osteons 

measured per sample, whether measurements from both sexes were pooled, the average 

age of the sample population, and the precise features that are included in the count (e.g., 

Thompson (1979)] includes primary osteons in his Haversian canal counts). Table 2-3 

shows the inconsistent research results, which could clearly be due to these 

methodological inconsistencies. However, in spite of the discrepancies, the majority of

9From Stout 2000



Table 2-3. Inconsistencies in results of aging research

Micro structural 
Variable

Increases 
with age_

Decreases 
with age_

No change

Osteon size Broulik (82)ic (D) M

Haversian canal size Yoshimo et al. (94)h 
Jowsey (68)f (P)
Bocquet-Appel et al.(1980)f 
Broulik (82)ic (D)
Landeros and Frost(64)r 
(Aoji) (59)3 
(Sissons et al.) (60)

Broulik (82)ic (D) F 
Yoshino et al.(94)h 
Jowsey (66)r (D)
Currry (64)f (D)
Martin et al. (80)f 
Landeros and Frost (1964)r 
Mulhem1 (97)fM 
Evans(1976a)f 
Burr et al. (90)f M

Singh&Gunberg (70)m,f,s 
Rother et ah, (1978)

Pfeiffer (88) f’r 
Thompson (78)f 
Jowsey (66)f (D)

Landeros and Frost(64)r 
Mulhem3 (97)f F

Burr et al. (90)fF

Jowsey (66)r (P)
Currry (64)f (D)
Martin et al. (80)f 
Mulhem2 (97)f

-If known, (D) indicates area was calculated from diameter. (P) indicates area was calculated from perimeter, assuming circular osteons. 
-M indicates a male sample, F indicates a female sample 
-Superscript legend: ic = iliac crest, r = radius, f  = femur, h = humerus

!Using a sample of Medieval Nubians
2Actually the H.Ca in 20-30 and 40+ ranges are the same, however it is larger 30-39 age range
3 As cited in Martin and Burr (1989)



available data suggest that the area of osteons tends to decrease with age, while the area 

of Haversian canals tends to increase (Martin and Burr, 1989).

Dietary Variations

Dietary factors may affect the way in which bone is formed and remodeled. 

Dietary stresses (such as starvation or vitamin deficiency), saturated diets (such as those 

resulting from alcoholism or over saturations of certain foodstuffs such as protein), and 

other nutritional factors may lead to variations in cortical bone formation. Relatively 

small osteon dimensions have been reported in association with extreme dietary and 

epidemiological stresses (Abbot et al., 1996). Van Gerven et al. (1990) report this in their 

sample of Medieval Nubians known, from historical accounts and skeletal evidence, to 

have suffered from dietary and epidemiological stresses. They found that this population 

had significantly smaller osteon diameters than later populations in the region.

There are several important nutritional and vitamin deficiencies and excesses that 

also play a role in bone growth and remodeling (Heaney, 1988). Calcium deficiency 

results in incomplete calcification of the bone matrix and may lead to bone resorption 

(Coe and Favus, 1992). This may result in rickets in children and osteomalacia in adults 

(the role of vitamin D and rickets is discussed below). Histologically, the primary feature 

in both rickets and osteomalacia is the excess of uncalcified matrix. In adults, 

osteomalacic bone has a poorly developed Haversian system and a sparse osteon 

population (Schiffer, 1982). Stout (1983) reports that dietary variations can produce 

characteristic population-level histomorphometrics by inducing differing metabolic
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stresses. Stout (1983) shows this using a population with a maize agricultural subsistence 

strategy. This population with a diet high in maize, which is known to have low calcium 

content and a high level of phosphorus, shows an increased bone turnover and an 

increased osteon density. This condition may result because low calcium content and 

high levels of phosphorus tend to lower serum calcium levels and can induce secondary 

hyperparathyroidism, which causes the differences seen in the histomorphometrics 

between the two populations. Vitamin A deficiency slows bone growth and affects the 

distribution of bone cells (Coe and Favus, 1992); it may result in bone overgrowth 

deformities and deletions during childhood and adolescence (Coe and Favus, 1992). 

Vitamin C deficiency inhibits bone growth and fracture repair, and vitamin D deficiency 

results in lowered calcium serum concentrations (Coe and Favus, 1992) and lowered 

bone apposition and mineralization (Dunstan and Evans, 1980). This review is in no way 

a complete list of dietary factors; it is only representative of some of the more prominent 

factors mentioned in the literature. For further information regarding the effects of 

hypervitaminosis, vitamin deficiencies, and high/low-protein diets, one should consult 

Klepinger (1992) and Weinstein (1990).

Protein deficiency results in reduced collagen synthesis, which inhibits bone 

growth and remodeling (the accrual of new osteons) (Coe and Favus, 1992); conversely, 

protein excess may promote exaggerated remodeling. Richman et al. (1979) found that 

the numbers of type 2 forming osteons differs significantly in analysis of Arikara, Pueblo, 

and Eskimo skeletons. Eskimos possessed the highest density of this structure. Thompson 

and Gunness-Hey (1981) also found, in their histological analysis of sections taken from
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femora, that Eskimos contained more osteons per unit area than their sample of U.S. 

Caucasians, although no differences in osteon size were noted between the two 

populations. Richman et al. (1979) speculate that this was due to the high acid content of 

the Eskimo diet, which may have caused a more frequent mobilization of mineral from 

bone to aid in buffering extracellular fluid. It is accepted that a diet high in protein can 

cause metabolic acidosis, and possibly even ketosis, which is associated with bone loss 

and hypercalciuria (Richman et al., 1979). Backing this idea are studies that have shown 

high calcium urinary excretion levels in a contemporary Eskimo population (Richman et 

al., 1979). Ericksen (1991) also found that in those with high-protein diets, age-related 

changes in cortical remodeling were accelerated. Histologically, this gave the bones an 

older appearance.

Periods of starvation may also have impacted the Eskimo’s histomorphometrics. 

Richman et al. (1979) propose that periods of starvation among the Eskimo could have 

increased ketone bodies. Although the production of ketone bodies is low in a normal diet 

and physiological status (King and Marchesini, 2001), periods of starvation may elevate 

their levels, adding a further dependence on the buffering action of bone salts (Richman 

et al., 1979). Starvation and high-fat diets caused a marked increase in ketone body 

formation when excessive amounts of fat are oxidized and carbohydrates are limited 

(Richman et al., 1979). Although the Eskimo appear to have adapted to their high- 

fat/high-protein diet, and no clinical signs of ketosis have been reported among the 

Eskimo, Richman et al. (1979) asserts that, “subclinical effects, such as those on bone, 

cannot be excluded”. Furthermore, persons with untreated insulin-dependent diabetes
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mellitus may have a significant disruption in the level of ketosis, which can lead to 

profound clinical manifestations. This suggests that similar histological changes may take 

place in individuals with diabetes (King and Marchesini, 2001).

Conversely, other dietary excesses can lead to nutritional deficiencies. For 

example, Ortner (1970) reports that chronic alcoholism decreases the osteon formation 

rate, which suggests that there is a loss of bone forming potential. Because more osteons 

are seen in older bone, this suggests that, microscopically, the bone of alcoholics will 

look younger than the bone of non-alcoholics of the same age.

Therefore, there are many dietary factors that can affect bone histology. To be 

able to discern all of these factors is outside the scope of this research. Only the most 

common nutritional factors have been presented here in the hopes of illustrating 

variations in populations due to diet. It seems likely that a nutritional difference between 

the diets of the two samples will impact their respective histology.

Environmental Influences

There has been no known relationship shown between seasonal, climatic, or 

geographic factors and the bones of homothermic vertebrates (Enlow, 1966). Although 

some poikilotherms, such as turtles and alligators, have a distinctly laminated cortex, 

similar to growth rings, which is produced by seasonal changes or cyclic differences in 

feeding habits due to seasonality (Enlow, 1966), there has been no such study to suggest 

any relationship between these and man. Therefore, this topic merits no further 

discussion.
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Physical Activity Variations

Increased physical activity may increase bone-remodeling and modeling rates. 

Technology, food procurement strategies, and environmental topography all can 

contribute to the “strain milieu” recorded in the bone (Robling and Stout, 2000). Robling 

and Stout (2000:195) state that, “it is likely that skeletal strain levels, distributions and 

frequencies experienced by past populations were variable from population to population 

and different from those experienced by industrialized modem populations”. Experiments 

with animals have shown that intracortical bone remodeling does accelerate with 

increased mechanical loading (Lieberman, 1997). Likewise, severe disuse has a profound 

effect on remodeling, resulting in a striking increase of bone turnover, which is apparent 

in the atrophy of the cortex (Robling and Stout, 2000). Burr (1990) reports that a more 

active lifestyle has been associated with a thicker mean wall of osteons and a greater 

osteon population density. Mulhem (1997) reports that both a high osteon population 

density (OPD) and a large osteon size (defined as greater than 200 pn in diameter) 

improve the fatigue properties of bone, and that a high OPD inhibits the accrual of 

microcracks due to cyclic loading of bone. Pfeiffer (2000) reports that the more recent the 

sample’s origin, the larger the area of the Haversian canal (H.Ar), which she suggests 

may be due to modem sedentarism and/or an increase in life span with chronic 

conditions. Recent findings also show that cortical osteons are about 25% larger in 

modem humans than in late Pleistocene humans (Abbot et al., 1996; Pfeiffer and Zehr, 

1995).



Physical activity, in addition to remodeling, also seems to affect modeling, and 

may cause overall structural changes in the bone. Lieberman (1996) reports that, in pigs, 

increased levels of exercise encourage modeling not only in the bones that are being 

loaded, but throughout the skeleton. This finding contradicts Tommerup et al. (1993) and 

others, who demonstrate that weight-bearing exercise that stimulates periosteal formation 

in the femur (i.e. modeling) does not affect modeling or remodeling activity in the rib. 

These exercise intervention studies in humans and animals have resulted in contradictory 

findings. Some studies have found a positive correlation between weight-bearing exercise 

on non-weight bearing bones, while other studies have found no changes and no effects 

of weight-bearing exercise on non-weight bearing bones. However, a lack of 

standardization of variables concerning exercise frequency, type, duration, etc. does not 

allow for direct comparisons between studies (Tommerup et al., 1993).

Pathological Conditions

Pathological processes also affect bone remodeling. There are systemic conditions 

that may retard remodeling rates (e.g., diabetes) or accelerate them (e.g., 

hyperparathyroidism) (Robling and Stout, 2000). In addition there are localized 

conditions that may affect bone remodeling, which Frost (1983) termed as the “regional 

acceleratory phenomenon” (RAP). Due to their prevalence among the populations under 

consideration, hyperparathyroidism, diabetes mellitus, and regional acceleratory 

phenomenon are discussed here. There are innumerable other diseases and results of 

disease processes that can affect bone and bone remodeling. One can consult Ortner and
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Putschar (1981), Mann and Murphy (1990), and Weinstein (1990) for the proper 

descriptions and their aetiologies

Hyperparathyroidism increases the activation frequency of BMUs resulting in a 

higher osteon density with no reported effect upon bone modeling (Robling and Stout, 

2000). Hyperparathyroidism can be associated with dietary stresses (Robling and Stout,

2000). A lack of dietary calcium or the inability to absorb calcium (resultant from 

Vitamin D deficiency) may result in low serum calcium. This may cause a release of 

parathyroid hormone, which increases the active number of BMUs and results in more 

osteons per unit bone. However, Broulik et al. (1982) found that hyperparathyroidism did 

not have an influence on osteon size.13

Diabetes mellitus also affects bone remodeling. Thompson (1978) reports that 

diabetes mellitus reduces the formative capacity of bone by 36% and that in individuals 

with the disease, osteons require approximately 2.8 times longer to form. This condition 

is most likely due to a decrease in the rate of production of osteoprogenitor cells and the 

diminished rate of single formation and resorption spaces that may result in lower osteon 

density.

Frost (1983) has authored several articles on the accelerating factor he terms 

“regional acceleratory phenomenon” or RAP. Bone infections and fractures, local 

circulatory complications, and other factors may result in the increase of localized 

remodeling (Frost, 1983; Robling and Stout, 2000). The important aspect of this 

phenomenon is that the effects are localized which suggests that the accelerated

13 Likewise, Broulik (1982) found that osteoporosity did not have an influence in osteon though he did find 
that the Haversian canal diameter was slightly increased in patients with epilepsy.
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remodeling effects may go unnoticed if the tissue sample is affected and other fields in 

the cortex are not checked for involvement (Robling and Stout, 2000). Robling and Stout 

(2000) present several observations that one should keep in mind while evaluating 

whether or not a pathological condition exists in the bone one is examining:

1. Examine the entire section for signs of abnormal histomorphology and the 

presence of pathognomic bone types, such as woven bone.

2. Examine the cortical thickness (Ct.Th). A high turnover in the endosteal 

portion may indicate an osteoporosis-related disorder and may distort osteon 

population density studies.

3. Examine trabecular bone for signs of disease processes. Robling and Stout

(2000) suggest an analysis of trabecular bone due to its greater surface area to 

volume ratio. Trabecular bone “usually exhibits the effects of systemic 

metabolic bone disease more rapidly and to a greater extent than cortical bone 

(p. 197)”.

There are other natural taphonomic processes that can be confused with 

pathological conditions and can obfuscate bone histology. For example, inclusions 

(extraneously derived material within bone spaces) and infiltrations (the exchange of 

bone components with those of the immediate environment) may have a detrimental 

affect on bone histology, rendering its examination useless. Furthermore, one should bear 

in mind that the macroscopic appearance and the apparent state of preservation may bear 

no relation to the histological appearance of the bone. Garland (1987) presents 76 bones 

from different sites and different burial environments. These bones ranged in age from
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c.9000 BC to the early 20th century. Garland illustrates that the outward appearance of the 

bone does not always coincide with the derived histological image. For example, some 

bones that appeared to be in excellent condition exhibited damage to the histological 

structures due to taphonomic agents. Unfortunately there is no reliable time frame for the 

onset and progression of generalized and focal destruction, and the destruction may only 

be realized by microscopic examination (Garland, 1987). However, Berg ((1963; 1964)] 

as cited by Janssen (1984)]) states that the inception of decay in the bone tissue occurs 

after approximately 20 although the osteons can still be detectable in polarized light even 

after one thousand years postmortem.

However, the histomorphology of bones is often well preserved (Stout, 1978; 

Stout and Teitelbaum, 1976), the greatest taphonomical structural alteration is chemical 

in nature (Race et al., 1968), and the Haversian systems are usually still observable. 

Bone, due to its porous nature, is conducive to the collection of foreign substances in its 

empty spaces (Garland, 1987). Generalized destruction may be recognized by the 

“disintegration, disaggregation and dissociation of osteons” (Garland, 1987) under 

transmitted light. Under polarized light the general destruction reduces the birefringence 

of the bone (Garland, 1987) and gives an amorphous appearance to the periphery of the 

osteons. This type of destruction usually occurs only in the outer cortical area. Inclusions 

usually appear as dark anastomosing features running from the Haversian canal through 

the network of canaliculi. Marchiafava et al. (1974) provide an overview of fungal 

inclusions and Hackett (1981), Garland (1987) and Pfeiffer (2000) are excellent sources 

pertaining to all types of focal and general destruction on histological level. In this
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research, specimens that house inclusions or have obvious generalized destruction, as 

described above, will not be recorded.

Population Variations

Histomorphometric variations between populations are the focus of this research. 

However, as Pfeiffer (1998) states, “[Relatively little has been published describing 

cortical osteon size (Evans, 1976a; Evans, 1976b; Stout, 1976; Stout and Teitelbaum, 

1976) ...[and any] observation, must necessarily be tentative because it is based on our 

limited knowledge of how these structures vary within human skeletons and between 

modem human populations”. Although there has been scant clinical and anthropological 

research focused upon histomorphometric variations between populations, the existing 

research suggests that there might be racial variations in histomorphometric parameters. 

As Goldman (2001:18) states, “[GJenetics plays a very clear role in the determination of 

bone architecture, particularly in terms of bone geometry and size...the general form of a 

bone, including its attachments and anatomical relationships, is genetically determined, 

and will develop even in the absence of functional influences”.

One of the earliest mentions of histological racial variation is found in Cohen and 

Harris (1958). Cohen and Harris (1958) cite Godina (1947) as demonstrating “minor 

changes attributable to race” in the cross-sectional shape and size of osteons. There are 

substantial interpopulational variations in metabolism, and the histology of the skeleton is 

apparently affected by these differences (Robling and Stout, 2000). Gam (1964), in his 

research comparing measurements of compact bone in individuals of Asian and European
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ancestry (see Chapter 1), suggested that the characteristics of Asiatic compact bone “is 

primarily a reflection of endogenous control mechanisms”. Burr (1990) states that 

differences of maintenance between bone mass in populations is partly a result of the 

interaction of environmental and cultural factors ((Armelagos, 1969; Larsen, 1981; 

Richman et al., 1979; Ruff, 1987; Van Gerven, 1973) as cited by Burr et al. (1990)). 

These nongenetic factors may be expressed in differences in the “size, geometry, and 

number of osteons...as such, interpopulation comparison of histological structure can 

shed light on differences in rates and patterns of loss that may result from culturally 

based causes and allows us to define the limits of human population variability.”

Interpopulational variations in remodeling rates, however, are not in question, as 

they are known. Population-specific augmentations of the popular histological ageing 

techniques have met with success providing further evidence of interpopulational 

variation on the histological level. Narasaki (1990) modified Thompson’s (1979) ageing 

technique specifically for a Japanese population, Fangwu (1983) adapted Kerley’s (1965) 

ageing technique exclusively for a Chinese population and Cho (1996) tailored her 

technique for an African-American population, all of which have improved the accuracy 

of the methods.

However, discerning which characteristics are genetically influenced and which 

are influenced by other factors is more difficult (Pfeiffer, 2000). Pfeiffer (2000:296) 

shows, through a gross comparison, that osteon size is more consistent across human 

populations than is Haversian canal size, thus suggesting that the osteonal area is “guided 

more stringently by genetically based developmental canalization and Haversian canal
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area is more sensitive to shorter-term homeostatic variables”. Furthermore, Pfeiffer 

(1998) cites evidence from comparative anatomy of species-specific patterns of bone 

histology, “ ,..[t]hat is, there is a genetic predisposition to histological structures of 

particular shapes and sizes (Enlow and Brown, 1956; Enlow and Brown, 1957; Enlow 

and Brown, 1958; Foote, 1916 [as cited by the author])”. It is with this evidence in mind 

that this research focuses upon differences and similarities of osteon and Haversian canal 

size, on author-induced definitions of osteonal area, and the variations in remodeling 

rates as seen by the osteon population density between the two chosen study populations.
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Chapter 3 . Materials and Methods 

Sample

Samples from two separate collections were used for this study.14 The first 

sample is representative of a Southeast Asian Mongoloid population, and is comprised of 

41 individuals. The majority of the Asian samples are the remains of ARVN (Army of the 

Republic of South Vietnam) soldiers; however, there are also individuals from Wake 

Island (N=2), Kiribati (formally known as Makin Island) (N=l), and Okinawa (N=2) 

included in the sample. These skeletal collections are currently curated in Honolulu, 

Hawai’i at the U.S. Army Central Identification Laboratory. The second sample is 

representative of Euro-Caucasians, although there is also one African-American included. 

This sample of eleven is drawn from Dr. Mary F. Ericksen’s collection at the George 

Washington University School of Medicine.15 Most of this sample (consisting of 264 

individuals, 139 males and 125 females, all of which were described in their death 

certificates as Caucasian except for 12 African Americans and one Asian) was collected 

from the George Washington University Medical School dissecting room. Most of these 

individuals are reported as middle class (as interpreted by their vocations), and the mean 

age in years for males is 61.16 with a range of 16-97 (Ericksen, 1991). For this research, 

individuals from this sample considered for inclusion are male, between the ages of 18-

14 The author collected the data and samples from the CILHI collection and a lab assistant, under direction 
of Dr. Sam Stout, collected the samples from Dr. Ericksen’s collection, as the author was unable to travel to 
Missouri.
15 Presently under the care of Dr. Sam D. Stout, of the Anthropology department, at the University of 
Missouri



35, and free of pathological conditions or medical treatments that would affect bone 

histology function. These parameters most closely resemble the population that this 

technique is intended to identify: military personnel.

Histological studies are sometimes criticized because they are often based on 

small samples from a single area of a long bone that may not be representative of the 

variation in that area or bone (Stout, 1989). To some extent these criticisms apply to this 

study. However, complete cross-sections through femora are often hard to obtain, 

especially given the narrow demographic parameters of this research. Most cadavers 

donated to medical schools are in a much older age range, and usually of penurious 

health, and therefore in order to conform to the rigorous stipulations set forth for this 

study, the Caucasian sample used is not as large as some suggest (e.g., Frost (1969) 

suggests a minimum of 20 individuals similar with respect to age, gender, and health to 

minimize sampling error associated with bone histomorphometric data collection). In 

addition, those in possession of the skeletal collections are hesitant to submit their 

holdings to destructive analysis. The benefits of this technique offset the aforementioned 

compromises as the data are from samples of a moderate size, from an area easily 

identified, even in a fragmentary state while preserving the donor femora intact for future 

studies.

Vital statistics were recorded for each individual, including age at death, cause 

and manner of death, and pathological processes active at time of death. For the Asian 

samples, these data are determined through skeletal analysis and examination of records 

at the CILHI laboratory in Hawai’i in late March and early April of 2001. The sex, age
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and cause of death for Ericksen’s collection of Caucasian and African-American 

individuals are provided by the hospital records and death certificates associated with 

each individual (see Appendix A).

Sampling Strategy

The subperiosteal cortex of the femoral midshaft is a favored sampling site for 

histomorphometric studies (Ahlqvist and Damsten, 1969; Ericksen, 1991; Kerley, 1965; 

Thompson, 1979) despite concerns regarding variation in the bone’s remodeling pattern 

(i.e., the rate of turnover and the consequent area distribution of Haversian systems) 

throughout the cross-section and between the periosteal and endosteal margins (Frost, 

1987; Lazenby, 1984; Pfeiffer, 1992; Stout, 1989). The midshaft of the femur was chosen 

as the sampling location in this study for several reasons. First, most other data collected 

is from the femur midshaft. Sampling in the same area provided the greatest amount of 

comparative data available. Second, the femur is usually better preserved and easier to 

identify than the other elements suggested for sampling (such as the fourth rib), and 

because osteons differ in size in different bones (Pfeiffer, 2000), an easily identifiable 

element is paramount. Third, Samson and Branigan (1987) report no significant 

differences in Haversian canal numbers or areas sampled at 1 cm intervals along a 9 cm 

femoral midshaft length. Therefore exact location of sampling within the bone is not 

critical. Fourth, and perhaps most importantly, the femur has one of the highest chances 

of survival and recovery (Waldron, 1987) in an archaeological context, and the histology 

is less likely to be affected by heat distortion in a fire or explosion, owing to the fact that 

it is protected by a greater muscle mass than other favored sampling locations (i.e., the rib
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or clavicle). Furthermore, the middle third of the femoral shaft has the highest average 

ultimate tensile strength (848.57 kg/cm2), the highest modulus of elasticity (1.4834 x 105 

kg/cm2), is the hardest, and shows the greatest percentage elongation under tension 

(1.27%) (Evans and Lebow, 1951). All of these factors increase the likelihood that the 

femur will survive and can be identified.

There are studies (see Bouvier and Hylander, 1981; Lanyon et al., 1982; Schaffler 

and Burr, 1984; Stout and Gehlert, 1982) as cited by Stout (1989)) that show that 

biomechanical factors affect cortical bone remodeling and that non-weight-bearing bones 

(e.g., ribs and clavicle) should be used for histomorphometric studies. However, due to 

previously published data for comparisons, good preservation, ease of identification, and 

large sampling area the advantages of using a femur for this research are outweigh those 

of other potential sampling locations.

The right femur was the preferred sampling location, although the left was 

occasionally used when the right was not available. Thompson (1978) found that no 

systematic differences could be discerned between the left and right sides of the body 

with respect to yielding lower standard errors of age estimates methods using osteons 

( contra Amprino (1948); this uniformity suggests that body side will not impact the data 

gained here. After using a pencil to mark a point opposite the linea aspera, a wedge- 

shaped sample (Figure 3-1) was cut from the midshaft of each femur. In case the 

midpoint of the shaft could not be precisely determined due to peri- or postmortem 

damage, an estimation was made. This sampling technique produced a c-shaped wedge 

drawn from the anterior aspect of the femur that sampled approximately one-half of the
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mid-diaphysial cortex (see Figures 3-1, 3-2). The material obtained from Ericksen’s 

collection were bisected femoral shaft segments, from which small sections similar to 

that described above, were cut. The wedges from both samples were then sectioned and 

prepared for microscopic analysis.
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Figure 3-1. Anterior view of wedge cut

Figure 3-2. Lateral view of wedge cut
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Sample Preparation

The sections were prepared for microscopic analysis following Iwaniec et al. 

(1998) and Stout (1989). The samples were not decalcified nor were they embedded; 

Stout and Teitelbaum (1976) report that such treatments may distort the bone 

architecture. Furthermore, Evans and Bang (1966) report fractures in their decalcified 

cross-sections produced by shrinkage during decalcification. For each sample the bone 

wedge was cut through the apex with a Buehler Isomet low speed saw, which used water 

as a lubricant. By cutting through the apex, it is able to produce a surface that was 

oriented perpendicular to the shaft of the bone. This transverse section is important 

because the microstructures of bone are arranged longitudinally. Accurate quantification 

of structures relies upon transverse section exposure. The more skewed a cut, the more 

likely it is to produce elongated oval osteons which distort determinations of the areas of 

osteons and Haversian canals. The surface of the sections were abraded with 1000 grit 

silicon carbide on frosted glass. This abrading was done to remove striations produced by 

the saw. The samples were then removed from the saw and ultrasonically cleaned for at 

least five minutes to remove any grit or other debris that might have been lodged in 

Haversian canals and extra-Haversian spaces. The samples were then left to air dry over 

night.

Next, cortical thickness (Ct.Th) was measured for each specimen. Femoral 

diaphyses consist primarily of cortical bone with lesser amounts of medullary bone. The 

transition from medullary to cortical bone was, at times, difficult to discern with absolute 

precision. Medullary bone is distinguished visually from cortical bone by a cancellous



appearance containing porosities that are apparent to the naked eye (Thompson, 1978). 

There were a few cases in which visual porosity invaded the cortical aspect of the bone 

and there was no clear delineation between the two. These samples are not included 

because they are thought to be an indication of pathological bone remodeling.16 In this 

study, cortical thickness (Ct.Th) was defined as the minimum thickness of compact bone 

of the wedge in the anterior portion, excluding all medullary bone. Cortical thickness was 

measured with a Fowler Sylvac Ultra-Cal Mark III digital calipers to the nearest 0.01 

mm. Two measurements were taken on each section for accuracy. There was no 

periosteum included on any of the samples; thus, all of the measurements include only 

“dry” bone (see Appendix A).

The samples were then mounted on petrographic slides (46 mm x 27 mm x 1.2 

mm) using “Great Planes” ProCA cyanoacrylate glue. Petrographic slides were used 

because it was found that normal microscope slides (3”x 1” x 1.0 mm thick) shatter 

during the drying process (see also Pfeiffer, 2000; Ubelaker, 1974). After drying, the 

samples were cut again and ground to a thickness of 80 to 100 pn using a Buehler Petro- 

Thin thin-sectioning system. This thickness is found to optimize the visibility of the bone 

microstructures, while preserving the integrity of the bone. Each bone section was then 

checked under a microscope for any remaining striations and other faults that may have 

occurred during slide preparation. If the slide did contain some sort of fault, another slide 

was made from the specimen. The slides were not further abraded with silicon carbide 

nor ultrasonically cleaned, as this was found to avulse the sample from the slide.

16 The samples excluded are: E918, E701, & 1990.260.1
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Microscopic Examination of Cortical Bone Microstructures and Digital Analysis

The completed slides were viewed using a Nikon Optiphot-POL microscope with 

a lOx objective and lOx optical. Polarized light microscopy resolves the borders of 

secondary osteons more efficiently than bright field microscopy largely due to the optical 

anisotropic property of bone tissue. The birefringence of light clearly delineates the 

borders of secondary osteons, and is considered one of the fundamental properties of 

bone tissue (Ascenzi and Bonucci, 1961). An unstained 50-100 pn thin-ground section, 

by the physical phenomenon of interference in polarized light, becomes nitid and 

pavonine. The resulting colors originate from the crossed polarizing filters (Nikols) and 

are not of the solar spectrum (Schultz, 2001). These colors, grouped in a character 

sequence called Newton’s series, may be interpreted according to the thickness of the 

material and birefringence (Delly, 1998). The background (e.g., the slide itself) always 

appears as purple-red, the course of the collagen fibers (such as those contained within 

the Haversian systems) are yellow and may appear green in thicker sections. The 

Haversian systems, themselves, show up as Maltese or ‘negative’ crosses (see Figure 2-

4), meaning that fibers in the dark areas are running parallel to the axis of the microscope 

and, thus, are inactive (as no interference is occurring); they show the same purple-red as 

the background (Schultz, 2001). The fibers that run slightly obliquely to the surface of the 

slide are a dim-violet. Those that run parallel to the direction of the additive position are 

blue. Lastly, those at right angles appear yellow (Weber (1927) as cited by Schultz

(2001)). One may gain a relatively accurate estimate of the thickness of the thin-section



based upon the intensity of staining, which provides an important aid in the preparation 

of a slide (e.g., in a thicker section, i.e., between 75 and 95 pn, the structures will be 

orange and green and in a thinner section, i.e., between 50 and 70 pn, yellow and blue) 

(Schultz, 2001).

A Sony Power HAD DXC-970MD 3CCD color video camera was used in 

conjunction with Coreco Inc.’s TCPro Image Capture software version 2.41 to acquire 

the images of the bone samples. Each image was calibrated using a stage micrometer, 

thus negating the pitfalls associated with area measurements that use area aggregates by 

field of view (see Lazenby, 1984); it is known that different combinations of 

microscopes, oculars and objectives produce varying sized fields of view (Stout and 

Gehlert, 1982; Uytterschaut, 1985). A single image captured is 0.77 mm by 1.02 mm in 

size. This produces a sample area of 0.7854 mm2. As many as 18 images are needed of 

each sample in order to represent a complete section from the periosteal border to 

endosteal border. Each section is 1.5mm in width. This width is chosen as a compromise 

between resolution, storage constraints (each single image was 1.5mb resulting in a 27mb 

mosaic), and maximum observation area. These images were then reassembled into a 

continuous image for each sample using Adobe Photoshop 5.0.2.

This technique was adapted from Ortner (1970) and Ericksen (1991) and is clearly 

preferable to methods of mensuration that only use a microscope. Ericksen (1991:173-4) 

sums up the advantages of the method used here:

1) The field is arbitrarily defined and the slide can be shifted for 

focusing on peripheral structures without danger of ‘losing’ the field. In 

cases of doubtful interpretation, the investigator can switch to higher
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magnification without qualms. 2) The same field can be found repeatedly 

and assessed in different ways by different people. Also the photographs 

can be filed as a permanent record. 3) Structures can be outlined and 

labeled on the photo; there is no danger of losing count 4) In many cases 

the photo supplement direct vision: cement (reversal) lines are especially 

clear in photographs.

This type of digital analysis has many benefits in terms of accuracy and precision over 

use of a stage micrometer, and eliminates one of the main sources of inter-observer error 

reported by Compston et al. (1986).

The area analysis and count was performed on a 1.2GHz AlienWare computer 

using the free UTHSCSA ImageTool program (developed at the University of Texas 

Health Science Center at San Antonio, Texas and available from the Internet by 

anonymous FTP from ftp://maxrad6.uthscsa.edu). The program was calibrated to the 

micrometer in the image at 632 pixels per millimeter. The perimeter of each secondary 

osteon and Haversian canal was outlined manually according to the prescribed definition, 

and much in the same manner as Mulhem and Gerven (1997). The software calculated 

the encompassed area. The resulting data were then exported and analyzed for statistical 

significance using Microsoft Excel 97 SR-1 and SAS 8.02 for UNIX.

ftp://maxrad6.uthscsa.edu
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Histological Mensuration

Each sample consists of a 1.5 mm wide section extending from periosteum to 

endosteum. The samples ranged from 5.24 mm2 to 11.37 mm2 in area. The area of the 

samples varied due to the individual’s cortical thickness (Ct.Th). Iwaniec (1997:108) 

showed that

In view of the variation in total visible osteon densities among and within 

individual anterior mid-diaphyseal femoral bone sections, relatively small 

area dimensions were required to predict total visible osteon density in the 

entire anterior core thin section specimen (mean area 56.7 mm ). Two, 1 

mm wide columns (approximate total area of 8-9 mm2) separated by 1-2 

mm of bone and spanning from the periosteal to the endosteal surface 

sufficed to account for over 90% of variability in total visible osteon 

density within the anterior femoral core. Although individual columns 

from the middle third of the bone section, with an average area of 4 -  5 

mm2, accounted for over 80% of the section variation.

2 .
If the variation in densities is accurately represented with an average area of 4 -  5 mm , it 

implies that the variation in size would also be accurately represented within the same 

size area. Because these samples ranged from 5.24 mm2 to 11.37 mm2 in area, it may be 

assumed that over 80% of the section variation is represented.

For each sample, 20-50 osteons were measured. For each of these osteons, the 

total osteon area (On.Ar) (the area circumscribed by the reversal line) and Haversian 

canal area (H.Ar) (the area circumscribed by the inner edge of the osteon bone tissue) per 

thin section, periosteum to endosteum, were recorded. The number measured depended 

upon the length of the section, the preservation of the histological structures, and the



definition of a secondary osteon used (100% vs. 75%), and, ultimately, the osteon 

population density (OPD) (see figure 3-3).17 To avoid confounding osteon size with the 

matter of variability in osteon shape due to oblique cutting, an osteon was measured only 

if its greatest diameter was no more than twice its smallest diameter, and if its outer 

reversal line was complete. Thus, there is a slight bias towards circular structures and an 

avoidance of structures that were cut obliquely in sample preparation, although this is not 

entirely a function of the angle of the cut, as Haversian systems are not always oriented 

parallel to the long axis of the bone (Cohen and Harris, 1958). Every attempt was made to 

sample osteons from throughout each thin section, including the periosteal, mid-cortex, 

and endosteal bone envelopes. However, because endosteally positioned osteons tend to 

be more irregular in shape, this region may not be as well represented. This will tend to 

reduce the average size of osteons, since endosteally positioned osteons tend to be larger 

(Jowsey, 1966; Pfeiffer et al., 1995b).

In recording the data from each section, a second definition of osteon was also 

employed, wherein the reversal line must be at least 75% complete in order to qualify as 

an osteon. This definition was chosen to see whether the variability in osteon definition 

among various researchers (see the review of the literature, above) has any effect upon 

the data collected, and to determine whether these differences disallow comparisons 

between data sets. Therefore, two different definitions were used while measuring all 

osteons, and the data relating to the two definitions were compared to determine whether

17 Although others define OPD as the sum of the observed intact and fragmentary osteons per unit area 
(e.g.,Stout SD, and Lueck R (1995) Bone remodeling rates and skeletal maturation in three archaeological 
skeletal populations. American Journal of Physical Anthropology 161-171.), OPD is defined here as the 
number of only complete osteons per square millimeter.
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Figure 3-3. Detail of osteon mensuration



definition differences resulted in statistically significant differences in osteon and 

Haversian canal size. The area of each Haversian canal of each osteon was also measured 

unless there was the discernible presence of Howship’s lacunae, indicating resorption. In 

this case, the area of the osteon was still recorded without its corresponding Haversian 

canal. In all cases, the area of the osteon represents all areas contained within the reversal 

line, including the (negative) space of the Haversian canal.

There were some specimens that contained infrequent structures characterized by 

the presence of a reversal line containing concentric lamellae and a canal. Although these 

structures match the definition set forth for secondary osteons, the diameters of these 

microstructures were approximately two to three times larger than the typical osteon 

observed. Furthermore, there were fewer lamellae than normally found within typical 

osteons. Both of these features (large overall size and paucity of lamellae) resulted in the 

presence of an abnormally large Haversian canal. These structures are possibly a product 

resulting from cortical drift, the trabecularization of cortical bone, or oblique cuts through 

ramifying osteons (Iwaniec, 1997). These structures were not measured nor included in 

the data set and probably do not represent true osteons. Likewise, osteons or Haversian 

canals that were bisected by the borders of the micrographs were not measured; therefore, 

no estimation of area is involved, and every measurement recorded represents a 100% 

intact osteon. This procedure will eliminate any error of intraobserver estimation and 

interpretation. The nomenclature of the measured and calculated variables follows that 

approved by the American Society for Bone and Mineral Research (Parfitt et al., 1987).

81



The four hypotheses tested in this research are: a) differences exist between the 

mean area of osteons in the two samples; b) differences exist between the mean area of 

Haversian canals in the two samples; c) differences exist in the osteon population density 

(OPD) between the two samples; and d) between-researcher discrepancies in the 

definition of secondary osteons disallows valid comparisons of data collected.

In order to test these four hypotheses, parametric and nonparametric methods are 

employed. These methods include the Mann-Whitney U test18, the Student’s T-test, and 

the Quantile-quantile (Q-Q) plot.19 These statistics were performed using SAS and Excel 

programs. Each test was run twice, once with “flagged” individuals included and once 

without. These individuals were flagged due to their age (e.g., 40+ years of age), 

biological affinity20, or geographic origin (e.g., the individuals from Wake Island or 

Okinawa) (see Appendix B for a list of the flagged individuals). Results are considered 

statistically significant at an alpha=0.05.

Parametric tests are the more robust of the two types of statistics used because 

they are more likely to lead to the rejection of a null hypothesis. However, their use is 

restricted because certain assumptions about the distribution of the sample need to be met 

(i.e., having a known standard deviation or normal distribution (Lutz, 1983)). Of the 

parametric tests, Student’s T-test is often used with small samples (Lutz, 1983). It is a 

parametric method that tests a set of sampling distributions when the population’s 

standard deviation is unknown but the population is normally distributed (Lutz, 1983). It

18Also known as the Wilcoxan-Mann-Whitney test or Wilcoxan Two-Sample test
19Also known as a Normal Probability plot
20 The only individual that is flagged due to biological affinity was E l323. He was flagged because there 
were no other African American individuals in the sample.
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was for this reason that Q-Q plots were run along with every T-test to insure normality. A 

Q-Q plot is used to assess normality of the population sample (Norusis, 1999; Rice,

1995). In this test, the closer the results are to a 45° angle, the more normal the 

distribution. The Q-Q plot is shown with every Student’s T-test result.

Non-parametric tests are not as robust as parametric statistics (Norusis, 1999). 

However they are used in conjunction with parametric tests for several reasons: 1) they 

remove the possibility that outliers might influence the results; 2) they are much more 

useful for smaller samples; and 3) they require fewer assumptions (Norusis, 1999). The 

Mann-Whitney U test is a common non-parametric equivalent to the Student’s T-test that 

compares two dependent samples on an interval variable.

There are issues with the robusticity of statistics employed in previous 

histomorphometric studies. As Pfeiffer (2000) states, “Measures of variance like the 

standard deviation tend to be much higher within a bone section than between people in a 

sample, so statistically based comparisons must incorporate that variance." This study 

takes as many observations as possible for each individual, and then averages the values 

to obtain one overall value per individual to use in the analysis. Using an averaged value 

to estimate the "true" value for each individual reduces the impact of sampling error, and 

the large natural variation that has been noted in prior research. Furthermore, t-tests 

consider variance, so this should not be an issue. Pfeiffer (2000) goes on to state, 

“Treating the mean value from a bone sample as an adequate representation and working 

only with the measure of dispersion between samples can lead to type I errors, that is, 

seeing differences between subsets where none truly occur." However this statement is
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true of all statistical methods, regardless of the nature of the data tested. Type 1 errors21 

are unavoidable in statistics, but may be reduced by using a smaller alpha value while 

conducting hypothesis testing so that the tests become more conservative. For this reason 

an alpha-0.05 level was used in interpreting the following statistical results.
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21 A type I error is the error of rejecting the null hypothesis when, in fact, the null hypothesis is true. Thus 
the researcher would erroneously report a significant relationship between two variables, when in reality 
the difference observed was due to natural variation within the sample and not to underlying relationships 
between the tested variables. A type II error results when the researcher fails to reject a null hypothesis that 
is false.



Chapter 4 . Results

Osteonal Area (On.Ar)

2 2The mean osteonal area within the Asian sample is 0.0362 mm (0.03734 mm 

with flagged individuals). The mean osteonal area within the non-Asian sample is 

0.03478 mm2 (0.03702 mm2 with flagged individuals). A two-tailed Student’s T-test 

indicated no significant difference in osteon area between samples. In fact, the two 

samples are almost identical (P=0.924). However, the flagged individuals clearly 

influence this outcome. When the flagged individuals are removed, the probability 

decreases considerably (P=0.603). The results from the Wilcoxon test reflect this as well. 

With flagged individuals included, the test indicates that the samples are nearly identical 

(P=0.9326). With the flagged individuals removed, the probability decreases (P=0.8237). 

The flagged individuals are obviously skewing the data. This is more than likely due to 

their advanced age. Figure 4-1 shows the distribution of the percentage of observations in 

each sample. The Q-Q plots are shown in figures 4-2 and 4-3.

Haversian Canal Area (H.Ar)

The mean Haversian canal area within the Asian sample is 0.00194 mm2 (0.00192 

mm2 with flagged individuals), whereas the mean within the non-Asian sample is 

0.00244 mm2 (0.00278 mm2 with flagged individuals). A two-tailed Student’s T-test 

indicates a highly significant difference in Haversian canal area between samples
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Figure 4-1. Distribution of the percentage of osteon area observations in each sample

Figure 4-2. Q-Q plot for On.Ar of Asian sample
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Figure 4-3. Q-Q plot for On.Ar of Caucasian sample

(P=0.0047). In this case, the flagged individuals also influence this outcome. When the 

flagged individuals are removed, the probability decreases slightly (P=0.0045). The 

results from the Mann-Whitney U test reflect these results as well (P=0.00008). With the 

flagged individuals removed, the probability decreases (P=0.0051). The F  test statistic 

indicates that the ratio of the two variances is 18.81 to 1. This indicates that the between- 

groups variance is more than 18 times as large as the within-groups variance (Lutz, 

1983). Figure 4-4 shows the distribution of the percentage of observations in each 

sample. The Q-Q plots are shown in Figures 4-5 and 4-6.

Osteon Population Density (OPD)

The osteon population density (OPD) is the number of osteons per square 

millimeter. This was computed by dividing the total number of osteons from each sample
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Figure 4-6. Q-Q plot for H.Ar of Caucasian sample

by its area (cortical thickness x 1.5 which is the width of the section). The mean cortical 

thickness for Asians is 5.30 mm (5.20 mm with the flagged individuals). The mean 

cortical thickness for the non-Asian sample is 6.21 mm, (5.66 mm with the flagged 

individuals). The difference in cortical thickness (Ct.Th) between the two samples with 

the flagged individuals is not significant (Student’s T-test, p=0.27); however with the 

flagged individuals removed, it is significant (p=0.01). These differences in cortical 

thickness have been previously established. These data are shown in order to establish 

that they fit the known populational characteristics.

The average osteon population density (OPD) of the Asian sample is 2.58 

osteons/mm2 (2.60 osteons/mm2 with flagged individuals). The average osteon 

population density (OPD) of the Caucasian sample is 3.70 osteons/mm2 (3.67 

osteons/mm2 with flagged individuals). Student’s T-test results with the flagged



individuals are significant (p=0.043), and with the flagged individuals removed the 

results only decrease slightly in significance (p=0.084).

Definition Differences

Differences in osteon definition result in significantly different means (P=0.031) 

of osteonal area. The two definitions used are 100% intact (100% of its original lamellar 

areas and an intact haversian canal) and 75% intact (the osteon exhibits 75% or more of 

its original lamellar area and has an intact Haversian canal (much like Kerley’s [1965] 

definition). The ‘missing’ lamellar area is estimated into the area measured. These results 

indicate that area, perimeter, diameter, and radius data obtained from studies using 

different definitions of osteons (see Table 4-1) cannot be statistically compared. In this 

study, the sets of data produced by the two definitions are significantly different. These 

results suggest that definitions differing by more than 10% (see Table 2-2) may not safely 

be compared. This, situation however, does not affect the comparison of general 

differences in datasets (such as size through time or between sexes) because these 

comparisons do not depend upon the actual data, but rather upon the trends in the data.

The following chart (table 4-1) shows the H.Ar and On.Ar results of this study 

and from published data. However, since previously published values may use different 

definitions in their methodology (and are not presented with error terms), statistically 

relevant comparisons cannot be made. This chart is simply presented to provide a rough 

estimate of the similarities and dissimilarities between the data from this study and 

previously published data.
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Table 4-1. Com parison of results with published On.Ar and H.Ar data
Mean area 

Age 10'3 mm2
_______ Average ________

Investigator Population Sex # Meas’d Range Ave. Cort.Thick. Ao Ah
Frost, 19613 ? Male ? x  1 53 53 51d 2.9
Currey, 19643 ? Male ? x 6 <60 43.5 35d 5.0d
Jowsey, 1966i ? Mixed 100 x 26 20-90 47d 2.7P
Martin et al. 1980i ? Mixed 80x20 37-96 69.3 43 5.1
Thompson, 19802 ? Male ? x 54 30-99 73.4 4.89 — 4.1
Evans, 19762 ? Male ? x 35 41.5 41 —

Georgia et al. 19824 ? Male ? x ? — 3.7
Mulhem & Medieval Male ? x 24 40 2.0
Van Gerven Nubians
Narasaki, 1990 Japanese Male ? x 28 54-98 78.9 4.6 23p —

Burr et al. 1990 Pecos Indians3 Male ? x 6 20-29 40.7 2.0
Burr et al. 1990 Pecos Indians3 Male ?x  10 30-39 34.9 2.3
This Research, 2002 Caucasian Male ?6x 7 20-44 32.7 6.2 34 2.4
This Research, 2002 SE Asian1 Male 2x 25 18-307 25 5.3 36 1.9

Number measured is osteons/subject x # of subjects
1. From Martin & Burr 1989, d = area calculated from diameter, p = area calculated from perimeter
2. From Pfeiffer 2000
3. From Burr et al. 1990 (14th century to 18th century)

4 Cited by Burr et al. 1990
5 Flagged individuals removed
6 Number of osteons counted differed from individual to individual
7 Ages are estimated from skeletal remains



Chapter 5 . Discussion

In review, the major findings of this research are as follows:

1) There is no statistically significant difference between the two samples with 

regard to osteon size, although mean osteon size is larger in the Asian sample.

2) There is a statistically significant difference between the two samples with regard 

to Haversian canal size. The mean Haversian canal area is smaller in Asian 

sample.

3) There is no statistically significant difference between the two samples with 

regard to osteon population density. OPD is smaller in the Asian sample.

4) There is a statistically significant difference between the two samples with regard 

to cortical thickness. Cortical bone is thinner in the Asian sample.

5) Differences in osteon definition result in significantly different osteon area means.

Most of these results suggest there is a difference between the samples in the 

metabolic rate for skeletal remodeling. This difference is discussed more thoroughly 

below. Although the exact cause of these differences cannot be determined through this 

research (nor was it the goal of this research), several potential explanations for these 

differences are discussed below.
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Tissue Level Remodeling Rates

On the tissue level, osteon population density indicates the metabolic rate for 

skeletal remodeling. The average osteon population density (OPD) of the Asian sample is 

2.58/mm2. The average osteon population density (OPD) of the Caucasian sample is 

3.70/mm2. Student’s T-test shows that the difference between the two samples’ OPD is 

significant (p=0.043). Several possible etiological factors may account for this difference. 

Stout (1983) states, “In general, given two comparable cortical bone samples, the one 

with the greater total visible osteon density has undergone a greater amount of bone 

remodeling. Such differences may be due to age differences and/or metabolic stresses.” 

Metabolic stresses may include habitual systemic stress levels such as dietary 

insufficiencies, activity level, and lifestyle, as well as population-specific metabolic 

differences such as mean tissue age (MTA) and differing rates of skeletal maturation.

Burr (1990) reports that a more active lifestyle has been associated with a thicker 

mean wall of osteons and a greater osteon population density. Mulhem (1997) also 

reports that both a high osteon population density (OPD) and a large osteon size (defined 

as greater than 200 pn in diameter) improve the fatigue properties of bone and that a 

high OPD inhibits the accrual of microcracks due to cyclic loading of bone. However, 

Abbott et al. (1996) state that, according to Frost’s (1987) work, higher strain on bones 

does not depress bone remodeling. Rather, higher work strains stimulate bone modeling, 

which adds to the periosteal surface and prevents the expansion of the endosteal cavity. 

Therefore, according to Abbott et al. (1996), “high strains during adult life tend to 

depress bone remodeling, reducing the osteon population density”. Consequently, the



biomechanical extremes (i.e. sedentary living style or extremely strenuous activity) will 

result in a depressed osteon population density, and a normal, active lifestyle results in a 

higher OPD.

Several authors suggest that diet is a factor in osteon population density. 

Thompson and Gunness-Hey (1981) found, in their histological analysis of femora 

sections, that Eskimos possessed a higher OPD than U.S. Caucasians. This difference 

existed in spite of the fact that they found no differences in osteon size between the two 

populations. They, like Richman et al. (1979) (who reported differences between 

Eskimos and Indians), attribute these differences in osteon population density to diet and 

lifestyle. Richman et al. (1979) speculate that these differences are due to the high protein 

content of the Eskimo diet. A high protein diet may cause a more frequent mobilization 

of mineral from bone to aid in buffering extracellular fluid (it is generally accepted that a 

diet high in protein can cause metabolic acidosis, and possibly even ketosis, which is 

associated with bone loss and hyper-calciuria).

Chronological and skeletal ages are also factors in OPD. Osteons accumulate in 

cortical bone as the individual ages (Martin and Burr, 1989; Martin et al., 1980). This 

accumulation is not only a product of the individual’s age, but also a product of the mean 

tissue age. The mean tissue age (MTA) itself is dependent upon various hormonal and 

metabolic factors, such as biomechanical strain (Martin and Burr, 1989). The samples 

used in this research have similar chronological ages; however, this similarity in and of 

itself does not mean that their skeletal ages were developmentally analogous. Between- 

population differences in skeletal maturation, dental eruption, and epiphyseal fusion have
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been known for some time (Bass, 1995; White, 2000). These differences might be genetic 

or environmentally determined, but are probably an amalgamation of the two. Thus, one 

may have two individuals of the same chronological age with differing degrees of 

skeletal development and mean tissue age. Population-specific ageing techniques, such as 

those by Cho (1996), Fangwu (1983), Narasaki (1990), and Watanabe et al. (1998) 

illustrate this. These techniques take into account known population ranges in order to 

provide a more accurate age for the individual from a known population.

The reason for the perceived differences in the osteon population density between 

the two samples may be due to habitual systemic stress levels as they relate to diet, 

activity level, and lifestyle, as well as population-specific metabolic differences such as 

mean tissue age (MTA) and differing rates of skeletal maturation. As to which factor was 

exclusively, or even primarily, the agent responsible for the differences is simply not 

possible to determine from the present research. Important to the goal of this research, 

however, is the fact that differences exist, suggesting that Asians and Caucasians can be 

differentiated by their bone histology.

Cellular and Multicellular Level Remodeling Rates

On the cellular level, the metabolic rate for skeletal remodeling is indicated by the 

osteon. An osteon’s area is determined by the extent to which the bone remodeling unit 

(BRU) resorbs the preexisting cortical bone. The area of the Haversian canal is 

determined by the subsequent refilling of the resorption space by the BRU (Eriksen et al., 

1994; Pfeiffer, 1998). Therefore, the smaller the osteon size, the less vigorous the 

osteoclastic activity (Abbot et al., 1996; Broulik et al., 1982). Both the Asian and the
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Caucasian samples show that a normal balance was maintained between bone resorption 

and formation: in the Asian sample 94.64%26 of the bone that was removed by 

osteoclastic action was replaced by osteoblastic action. This percentage was slightly 

lower in the Caucasian sample which was 92.96%. These results indicate that the 

resorption and formation processes were balanced between samples. It also indicates that 

the Caucasian sample has an overall lower metabolic rate for skeletal remodeling. The 

slightly lower overall cellular vigor (cell vigor being a product of the rate of formation or 

resorption and its duration (Martin and Burr, 1989)) of the Caucasian sample indicates 

that the cells had a slower working pace or that they did not survive as long (Abbot et al.,

1996). However, because the resorption and formation were coupled and balanced, these 

differences have no effect on the overall health of the bone (Abbott et al., 1996).

Osteonal Area (On.Ar)

The relative lack of differentiation between the two samples with regard to osteon 

size is curious, because much of the literature on bone microarchitecture suggested that 

one would exist. Although there are no statistically significant differences between the 

two samples with regards to osteon size, the observed probability does decrease with the 

flagged individuals removed (i.e. showing a higher likelihood of a difference existing in a 

normally distributed population). A power test (Sokal and Rohlf, 1969) illustrates that if 

there is a 25% difference in size between two samples, it would take 68 osteons 

measurements per sample to verify this disparity at the P = 0.05 level (Pfeiffer, 1998).

26 The ratio between bone resorption and formation here is determined by (H.Ar X 100 / On.Ar) -  100 per 
Abbot S, Trinkaus E, and Burr DB (1996) Dynamic bone remodeling in later Pleistocene fossil hominids. 
American Journal of Physical Anthropology 99:585-601.
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Due to the stringent definitions and exacting methodology employed in this study, an 

average of only 15.5 osteons and Haversian canals were measured per sample. Thus the 

data extracted will only suffice to discriminate between populations that are very 

different. Clearly, any minor differences between the two samples could not be discerned 

with this sample size. However, future studies, using larger samples may indicate the 

expected differences between populations.

Theories regarding differences in osteon size between populations have been 

previously discussed (see chapter 2). This research seems to suggest, as did Pfeiffer's 

(1998, 2000), that osteon size (On.Ar) is more consistent across populations than are 

other histological variables. Nevertheless, there is also the possibility that there is a 

statistically significant difference in the genetic blueprint between these populations that 

is masked. For example, variations in habitual systemic stresses or population-specific 

metabolic differences may have boosted or lowered one, or both, of the population’s 

osteon size into the range of the other population, effectively disguising a genetic 

difference. Burr (1990) and Mulhem (1997) report that an active lifestyle is associated 

with larger osteons. However, without data from an Asian population drawn from 

occupations and vocations that are more sedentary than which make up this sample, it is 

impossible to excise the extent to which activity level affected osteon size.

Haversian Canal Area (H.Ar)

The statistical difference between the two samples with regard to Haversian canal 

area is interesting, and may indicate one or more of the following processes. The area of 

the Haversian canal reflects the depositional component of the bone modeling unit
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(BMU), whereas the osteon area reflects the resorptive component of the BMU. There are 

several variables that can affect the depositional activity of the BMU that may not affect 

the resorptive component. However, the degree to which these two aspects of the same 

process are independent, or the factors that affect the depositional or resorptive aspect 

alone remain unclear.

Watanabe et al. (1998) showed that the ageing process does not affect the 

Haversian canal in the same manner as it affects the osteon. In their sample of seventy- 

two Japanese males (ages ranging from 43 days to 92 years old), they showed that 

osteons were highly correlated with age, while Haversian canals were not. However, 

these results should be taken into consideration with those presented in Table 2-3, as 

there are many differing opinions concerning this topic (i.e., Bocquet-Appel et al., 1980; 

Jowsey, 1966; Mulhem and Van Gerven, 1997; Rother et al., 1978; Singh and Gunberg, 

1970; Yoshino et al., 1994).

The Haversian canal has been reported to be much more variable in area than the 

osteon (Pfeiffer, 1998). Therefore, it is generally thought that the Haversian canal might 

indicate current shorter-term metabolic activity, and be less influenced by broader 

extrinsic and intrinsic variables such as age or sex. Pfeiffer (2000) speculates that the 

trend in modem sedentarism affects remodeling, specifically affecting the Haversian 

canal. She states that more recent samples have larger Haversian canals and reasons that 

this increase in Haversian canal area may be due to modem humans’ relatively 

diminished activity levels or may be due to the tendency to live with chronic conditions 

that affect bone metabolism. While thought provoking, the significant difference between
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H.Ar in two sampling locations (rib and femur) in Pfeiffer’s (1998) sample seems 

inconsistent with her argument that H.Ar reflects whole body metabolic activity. 

However, this difference may also be due to factors that control both resorption and 

deposition of bone. “It is clear that rib osteons are usually about three-quarters the size of 

femur osteons” (Pfeiffer, 2000:294), so it may be that the factor (or factors) that control 

for a smaller osteon in the rib also controls for a smaller Haversian canal.

Pfeiffer (1998) uses the variation of Haversian canal area data to build a mortality 

profile for her nineteenth-century rural sample. She indicates that the lower variability in 

Haversian canal area in her sample may “indicate a higher proportion of accidental deaths 

or briefer periods of premortem ill health (p.225)”. She speculates that this possibility is 

due, to a certain extent, to the fact that partially filled osteons will have larger Haversian 

canals. The Haversian canals would be larger because osteons that were arrested while 

still in the formation phase (i.e. due to death) would not have filled in completely, while 

completed osteons will have smaller Haversian canals because the osteons had the chance 

to fill completely. Furthermore, Pfeiffer (1998; 2000) found no significant differences 

among “racial subsections” of her sample of South African cadavers, while she did find 

statistical differences between eighteenth-century Europeans and later people of 

European origins. All of these observations seem to indicate that environmental factors 

may contribute more to the perceived variance than do genetic factors (Pfeiffer, 1989; 

2000).

Although it is not possible to discern the variables that are principally 

accountable for the differences seen in these two samples of Asians and Caucasians, these
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data demonstrate that differences do exist at the population level. These data also indicate 

that osteon size (On.Ar) is more consistent across populations than is Haversian canal 

size, suggesting that the area of the osteon is rooted in a “genetically based 

developmental canalization” (Pfeiffer, 2000:296) and Haversian canal area is more 

susceptible to shorter-term homeostatic and environmental factors.
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There are two primary goals of this research. The first is to ascertain whether any 

differences in histomorphometry exist between Asian and Caucasian populations and 

examine the potential, if any, that these differences may offer for the preliminary 

identification of biological affinity. The second goal is to provide descriptive work using 

the common histological variables, On.Ar and H.Ar, which are based on an easily 

reproducible methodology and a definition of osteon that limits subjectivity. By limiting 

the subjectivity of the definition of the osteon, it is hoped that valid inter-study 

comparisons can be made that might further elucidate the ways in which histological 

variables can be used. The major points of both goals are summarized below.

The results of the research suggest that statistical differences in histomorphometry 

exist between Asian and Caucasian populations, based upon the study of two samples. 

However, the majority of these results seem to indicate a difference between the 

populations in metabolic rate for skeletal remodeling. There are statistically significant 

differences between the two samples with regard to Haversian canal size and osteon 

population density. Both of these results seem to indicate metabolic factors rather than 

genetic ones. However, there is a genetic component in the osteon population density due 

to the mean tissue age and differences in skeletal maturity. Yet, the relative importance of 

genetic control to that of the metabolic control in osteon population density cannot be 

answered based upon the present research.

Curiously, there is not a significant difference between the two samples with 

regard to osteon size, although mean osteon size is larger in the Asian sample. This
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finding is curious, because numerous studies have found that Asians have a lower bone 

mineral density and bone mineral mass than Caucasians (see chapter 1).

Interpopulational differences in bone mineral mass and density should manifest 

with similar relative differences in the frequency and number of osteons present in the 

bone. Bone microarchitecture is highly correlated with bone mineral density and bone 

mineral mass (Insok, personal communication; Schnitzler and Mesquita, 1998), and 

differences in measurements of bone mass are affected by the turnover state of the 

skeleton (Eriksen et al., 1994). The apparent similarity between the two samples with 

regard to osteon size may be attributed to one or more of the following factors: 1) osteon 

size (On.Ar) is consistent across populations; 2) statistically significant differences in 

osteon size are masked by habitual systemic stresses or population-specific metabolic 

variations by boosting or lowering one, or both, of the population’s osteon size into the 

range of the other population. This masking might effectively disguise a genetic 

difference and/or variation that was not discerned due to a small sample size.

That a statistical difference does exist between the two samples with regard to 

Haversian canal area is interesting and may identify several processes. The area of the 

Haversian canal reflects the depositional component of the bone modeling unit (BMU). 

There are several variables that can affect the depositional activity of the BMU that may 

not affect the resorptive component that forms the osteon. However, the degree to which 

these two aspects of the same process are independent of each other, and which factor(s) 

targets the depositional aspect remains unclear. However it does seem that the results are 

consistent with other hypotheses indicating shorter-term metabolic activity as a factor in
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the differences seen between the samples, and less by broader extrinsic and intrinsic 

variables such as age or sex.

A significant difference was also apparent in the osteon population density 

between the two samples. This may indicate that habitual systemic stress levels such as 

diet, activity level and lifestyle, or population-specific metabolic differences such as 

mean tissue age (MTA) and differing rates of skeletal maturation, may play a role in the 

differences observed. As to which factor was exclusively, or even primarily, the agent 

responsible for the differences, it is not possible to determine from this research.

As Havers stated in 1691,“...about the interal [sic] Fabrick [sic], and some other 

things of the bones, our Searches have been earless [sic], our Notice slight and transient.” 

This “earless [sic]” differences in osteon definitions used today among researchers result 

in significantly different means (P=0.031) of osteonal area. The two definitions used in 

this research to test this difference are 100% intact and 75% intact (in which the osteon 

exhibits 75% or more of its original lamellar area and has an intact Haversian canal). 

These results indicate that area, perimeter, diameter and radius data obtained from studies 

using different definitions of osteons (see Table 4-1) cannot be statistically compared. 

The comparisons of results between researchers who utilize dissimilar definitions of 

osteons should not continue. Instead, researchers should consistently apply only one 

definition of osteon (or perhaps more realistically only compare their data with studies 

that used a similar definition of osteon). These steps will clarify the true differences 

between populations, rather than simply reflecting the methodological differences
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between studies. It is suggested that future research adopt the 100% intact definition, as it 

requires virtually no interpretation.

Future studies

As Pfeiffer (1998:225) states, “It is possible that with further descriptive work we 

may be able to use histological variables like On.Ar and H.Ar as benchmarks for 

population relationships and metabolic health, respectfully”. It is with this in mind that 

larger and more diverse sample populations need to be studied and mensurated. These 

future studies have to apply identical methodologies and identical definitions to ensure 

the compatibility of inter-study comparisons. This need for descriptive work can also be 

satisfied by retro-studies using previously prepared samples with the new methodologies 

before curated samples are discarded due to storage constraints (e.g., Kerley’s [1965], 

samples of mostly white military men (Ubelaker, 1978)], would be an excellent sample 

with which to compare to the Asian sample presented here).

More comparative studies are needed to determine whether the results from this 

study extend to other populations. Larger sample sizes will also be beneficial. These 

future studies will further elucidate which of the components studied are genetic and 

which are metabolic. It may also reveal population-specific metabolic or genetic 

differences that could be used in many archaeological, anthropological, or forensic 

settings to help identify biological affinity, clarify mortality profiles of past populations, 

and aid in differential diagnosis in paleopathology.
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Further studies of the precise nature of the coupling of the resorptive and 

depositional aspects of the BMU would greatly benefit our understanding of the factors 

that influence their respective size and shape. Cross-disciplinary studies combining such 

clinical fields as endocrinology, biomechanics, and orthopedics with physical 

anthropology and paleopathology would be excellent for addressing these goals.

Furthermore, the results of these studies will add to anthropological understanding 

of the relations, extent, and manifestations of biological affinities and geographic 

populations, as there has been some shift away from this. As S9an and Krogman 

(1986:62) lament,

The year 1950 marks the virtual cessation of anthropological studies of 

race differences in the human skeleton, at least in the United States. 

American studies since that period are elaborate statistical treatments of 

data on sex, reports of biochemical differences, mostly in remote tribes, 

and studies of long-dead peoples. It is ironic that the increased need in 

forensic anthropology for more reliable data on race and sex differences in 

the skeleton has come at a time when fear of racial discrimination has 

made funding for racial studies nearly impossible to obtain. Whatever the 

cause, in the last 30 to 40 years, there have been very few publications 

reporting new skeletal characteristics associated with human geography.

Most of these have appeared in forensic media, rather than in primary 

anthropological journals.

Summary

The present research began as an attempt to determine alternate possible means 

for determining the biological group affinity for fragmented skeletal remains between



geographically disparate populations, specifically American-Caucasians and Southeast 

Asians. The goal was to determine the feasibility of developing a method that may be 

used in the field to differentiate the remains of U.S. servicemen from the people of 

Southeast Asia. This technique is based upon differences in bone histological traits that 

are apparent between groups, and which allow for preliminary racial categorization, even 

when skeletal remains are fragmentary. This method requires relatively little equipment: 

a microtome and grinding accessories, polarizing microscope with an image-capturing 

device, and a computer with appropriate software- all of which can be easily transported 

and set up by the military in their field camps.

These data suggest that differences exist on the population level among modem 

humans. These histomorphometric differences occur most notably within Haversian canal 

area measurements and osteon population densities. However, it is not possible to discern 

which variables are principally accountable for the differences seen in this study. These 

data also indicate that osteon size (On.Ar) is more consistent across populations than 

Haversian canal size, suggesting that the area of the osteon is rooted in a “genetically 

based developmental canalization” and Haversian canal area is more susceptible to 

shorter-term homeostatic and environmental factors. These results also indicate 

population-specific metabolic differences such as mean tissue age (MTA) and differing 

rates of skeletal maturation. In sum, this research represents an important application 

involving the broad range of anthropology in order to solve a specific and practical 

problem.
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Appendix A: Sample Data

Race Origin Age M-L A-P Cort. Thick COD Does COD have Osteological Effect?

1113 W Ericksen 39 26.88 31.74 6.07 Metastatic 
melanoma, 6.5yrs.

Possible

507 W Ericksen 28 24.95 29.72 7.58 Cardiorespiratory arrest, recurrant 
astrocytoma of brain

Not
probable

29 W Ericksen 28 27.67 33.87 5.5 Hypoxemia (from 
tracheotomy)

Not
Enough
Info

918 W Ericksen 60 27.57 35.49 10.57 2.56 Arterioscl. cardiovasc. 
disease Archaeologist

Not
Enough
Info

1323 B Ericksen 42 23.44 29.89 5.65 Cardiopulmonary arrest f.
R. intracerebral hemorrhage

Not
probable

701 W Ericksen 33 28.19 38.32 8.8 6.76 Elavil overdose Not
probable

207 W Ericksen 20 24.46 31.23 5.99 Striated carcinoma not
probable

7 W Ericksen 46 25.96 35.11 5.62 Unknown Not
Enough
Info

1205 W Ericksen 37 31.65 31.98 5.75 Undetermined(natural
causes)

Not
Enough
Info

1 W Ericksen 47 29.06 32.85 4.98 Chronic brain syndrome, 
trephination

Not
Enough
Info

123 W Ericksen 44

38.5455

26.96

296.79

26.97273

29.69

359.89

32.71727

5.83

52.97

5.88555556

Cardiorespiratory arrest; 
chronic brain syndrome

Mid-Shaft Max. Grt.Troc.Obli Max Length 
Circumferenc Length que Length o f Shaft (if 
e fractured)

Not
Enough
Info

Max Dia. Epi. Breadth Mid Pt. Est? 
Head

1974.042,1 A ARVN 25* 25.7 30.4 6.05 8.7 42.7 40.7 44.1 7.5 n

1974.042,2 A ARVN 25* 23.7 24.3 5.78 7.5 41.1 45.8 y

1974.042,3 A ARVN 25* 23.3 29.8 5.03 8.4 42.4 y

1974.042,4 A ARVN 25* 24.5 25.2 4.93 8 36.3 7.5 y

1974.042,5 A ARVN 25* 23.8 29.1 5.04 8.4 44 y

1974.042,6 A ARVN 25* 21.6 29.7 4.39 8.1 45.3 y

1974.042,7 A ARVN 25* 23.7 28.2 6.11 8.1 y

1974.042,8 A ARVN 25* 26.1 28.1 5.74 8.6 y

1974.042,9 A ARVN 25* 24.5 24.1 5.61 7.9 46.6 y

1974.042,10 A ARVN 25* 26.7 29.6 4.73 8.8 31.2 y

1974.042,11 A ARVN 25* 24.9 25.5 5.71 7.9 29 y

1974.042,12 A ARVN 25* 24.7 26.1 8.1 33.5 y

1974.042,13 A ARVN 25* 26 24.3 4.41 8.3 34 y

1974.042,14 A ARVN 25* 22.8 26.2 5.6 8.1 27 y

1974.042,15 A ARVN 25* 26 25.5 8.3 35.6 y

1989.055,1 A Wake 25* 24 31 4.95 8.8 42.8 40.3 49.9 8.1 n

Island
7.5*1989.195,1 A ARVN 25* 25 25.6 5.44 8.1 40.5 38.5 n

1990.141,1 A ARVN 25* 22.1 25.4 4.06 7.8 38 y

1993.068,1 A Okinawa 20* 24.7 27.2 5.7 8.3 38.6 37 50 8.5 n

1993.068,2 A Okinawa 20* 26.2 31.6 5.5 10.1* 43.2 40.9 47.7 8.2 n

1992.218,1 A Cambodi 40* 27.7 30.2 6.26 9.2 36 47.2 y

1990.260,1 A
a
ARVN 30* 27.5 25.5 4.95 8.4 45 41.6$ 48.6 n

1990.165,1 A ARVN 25* 25.2 28 5.73 8.4 44 43.2 7.6* y

1990.165,2 A ARVN 25* 24.5 24.4 5.16 7.9 36 y

1989.157,1 A ARVN 25* 24.6 25 5.96 8.1 42.2 39.7 46.9 n

1994.145,1 A ARVN 25* 24.8 27.2 6.25 8.2 43.5 41.7 44.6$ 7.9 n
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1999.106.1 A ARVN

1999.106.2 A ARVN

1993.291.1 A ARVN

1989.058.1 A ARVN 19* 25.9 26.6 3.49 8.5 39.6 y

1989.034.1 A ARVN 25* 25.4 26.6 5.49 8.3 42.4 41.1 43.1 7.5 n

1992.016.1 A ARVN 23* 24.3 29.2 5.34 8.5 41.5 48.3 y

1986.013,1 A ARVN

25* 23.7 27.5 4.1 8.2 42.2$ 44.1 45.3

25* 27.9 24.4 5.65 8.2 40.6 38.4 43.5

40* 24.5 26.8 5.93 8.1 41.4 39.4$ 46.7

19* 25.9 26.6 3.49 8.5 39.6

25* 25.4 26.6 5.49 8.3 42.4 41.1 43.1

23* 24.3 29.2 5.34 8.5 41.5 48.3

25* 22.9 25.6 5.53 7.8 44 40.5 44.5

25* 27.1 29.4 4.83 8.9 43

25* 24.1 29.8 5.61 8.6 43.4 46.3

25* 27.7 26.5 5.2 8.5 38 47.2

25* 28.5 30.2 4.16 9.2 42.6 40.5* 49.5

25* 28.5 31.8 4.31 9.6 46.9 44.5* 47.8

(Kiribati)
1990.212,1 A ARVN 25* 26.5 30.6

1989.210,1 A ARVN 25* 24.2 26.1

1989.184,1 A ARVN 25* 25.2 26.7

7.4 n

7.9 n

1990.259.1 A ARVN 25* 27.1 29.4 4.83 8.9 43 y

1990.259.2 A ARVN

1990.259.3 A ARVN

1989.057.1 A Wake
Island

1999.135.1 A Makin 25* 28.5 31.8 4.31 9.6 46.9 44.5* 47.8 9.1 n
Island

36.5 y

31 y

29 y

Mean 25.13902 27.43902 5.25864865



Appendix B: Raw On.Ar & H.Ar Measurements

Sample # 

1974.042,1

1974.042,1
0

.Ar. Hav. Ar. On.Ar. Hav. Ar. Flag
>% 100% 75% 75%
0.02894 0.00081 0.04157 0.00099
0.03804 0.00162 0.02969 0.00084
0.01147 0.00108 0.04221 0.00165
0.08052 0.00088 0.0182 0.00238
0.04517 0.00165 0.01595 0.00151
0.03639 0.00326 0.04781 0.00072
0.03166 0.00153 0.0276 0.00069
0.05665 0.00802 0.04574 0.0017

0.0641 0.0004 0.0363 0.00174
0.07011 0.00815 0.01272 0.00092
0.01194 0.00108 0.02283 0.0015
0.06214 0.0017 0.12124 0.00659
0.05067 0.00126 0.03624 0.00075
0.04713 0.00349 0.03957 0.00525

0.04984 0.00147
0.05894 0.00785
0.03603 0.00321
0.03108 0.0012
0.02631 0.00257
0.03588 0.0003
0.02691 0.00082
0.02716 0.00128
0.01144 0.00104
0.01997 0.00238
0.04986 0.00132
0.07347 0.00818

0.0435 0.00124 0.0435 0.00124

0.04007 0.00136 0.04007 0.00136
0.03128 0.00165 0.03128 0.00165
0.03906 0.00113 0.03906 0.00113
0.03926 0.00118 0.03926 0.00118
0.01731 0.00146 0.01731 0.00146
0.01707 0.00086 0.01707 0.00086
0.04464 0.00193 0.04464 0.00193
0.01791 0.00087 0.01791 0.00087
0.01856 0.00089 0.01856 0.00089

1974.042.11
1974.042.12
1974.042.13

1974.042,1 0.01464 0.00103 0.01464 0.00103
4
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1974.042,15

1974.042,2

1974.042,3

0.0199
0.01943

0.03
0.01542
0.02554
0.04373
0.01084
0.03759
0.05954
0.01965
0.02585

0.0345
0.02166
0.02902

0.03175
0.03796
0.01298
0.03644
0.02299
0.01817
0.01703
0.04514
0.01011
0.01879
0.02515
0.02067
0.02318
0.03951

0.04353

0.00113
0.0014

0.00337
0.00122
0.00132
0.00318
0.00066
0.00343
0.00779
0.00203
0.00223
0.00359
0.00159
0.00105

0.00309
0.00083
0.00086
0.00398
0.00109
0.00136

0.0007
0.00206
0.00129
0.00083
0.00158
0.00286
0.00109
0.00331

0.00183

0.0199
0.01943

0.03
0.01542
0.02554
0.04373
0.01084
0.03759
0.05954
0.01965
0.02585

0.0345
0.02166
0.02902
0.03213
0.02802
0.03973
0.02693
0.02121
0.03302
0.02611
0.02053
0.01936
0.00824

0.03175
0.03796
0.01298
0.03644
0.02299
0.01817
0.01703
0.04514
0.01011
0.01879
0.02515
0.02067
0.02318
0.03951
0.04706
0.02709
0.01446
0.02054
0.03923

0.04353

0.00113
0.0014

0.00337
0.00122
0.00132
0.00318
0.00066
0.00343
0.00779
0.00203
0.00223
0.00359
0.00159
0.00105
0.00153
0.00143
0.00257
0.0019

0.00115
0.00195
0.00082
0.00078
0.00173
0.00142

0.00309
0.00083
0.00086
0.00398
0.00109
0.00136
0.0007

0.00206
0.00129
0.00083
0.00158
0.00286
0.00109
0.00331
0.00122
0.00119
0.00143
0.00087
0.00116

0.00183
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1974.042.4

1974.042.5

1974.042,6

0.02144
0.01812
0.01616
0.03935
0.02248
0.03873
0.06127
0.0311

0.06501
0.04589
0.02852

0.02794
0.01722
0.05299
0.03404
0.04984
0.03254
0.03456
0.02671

0.0134
0.0299

0.02738
0.03293
0.04077
0.04533

0.04272
0.05171
0.06141
0.04816
0.02823
0.0341

0.05299

0.00103
0.00189

0.0009
0.00256
0.00108
0.00191
0.00302
0.00412
0.00957
0.00311
0.00188

0.00134
0.00184
0.00384
0.00088
0.00196
0.0006

0.00148
0.00122
0.0005

0.00097
0.00095
0.00128
0.00137
0.00319

0.0024
0.00288
0.00341
0.00312
0.00263
0.00173
0.00212

0.02144
0.01812
0.01616
0.03935
0.02248
0.03873
0.06127
0.0311

0.06501
0.04589
0.02852
0.02904
0.0353

0.05592
0.03667
0.03586

0.02794
0.01722
0.05299
0.03404
0.04984
0.03254
0.03456
0.02671

0.0134
0.0299

0.02738
0.03293
0.04077
0.04533
0.03182
0.03748
0.03574
0.0234

0.03675
0.04356
0.03214
0.01226

0.04272
0.05171
0.06141
0.04816
0.02823
0.0341

0.05299

0.00103
0.00189

0.0009
0.00256
0.00108
0.00191
0.00302
0.00412
0.00957
0.00311
0.00188
0.00196
0.00089
0.00207
0.00139
0.00339

0.00134
0.00184
0.00384
0.00088
0.00196
0.0006

0.00148
0.00122

0.0005
0.00097
0.00095
0.00128
0.00137
0.00319
0.00107
0.00282

0.001
0.00052
0.00187
0.00182
0.00176
0.00186

0.0024
0.00288
0.00341
0.00312
0.00263
0.00173
0.00212
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1974.042.7
1974.042.8

1974.042,9

1986.013,1

0.03579
0.05577
0.04478
0.05262
0.04467
0.04889

0.03085
0.01826
0.04584
0.02408
0.02487
0.02091
0.01962
0.01889
0.01567

0.01515
0.01995
0.01791
0.00776
0.05102
0.01925
0.01489
0.02747
0.02537
0.02815
0.02105
0.02427
0.01481
0.01357
0.04628
0.02961

0.04113
0.03776
0.02381
0.04757

0.00193
0.00327
0.00259
0.00247
0.00102
0.00167

0.00169
0.00076
0.00316
0.00245
0.00138
0.00201
0.00102
0.00158
0.00079

0.00077
0.00116
0.00167
0.00062
0.00159
0.00186
0.00168
0.00116
0.00155
0.00149
0.00069
0.00261
0.00123
0.00106
0.0011
0.0017

0.0017
0.00108
0.00142
0.00234

0.03579
0.05577
0.04478
0.05262
0.04467
0.04889
0.08649
0.06202

0.03085
0.01826
0.04584
0.02408
0.02487
0.02091
0.01962
0.01889
0.01567

0.01515
0.01995
0.01791
0.00776
0.05102
0.01925
0.01489
0.02747
0.02537
0.02815
0.02105
0.02427
0.01481
0.01357
0.04628
0.02961
0.01773
0.03121
0.03484
0.01035
0.04212
0.03922
0.04378

0.04113
0.03776
0.02381
0.04757

0.00193
0.00327
0.00259
0.00247
0.00102
0.00167
0.00246
0.00233

0.00169
0.00076
0.00316
0.00245
0.00138
0.00201
0.00102
0.00158
0.00079

0.00077
0.00116
0.00167
0.00062
0.00159
0.00186
0.00168
0.00116
0.00155
0.00149
0.00069
0.00261
0.00123
0.00106
0.0011
0.0017

0.00303
0.00179
0.00154
0.00121
0.00099
0.00103
0.00072

0.0017
0.00108
0.00142
0.00234



1989.034,1

1989.055,1

0.03145 0.00184 0.03145 0.00184
0.03649 0.00215 0.03649 0.00215
0.02652 0.00325 0.02652 0.00325

0.0465 0.00222 0.0465 0.00222
0.03726 0.00102 0.03726 0.00102
0.05153 0.00331 0.05153 0.00331
0.04199 0.00176 0.04199 0.00176
0.04563 0.00399 0.04563 0.00399
0.05738 0.00465 0.05738 0.00465
0.02347 0.0019 0.02347 0.0019
0.05081 0.00152 0.05081 0.00152

0.04321 0.00267
0.05008 0.00143
0.04893 0.00212
0.02976 0.00183
0.04436 0.00148

0.02315 0.00092 0.02315 0.00092
0.0303 0.00224 0.0303 0.00224

0.04956 0.00289 0.04956 0.00289
0.04082 0.00329 0.04082 0.00329
0.02599 0.00272 0.02599 0.00272
0.03547 0.00273 0.03547 0.00273
0.02181 0.00266 0.02181 0.00266

0.03193 0.00117
0.035 0.00241

0.02881 0.0022
0.03147 0.00207
0.05094 0.00396

0.03006 0.00209 0.03006 0.00209 Wake Is.
0.0637 0.00325 0.0637 0.00325

0.02171 0.00111 0.02171 0.00111
0.01553 0.00073 0.01553 0.00073
0.02585 0.00134 0.02585 0.00134
0.09357 0.00323 0.09357 0.00323
0.03391 0.00096 0.03391 0.00096
0.04883 0.00171 0.04883 0.00171
0.03103 0.00293 0.03103 0.00293
0.03927 0.00251 0.03927 0.00251
0.03976 0.00195 0.03976 0.00195

0.02657 0.00237
0.07927 0.00293

0.0302 0.00232

1989.057,1 0.01417 0.00055 0.01417 0.00055 Wake Is.
0.03234 0.00117 0.03234 0.00117
0.06584 0.00132 0.06584 0.00132
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1989.058,1

1989.157,1

1989.184.1

1989.195.1

0.03288

0.03568
0.02591
0.03187
0.02489
0.05166
0.02409
0.0399

0.01796
0.04717
0.03419
0.02272
0.04222
0.03633
0.04238
0.01663

0.03335
0.0357

0.03294
0.02427
0.05118
0.0529
0.0287
0.0195

0.02746
0.03434
0.03427
0.01936

0.05374
0.044

0.04825
0.02294
0.05188
0.04552
0.02389
0.05148
0.04636

0.00136

0.00125
0.00103
0.00274
0.00134

0.0039
0.00174
0.00229
0.00118
0.00201
0.00209
0.00145
0.00103
0.00136
0.00091
0.00115

0.00353
0.00206
0.00227
0.0011

0.00258
0.00161
0.0025

0.00122
0.0016
0.0013

0.00283
0.00116

0.00156
0.00179
0.00284
0.00163

0.0041
0.00317
0.00119
0.00108
0.00306

0.03288
0.03311

0.03568
0.02591
0.03187
0.02489
0.05166
0.02409

0.0399
0.01796
0.04717
0.03419
0.02272
0.04222
0.03633
0.04238
0.01663
0.03972
0.03631

0.03335
0.0357

0.03294
0.02427
0.05118
0.0529
0.0287
0.0195

0.02746
0.03434
0.03427
0.01936
0.02222
0.03573

0.05374
0.044

0.04825
0.02294
0.05188
0.04552
0.02389
0.05148
0.04636

0.00136
0.00228

0.00125
0.00103
0.00274
0.00134
0.0039

0.00174
0.00229
0.00118
0.00201
0.00209
0.00145
0.00103
0.00136
0.00091
0.00115
0.00093
0.00105

0.00353
0.00206
0.00227
0.0011

0.00258
0.00161

0.0025
0.00122
0.0016
0.0013

0.00283
0.00116
0.00156
0.00125

0.00156
0.00179
0.00284
0.00163

0.0041
0.00317
0.00119
0.00108
0.00306
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1989.210.1

1990.141.1

1990.165,1

0.04465

0.02681
0.02021
0.04906
0.02515
0.03379
0.04736
0.05284
0.04418
0.05901
0.04135
0.04555

0.0396
0.06292
0.02698

0.0405
0.03343
0.05829

0.05497
0.02674
0.02608
0.03396

0.0286
0.03147
0.02885
0.04123
0.02243
0.03673
0.02353
0.01643
0.02007
0.04079
0.03512
0.01667
0.01504
0.01547
0.01413

0.00199

0.00131
0.00094

0.0007
0.00066
0.00148
0.0014

0.00214
0.00147

0.0017
0.0017

0.00223
0.00254
0.00296
0.00143
0.00233
0.00319

0.0023

0.00113
0.00222

0.001
0.00092
0.00058
0.00155
0.00096
0.00086
0.00051
0.0013

0.00063
0.00099
0.00146
0.00026
0.00087
0.00113
0.00194
0.0006

0.00095

0.04465
0.05006
0.0258

0.02782
0.04904
0.05869

0.02681
0.02021
0.04906
0.02515
0.03379
0.04736
0.05284
0.04418
0.05901
0.04135
0.04555

0.0396
0.06292
0.02698
0.0405

0.03343
0.05829
0.02078

0.05497
0.02674
0.02608
0.03396

0.0286
0.03147
0.02885
0.04123
0.02243
0.03673
0.02353
0.01643
0.02007
0.04079
0.03512
0.01667
0.01504
0.01547
0.01413

0.00199
0.00207
0.00199
0.00222
0.00225
0.00057

0.00131
0.00094

0.0007
0.00066
0.00148
0.0014

0.00214
0.00147
0.0017
0.0017

0.00223
0.00254
0.00296
0.00143
0.00233
0.00319
0.0023

0.00091

0.00113
0.00222

0.001
0.00092
0.00058
0.00155
0.00096
0.00086
0.00051
0.0013

0.00063
0.00099
0.00146
0.00026
0.00087
0.00113
0.00194

0.0006
0.00095
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1990.165,2

Hmmmm-
->

1990.212,1

0.0284
0.02794
0.01331
0.01778
0.01875
0.03822
0.02691
0.03738
0.05425
0.04164
0.04866
0.01265

0.0241
0.02298
0.03682

0.04885
0.03189
0.07949
0.04104
0.06276
0.09202

0.03837
0.04165
0.04434

0.03461
0.01816
0.06732
0.03136
0.01516
0.02172
0.01386
0.03564
0.01922
0.0252

0.02503
0.04457

0.00116
0.00219
0.00153
0.00135
0.00095
0.00159
0.00072
0.00182
0.00192
0.00124
0.00173
0.00191
0.00056
0.00349

0.0021

0.00281
0.00128
0.00348
0.00089
0.00271
0.00223

0.00202
0.00176
0.00223

0.00106
0.00099
0.00178
0.00127
0.00109
0.00106
0.00103
0.00078
0.00084
0.00118
0.00059
0.00172

0.0284
0.02794
0.01331
0.01778
0.01875
0.03822
0.02691
0.03738
0.05425
0.04164
0.04866
0.01265

0.0241
0.02298
0.03682
0.03411
0.02251
0.03692
0.01781
0.03397

0.04885
0.03189
0.07949
0.04104
0.06276
0.09202

0.03837
0.04165
0.04434
0.05543
0.05031
0.08246

0.03461
0.01816
0.06732
0.03136
0.01516
0.02172
0.01386
0.03564
0.01922

0.0252
0.02503
0.04457

0.0363
0.07511

0.00116
0.00219
0.00153
0.00135
0.00095
0.00159
0.00072
0.00182
0.00192
0.00124
0.00173
0.00191
0.00056
0.00349

0.0021
0.00115
0.00175
0.00244
0.00207
0.00059

0.00281
0.00128
0.00348
0.00089
0.00271
0.00223

0.00202
0.00176
0.00223
0.00227
0.00307
0.00227

0.00106
0.00099
0.00178
0.00127
0.00109
0.00106
0.00103
0.00078
0.00084
0.00118
0.00059
0.00172
0.00114
0.00141
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1990.259,1

1990.259,2

1990.259,3

1990.260,1

0.05513 0.00251
0.02914 0.00164
0.01811 0.00053
0.04788 0.0024
0.03773 0.00388
0.06669 0.0023
0.03112 0.00377
0.05958 0.00289
0.04507
0.03013 0.0023
0.03511 0.00163
0.03444 0.00138
0.02094 0.00147

0.05688 0.00335
0.03704 0.0018
0.03255 0.00243
0.04383 0.00046
0.02818 0.00046
0.04915 0.00109
0.04496 0.00181
0.04758 0.00211
0.04092 0.00398
0.04119 0.00289
0.02496 0.00133
0.03563 0.00273

0.0387 0.00218

0.05367 0.00194
0.02883 0.00222

0.0447 0.0009
0.03965 0.00183
0.01847 0.00119
0.02801 0.00103
0.02325 0.00085

0.04965 0.00194
0.03632 0.00127
0.03052 0.00202
0.02318 0.00079
0.03058 0.00078

0.05513 0.00251
0.02914 0.00164
0.01811 0.00053
0.04788 0.0024
0.03773 0.00388
0.06669 0.0023
0.03112 0.00377
0.05958 0.00289
0.04507
0.03013 0.0023
0.03511 0.00163
0.03444 0.00138
0.02094 0.00147
0.07231 0.00209
0.03699 0.00233

0.05688 0.00335
0.03704 0.0018
0.03255 0.00243
0.04383 0.00046
0.02818 0.00046
0.04915 0.00109
0.04496 0.00181
0.04758 0.00211
0.04092 0.00398
0.04119 0.00289
0.02496 0.00133
0.03563 0.00273
0.0387 0.00218

0.03136 0.0008
0.02511 0.00141
0.04571 0.00111

0.05367 0.00194
0.02883 0.00222

0.0447 0.0009
0.03965 0.00183
0.01847 0.00119
0.02801 0.00103
0.02325 0.00085
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1992.016,1

1992.218,1

1993.068,1

1993.068,2

1993.291,1

0.03326

0.08209
0.0495

0.04846
0.04265
0.03287
0.05327
0.04222
0.04394

0.0377

0.08998

0.07534
0.06885
0.05821
0.06768
0.04175
0.03871
0.05316

0.02689
0.01871
0.04359
0.05086
0.04388
0.04083

0.04204
0.02645
0.02411
0.03346
0.02046
0.03512
0.02551
0.02816
0.02669

0.00181

0.00166
0.00233
0.00183

0.002
0.0026

0.00393
0.00091
0.00363
0.00405

0.00516

0.00202
0.00166
0.00143

0.0031
0.00274
0.00124
0.00319

0.00176
0.00212
0.00175
0.00373
0.00176
0.00219

0.00236
0.00207
0.00101
0.00152
0.00053
0.00265
0.00131
0.00188
0.00273

0.03326
0.05661
0.02263
0.05395
0.01731

0.08209
0.0495

0.04846
0.04265
0.03287
0.05327
0.04222
0.04394
0.0377

0.04359

0.08998

0.07534
0.06885
0.05821
0.06768
0.04175
0.03871
0.05316
0.04808
0.02745

0.02689
0.01871
0.04359
0.05086
0.04388
0.04083
0.03174
0.04289

0.04204
0.02645
0.02411
0.03346
0.02046
0.03512
0.02551
0.02816
0.02669

0.00181
0.00251
0.00096
0.00309
0.00065

0.00166
0.00233
0.00183

0.002
0.0026

0.00393
0.00091
0.00363
0.00405
0.00208

Okinawa

0.00516 Cambondia 
40yrs old

0.00202
0.00166
0.00143
0.0031

0.00274
0.00124
0.00319
0.00193
0.00115

0.00176 Okinawa 
0.00212 
0.00175 
0.00373 
0.00176 
0.00219 

0.0019 
0.00283

0.00236 40 yrs old 
0.00207 
0.00101 
0.00152 
0.00053 
0.00265 
0.00131 
0.00188 
0.00273



1994.145,1

1999,106,2

0.0155
0.02853
0.02708
0.01259
0.05828
0.02384
0.01847
0.0171

0.02104
0.02687
0.02997
0.03853
0.07398
0.01836
0.03045

0.03237
0.04678
0.03647
0.04449

0.0179
0.02649
0.02018
0.02171
0.04401
0.03279

0.0341
0.06304
0.04732
0.05747
0.03212
0.04143
0.05428
0.0486
0.0328

0.00108
0.00303
0.00292
0.0011

0.00113
0.00126
0.00098
0.00105

0.00151

0.00496
0.00127
0.00094

0.00246
0.00287
0.00195
0.00175
0.00107
0.00118
0.00111
0.00144
0.00071
0.00146

0.00116
0.00186
0.00112
0.00446
0.00176
0.00151
0.00203
0.00403
0.00127

0.0155
0.02853
0.02708
0.01259
0.05828
0.02384
0.01847

0.0171
0.02104
0.02687
0.02997
0.03853
0.07398
0.01836
0.03045
0.03722
0.07301
0.02723
0.02518
0.01095

0.0334

0.03237
0.04678
0.03647
0.04449
0.0179

0.02649
0.02018
0.02171
0.04401
0.03279
0.02186
0.05044
0.03384
0.03119

0.0341
0.06304
0.04732
0.05747
0.03212
0.04143
0.05428
0.0486
0.0328
0.0413

0.00108
0.00303
0.00292
0.0011

0.00113
0.00126
0.00098
0.00105

0.00151

0.00496
0.00127
0.00094
0.00172
0.00262
0.00104
0.00086
0.00098
0.00192

0.00246
0.00287
0.00195
0.00175
0.00107
0.00118
0.00111
0.00144
0.00071
0.00146
0.00158
0.0019

0.00157
0.001

0.00116
0.00186
0.00112
0.00446
0.00176
0.00151
0.00203
0.00403
0.00127
0.00251
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1999.106,1

1999.135,1

0.03888 0.00203 0.03888 0.00203
0.02799 0.00255 0.02799 0.00255

0.0609 0.00349 0.0609 0.00349
0.0184 0.00136 0.0184 0.00136
0.0288 0.00239 0.0288 0.00239

0.04371 0.00243 0.04371 0.00243
0.06481 0.00183 0.06481 0.00183
0.08855 0.00238 0.08855 0.00238
0.05505 0.00114 0.05505 0.00114
0.05731 0.00424 0.05731 0.00424
0.01964
0.04216
0.01804

0.00095 0.01964
0.04216
0.01804

0.00095

0.02587
0.05095

0.00136 0.02587
0.05095

0.00136

0.03566 0.0015 0.03566 0.0015
0.0488

0.05155
0.00293 0.0488

0.05155
0.00293

0.02328 0.00114 0.02328 0.00114
0.03535 0.00212 0.03535 0.00212
0.02103 0.00195 0.02103 0.00195

0.0353 0.00148 0.0353
0.10575
0.04962
0.06046
0.0614

0.00148
0.00423

0.0167 0.00087 0.0167 0.00087 Makin Is.
0.03491 0.00093 0.03491 0.00093
0.12988 0.00294 0.12988 0.00294
0.06014 0.00101 0.06014 0.00101
0.01251 0.0007 0.01251 0.0007
0.03537 0.00106 0.03537 0.00106
0.04425 0.00126 0.04425 0.00126
0.04518 0.00208 0.04518 0.00208
0.04161 0.00154 0.04161 0.00154
0.03227 0.00101 0.03227 0.00101
0.04727
0.04212
0.07075
0.0437

0.03805

0.0018 0.04727
0.04212
0.07075

0.0437
0.03805

0.0018

0.04161 0.00127 0.04161
0.11574

0.00127
0.0014

El 0.02485 0.00127 0.02485 0.00127 47 yrs old
0.02642 0.00283 0.02642 0.00283
0.02844 0.00212 0.02844 0.00212
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El 113

El 205

0.04183 0.00427
0.04316 0.00418
0.03831 0.0052
0.04362 0.00433
0.02333 0.00233
0.09456 0.00298
0.02522 0.00488
0.03025 0.00644
0.03915 0.00756
0.03614 0.0044
0.03993
0.08701 0.00609
0.07836 0.00982
0.05859 0.00457
0.04622

0.01673 0.00154
0.05148 0.00324
0.04029 0.0025
0.0255 0.00321

0.03138 0.0023
0.04741 0.00576
0.01192 0.00131
0.03946 0.00333
0.03659 0.0018
0.02452 0.00298
0.01521 0.00139
0.04289 0.00237
0.03679 0.00086
0.06021 0.00263
0.06618 0.00158

0.0421 0.00185
0.04435

0.0186 0.00144
0.06913 0.00287
0.02999 0.00302

0.05709 0.00569
0.06954 0.00541
0.02918 0.00194
0.03798 0.0017
0.04093 0.00129

0.0277 0.00367
0.0442 0.00106

0.04183 0.00427
0.04316 0.00418
0.03831 0.0052
0.04362 0.00433
0.02333 0.00233
0.09456 0.00298
0.02522 0.00488
0.03025 0.00644
0.03915 0.00756
0.03614 0.0044
0.03993
0.08701 0.00609
0.07836 0.00982
0.05859 0.00457
0.04622
0.03871 0.00266

0.01673 0.00154
0.05148 0.00324
0.04029 0.0025

0.0255 0.00321
0.03138 0.0023
0.04741 0.00576
0.01192 0.00131
0.03946 0.00333
0.03659 0.0018
0.02452 0.00298
0.01521 0.00139
0.04289 0.00237
0.03679 0.00086
0.06021 0.00263
0.06618 0.00158

0.0421 0.00185
0.04435

0.0186 0.00144
0.06913 0.00287
0.02999 0.00302
0.05273 0.00157
0.04597 0.00059
0.06452 0.00128
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0.02775 0.00098
0.03039 0.00338
0.02854 0.00261
0.02914 0.0015
0.03489 0.00478
0.02395 0.00374
0.02814 0.00064
0.02835 0.00159
0.03957 0.00534
0.04016 0.00326
0.03605 0.00208

0.0103 0.00058
0.0361 0.00314

0.01573 0.0014
0.02114 0.00325
0.02889 0.00188
0.02721 0.00325
0.02719 0.00209
0.02538 0.00156
0.06442 0.00179
0.02723 0.00194
0.06741 0.00555
0.05221 0.00315
0.01257 0.00127
0.02636 0.00207
0.03429 0.00135
0.0684 0.00259

0.01667 0.00243
0.06407 0.00114
0.02858 0.00215
0.05681 0.00277
0.03985 0.00354
0.03921 0.00403
0.0131 0.00103

0.01996 0.00097
0.01986 0.00261
0.05825 0.00523
0.04965 0.00276
0.02594 0.0029
0.05541 0.00426
0.01346 0.00058
0.07269 0.00326
0.02211 0.00255
0.03058 0.0023
0.07411 0.00532
0.03154 0.00279
0.02753 0.00271

0.01573 0.0014
0.02114 0.00325
0.02889 0.00188
0.02721 0.00325
0.02719 0.00209
0.02538 0.00156
0.06442 0.00179
0.02723 0.00194
0.06741 0.00555
0.05221 0.00315
0.01257 0.00127
0.02636 0.00207
0.03429 0.00135
0.0684 0.00259

0.01667 0.00243
0.06407 0.00114
0.02858 0.00215
0.05681 0.00277
0.03985 0.00354
0.03921 0.00403

0.0131 0.00103
0.01996 0.00097
0.01986 0.00261
0.05825 0.00523
0.04965 0.00276
0.02594 0.0029
0.05541 0.00426
0.01346 0.00058
0.07269 0.00326
0.02211 0.00255
0.03058 0.0023
0.07411 0.00532
0.03154 0.00279
0.02753 0.00271
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E1323

E207

0.05129 0.00268 0.05129 0.00268
0.04946 0.00411 0.04946 0.00411
0.03696 0.00228 0.03696 0.00228
0.01432 0.00081 0.01432 0.00081
0.02542 0.00214 0.02542 0.00214
0.02866 0.00524 0.02866 0.00524

0.03769 0.00145
0.03193 0.00252
0.04109 0.00261
0.04351 0.00142
0.04701 0.00305
0.04329 0.00285
0.07131 0.00327
0.02944 0.003
0.02836 0.00219
0.04017 0.00213
0.03147 0.00521
0.03893 0.00311
0.03062 0.00352
0.04412 0.00411
0.05532 0.00258

0.01789 0.00133 0.01789 0.00133 Black
0.03351 0.00204 0.03351 0.00204
0.02138 0.00181 0.02138 0.00181
0.06326 0.005 0.06326 0.005
0.05618 0.00585 0.05618 0.00585
0.07101 0.00516 0.07101 0.00516
0.11137 0.11137

0.1242 0.1242
0.04887 0.0031 0.04887 0.0031
0.05473 0.00325 0.05473 0.00325
0.04152 0.00854 0.04152 0.00854

0.05477 0.00686
0.07006 0.00452
0.07921 0.00781

0.00629 0.00042 0.00629 0.00042
0.00954 0.00146 0.00954 0.00146
0.00461 0.00044 0.00461 0.00044
0.02869 0.0021 0.02869 0.0021
0.05154 0.00324 0.05154 0.00324
0.02985 0.00325 0.02985 0.00325
0.00597 0.00093 0.00597 0.00093
0.01794 0.00312 0.01794 0.00312
0.02947 0.00386 0.02947 0.00386
0.03609 0.00533 0.03609 0.00533
0.02768 0.00359 0.02768 0.00359
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E29

E507

0.02123 0.00167
0.01864 0.00053
0.04411 0.006
0.02322 0.00102
0.04276 0.00464
0.0265 0.00221

0.03019 0.00411
0.03388 0.00217
0.04113 0.00096
0.02364 0.00085
0.03038 0.0028

0.0275 0.00094
0.03084 0.00217
0.03959 0.00455
0.03086 0.00236
0.02912 0.00133
0.02293 0.00383
0.03168 0.00109
0.02215 0.00077
0.03159 0.0022
0.04277 0.00512

0.0478 0.00604
0.04581 0.00324
0.03841 0.00247
0.04348 0.00373
0.02485 0.00238

0.05196 0.00409
0.04114 0.0026
0.05187 0.00347
0.01817 0.00091
0.07237
0.07042 0.00065
0.11616 0.00239
0.05842
0.03612 0.00243
0.04954 0.00184
0.02859 0.00153
0.02583 0.00079
0.02268 0.00145

0.03176 0.00404
0.04772 0.00483
0.06435 0.00439

0.0484 0.00644

0.02123 0.00167
0.01864 0.00053
0.04411 0.006
0.02322 0.00102
0.04276 0.00464
0.0265 0.00221

0.03019 0.00411
0.03388 0.00217
0.04113 0.00096
0.02364 0.00085
0.03038 0.0028

0.0275 0.00094
0.03084 0.00217
0.03959 0.00455
0.03086 0.00236
0.02912 0.00133
0.02293 0.00383
0.03168 0.00109
0.02215 0.00077
0.03159 0.0022
0.04277 0.00512

0.0478 0.00604
0.04581 0.00324
0.03841 0.00247
0.04348 0.00373
0.02485 0.00238
0.04234 0.00138
0.03638 0.00144

0.0542 0.00354

0.05196 0.00409
0.04114 0.0026
0.05187 0.00347
0.01817 0.00091
0.07237
0.07042 0.00065
0.11616 0.00239
0.05842
0.03612 0.00243
0.04954 0.00184
0.02859 0.00153
0.02583 0.00079
0.02268 0.00145
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E7

E701

0.04828 0.00173 0.04828 0.00173
0.03367 0.00148 0.03367 0.00148

0.044 0.00306 0.044 0.00306
0.02035 0.00193 0.02035 0.00193
0.01817 0.00085 0.01817 0.00085
0.0217 0.00275 0.0217 0.00275
0.0279 0.00088 0.0279 0.00088

0.03856 0.00126 0.03856 0.00126
0.02882 0.00126 0.02882 0.00126
0.01433 0.00086 0.01433 0.00086

0.0734 0.00248
0.06107 0.00445

0.0467 0.00307 0.0467 0.00307 46yrs old
0.01665 0.00191 0.01665 0.00191
0.02709 0.00286 0.02709 0.00286
0.02452 0.00344 0.02452 0.00344
0.04391 0.00652 0.04391 0.00652
0.02999 0.00244 0.02999 0.00244
0.04243 0.00259 0.04243 0.00259
0.04308 0.00336 0.04308 0.00336
0.01467 0.00112 0.01467 0.00112
0.04136 0.00214 0.04136 0.00214
0.03745 0.00086 0.03745 0.00086
0.06144 0.00155 0.06144 0.00155
0.03908 0.00186 0.03908 0.00186
0.06795 0.00259 0.06795 0.00259
0.02268 0.00351 0.02268 0.00351
0.04795 0.04795

0.0136 0.00101 0.0136 0.00101
0.03658 0.00212 0.03658 0.00212

0.06389 0.00096
0.05866 0.00278

0.04273 0.00235 0.04273 0.00235
0.03141 0.00318 0.03141 0.00318
0.0395 0.0016 0.0395 0.0016

0.02616 0.00148 0.02616 0.00148
0.02953 0.00183 0.02953 0.00183
0.04647 0.00167 0.04647 0.00167
0.04019 0.00266 0.04019 0.00266
0.04807 0.00127 0.04807 0.00127
0.04934 0.0019 0.04934 0.0019
0.04918 0.00266 0.04918 0.00266
0.01918 0.00092 0.01918 0.00092
0.04133 0.00244 0.04133 0.00244
0.04502 0.0018 0.04502 0.0018
0.01894 0.00095 0.01894 0.00095
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E918

0.00952 0.0011 0.00952 0.0011
0.0543 0.00247 0.0543 0.00247

0.02382 0.00103 0.02382 0.00103
0.06317 0.00276 0.06317 0.00276
0.04705 0.0037 0.04705 0.0037
0.0343 0.00358 0.0343 0.00358

0.02619 0.00294 0.02619 0.00294
0.04872 0.00594 0.04872 0.00594

0.0301 0.0301
0.05433 0.00159 0.05433 0.00159
0.04483 0.00442 0.04483 0.00442

0.03429 0.00129
0.04456 0.00131
0.05532 0.00354
0.05229 0.00242
0.03229 0.00314

0.01658 0.001 0.01658 0.001
0.0213 0.00014 0.0213 0.00014

0.01745 0.00114 0.01745 0.00114
0.0165 0.00289 0.0165 0.00289

0.03433 0.00191 0.03433 0.00191
0.03425 0.00307 0.03425 0.00307
0.01278 0.00188 0.01278 0.00188
0.04316 0.00512 0.04316 0.00512

0.0276 0.00234 0.0276 0.00234
0.03336 0.00628 0.03336 0.00628
0.01394 0.00148 0.01394 0.00148
0.01691 0.00174 0.01691 0.00174

0.0405 0.004


