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sSummary - Bone histomorphometry refers to the study of the structure and microscopic features of
bone tissue. It involves the measurement and assessment of bone microanatomy, and it provides valuable
information on bone properties.  Through the application of histomorphometry, researchers can acquire
information on bone metabolism and on remodeling dynamics, which is useful to the study of bone health.

During the last 50 years, biological anthropologists have adopted the use of histomorphometry while
examining issues specific to human health and evolutionary trends from prehistoric remains. Scientists
coming from the medical field have applied histomorphometry in their research as it allows the study
of bone changes, useful to describe pathological conditions among these ancient human remains.  This
paper reflects on some of the research that involves histomorphometric analysis specific to diet and health,

forensic anthropology, taphonomic assessment of bone, non-human primate research and biomechanics.

The purpose of the paper is to consider past and future applications of bone histomorphometry to enable a
discussion which might direct research towards under-explored areas of bone biology. For example, looking
at renewed interest in clavicular bistology and stimulating investigations that focus on osteocyte density.

Additionally, a discussion is offered concerning OPD values used to correlate chronological age to biological

age estimations.

Keywords - Forensic, Evolution, Taphonomy, Osteons.

Introduction

Bone histomorphometry is the application of
measured data towards the quantitative evaluation
of skeletal microanatomy; traditionally, scientists
that are in the forefront in this research come
primarily from the medical field. Their research
tended to focus on changes in bone properties due
to systemic skeletal diseases such as osteoporosis
(Bassan et al. 1963; Frost 1973; Parfitt 1979) and
other metabolic disorders, for example, hyper-
parathyroidism’s effect on bone remodeling, that
is an increase in cortical bone loss (Wilde et al.
1973). Early medical research results of the 1960’
-1980’s offered by Frost and his many co-authors
(for example, Epker and Frost 1964; Frost 1966,
1985, 19806) set the stage for how other disciplines,

like biological anthropology, also evaluate bone
microanatomy. The purpose of this paper is to
visit past anthropological literature specific to how
cortical histomorphometry has been employed to
examine the human skeletal condition. Several
directions for future histomorphometric research
are also shared. Reflection is a critical part of the
growth of a discipline, and understanding how
anthropologists have employed cortical bone
histomorphometrics is clearly worth examining.
Towards this end, the sub-topic bias presented
in this paper reflects personal observations and
research that have matured during 40 years of
histological work. Hence, some of the older refer-
ences listed here are from my education in bone
histology and represent the foundation of previ-
ous research (RRP).
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Fig. 1 - Drawing and labeling of basic bone
micro-anatomical features (RR Paine).

Skeletal histomorphometry is the assessment
of bone micro-features through the combina-
tion of measurements and statistics to discover
anatomical patterns. This of course differs from
descriptive histological assessment that simply
reports the presence or absence of features and
their frequency as seen in bone cross-section.
Early on as scientists examined bone for spe-
cific features, descriptive assessment was com-
mon enough. The reporting of the presence of
Howship’s lacunae, secondary and primary oste-
ons along with other basic bone features was in
itself a critical goal. A goal that began the con-
version concerning why bone differs between
animal species and within the skeletal structure
of human samples (see Currey 1964; Enlow and
Brown 1956, 1957, 1958; Jowsey 1966, 1968).

Stemming from this work a very funda-
mental question is asked: why collect meas-
ured data from biological samples? A simple yet
critical answer to this question is that scientists
seek to discover predictable patterns in nature.
It is assumed that patterns seen in the human
anatomy might lead to a better understanding
of how our bodies work under normal circum-
stances. Through science we seek to understand

normality so that we can better understand
abnormal human states (diseased conditions),
see Frost (1973, 1985) for an early conversation
about this. Measured data (bone histomorpho-
metry) tends to lend itself to making predictions
and to the potential discovery of patterns that
are normal in bone cross-section so that we can
analyze what the result of biological stressors
might be (that is abnormal bone formation).

This research goal assumes that nature actu-
ally has patterns that can be determined and that
scientists have the tools to reveal these patterns.
After 50 plus years of research what patterns in
skeletal anatomical features have been revealed
and agreed upon by anthropologists? How has
finding these patterns aided in our understand-
ing of the human skeletal condition? These are
basic questions that seldom appear obvious in
anthropological publications focusing on bone
histomorphometry. Yet, they should be clearly
stated as such. As part of the purpose of this arti-
cle, a discussion of several lesser examined bio-
logical variables will be offered including osteo-
cytes numbers and patterns.

During the late 1980’s Dr. George Armelagos
and I had a brief conversation concerning the
future of histology research among anthropolo-
gists. My impression was that he considered this
work to be critical, but he was not sure whether
there would be enough students interested in
the methodology and science to continue this
approach. At the time, there were very few anthro-
pological programs working on histological stud-
ies: Pfeiffer, Stout, Weaver and Armelagos come
to mind. The 4 of them were working in anthro-
pological programs producing PhD students;
others were working in Museums or non-anthro-
pological programs (Burr, Ubelaker, Owsley, and
Ortner). His concern was well founded. Yet, 40
years later it appears that bone histology is now
well seated among the anthropological methods/
approaches used for understanding the human
condition. This can be attested to by the work
done in many US anthropological programs and
by research groups in Greece, Australia, UK,
Korea and Japan that are focused on collecting
histomorphometric data.
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Histomorphometric parameters

It is often a good idea to see how specific
research goals began so we can determine how
far science has moved. For many older students
of bone histology, the adventure started with Wu
et al. (1970) and the application of remodeling
assessment in human, for health reasons, and
archaeological bone from a mastodon. This is
true for most of Dr. Sam Stout’s students. Wu
etal. (1970) purpose was to show how counts of
secondary osteon density could determine bone
formation rates; a valuable goal still looked for by
anthropologists examining bone today. Figure 1
shows basic bone micro-anatomical features that
are often recorded by anthropologists.

Early on typical data recorded by histologists

included:
Al: Number of sites of bone formation per mm?.
Ar: Number of sites of bone resorption per mm?.
C/T: Proportion of cortical and total bone sec-
tion area.

Today there are many more features that
can be counted and measured (see Parfitt et al.
1987; Robling and Stout 2008). However, it is
not uncommon for many of these features not
to be reported due to several considerations: the
nature of dry bone samples and the tendency
to focus on commonly discussed variables that
have been examined in previous studies. OPD
for example is a ratio variable that is often col-
lected while many other variables are not (Table
1). Osteon population density (OPD) is calcu-
lated by using the following variables (see Table
1. For an example of how the formula is used see
example Kranioti et al. 2020).

The defining criteria for intact secondary
osteons and fragmentary secondary osteons are
well discussed in Robling and Stout (2008). So,
what are the features that do not get measured?
Primary osteons and their canal dimensions are
rarely included in histomorphometric data, same
goes for osteocyte numbers/densities (total num-
ber of lacunae (N.Lc) and lacunar volume (Lc.V)
their measures (Carter et al. 2013; Bromage et
al. 2016), Howship’s lacuna numbers or dimen-
sions, and Volkman’s canal area/size. The lack of

Tab. 1 - Typical histological counts and ratio val-
ues currently used.

VARIABLES

Total cortical area Ct.Ar
Total number of intact secondary  N.On
osteons counted

Total number of fragmentary N.On.Fg.

secondary osteons counted

N.On. + N.On.Fg./ Ct.Ar OPD, osteons

population density

data on these features leads to missed opportu-
nities for understanding or realizing biological
patterns. Some early work by anthropologists/
researchers did record the presence of these fea-
tures and sometimes offered them as ratio vari-
ables (for example Kerley 1965, non-Haversian
canals: Walter et al. 2004, frequency of osteocytes
per secondary osteon feature) or metrics (Jowsey
1966). It seems that we should revisit the possi-
bility of recording metric data on these features.
In fact, it appears that many students follow a
dogma pattern of collecting histological data
without thinking about why they are collecting
the data in the first place, nor do they seem to
think about what else might be observed.

Disease and diet

As biological anthropologists looked for pre-
dictable patterns in bone microanatomy, it has
been suggested that there might be population
specific patterns that can be identified and put
to practical use as in the forensic assessment of
dry bone (Cho et al. 2002). Population-specific
patterns in bone microanatomy may exist but are
unlikely to be the result of genetic factors.

Previously, population-specific patterns in
bone remodeling and their rates have been inves-
tigated and anthropologists have attempted to
link these factors to diet, not genetics. Richman
et al. (1979) made a connection between a high-
protein diet and the frequency of intra-cortical
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bone remodeling. They argued that this type of
diet leads to the formation of numerous type II
secondary osteons. A more recent study suggests
a link between bone remodeling rates, diet and
behavioral patterns: a greater consumption of
protein supports more stable processes for bone
remodeling rates (Pfeiffer et al. 2019).

Brenton and Paine (2007, 2006a,b) and
Paine and Brenton (2019) have also argued that
differential remodeling patterns that appear to
be population specific may be linked to human
behavior such as habitual activity patterns and/or
diet (Tab. 1). Specifically, they have found that
food-security issues are linked to low bone turno-
ver rates (larger than expected secondary osteons
are formed and very low OPD values specific to
age are seen) and that a lack of an adequate diet
may play a key role in how patterns of rib remod-
eling occur (Paine and Brenton 2006b).

In an attempt to better understand the rela-
tionship between chronological age and bio-
logical age a comparison among the original rib
data from Stout and Paine (1992) , along with
Dart samples (Paine and Brenton 2006a) and
archaeological samples from Ledders and Gibson
sites (Stout 1976) was done (Table 2). The his-
tological results from the Dart collection were
then used to provide a foundation for assess-
ing rib OPD values at the age-of-death for the
skeletal assemblages from several archaeological
sites. Our focus was on rib samples from buri-
als located in the lower Illinois Valley region,
the Middle Woodland (ca.350 AD) Gibson Site
(n = 25) and the terminal Late Woodland (ca.
900AD) Ledders site (n = 19) (Cook 1976).

When nutritional deficiencies appear to be
life-long, chronic, and perhaps seasonally exac-
erbated, they may produce extreme differences in
expected verses observed OPD values as one ages.

There have been several inconsistent inter-
pretations for low remodeling rates observed
in archaeological/modern samples. Dubar et
al. (1993) attributes it to inactivity; Mulhern
(2000) links it to a high level of physical activity;
Stout and Lueck (1995) talk about it in terms
of a slower skeletal maturity rate in past popula-
tions. We have provided a model and context for

interpreting the phenomena of lower remodeling
rates in humans across several populations as a
problem associated with metabolic stress (food
insecurity). The factors causing low remodeling
rates in some archaeological contexts is most
likely linked to malnutrition. In the end, we sug-
gest that OPD rates must be understood in the
context of synergistic effect of infection coupled
with malnutrition.

Along with dealing with the issue of how
diet may affect bone turn-over rates, researchers
can rely on new methods for collecting critical
histomorphometric data. An example consists in
the application of 2D images to examine bone
microanatomy, as histologists assess health con-
ditions. Dr. Sam Stout and his students are work-
ing with this approach (Cole and Stout 2018,
Cole et al. 2022). A recently published pilot
study outlined how intra-cortical porosity can
be measured using semi-automated method. The
study illustrates the use of a free online program,
“Pore Extractor 2D”, to collect 2D data (Cole
et al. 2022). This approach for collecting data
can be employed in several studies specific to the
human condition (age estimation, evolutionary
issues, health status and biomechanics).

In addition to 2D, a group of histologists
have been working on three dimensional stud-
ies (Maggiano et al. 2016) for some time and
their work is very promising. Through these
studies, they are providing improved metric
assessment of femoral bone cross-sections that
offers insights to both health and biomechani-
cal issues. Specifically, they employ synchrotron
radiation-based micro-CT to mapout the forma-
tion of Haversian systems, both longitudinal and
branching formations (Maggiano et al. 2016).
Continuing this line of research, (Maggiano et
al. 2021) they have used these methods to exam-
ine secondary osteon circularity (On.Cr.) vari-
ation as seen in the transverse cross-sections of
3 human femora. Research assessing secondary
osteons circularity provides the potential for
understanding the shape nature and variability
of osteons longitudinally (Maggiano et al. 2021)
which then offers insights as to how osteons may
change shape over tissue space.
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Table 2. A Summary of OPD values specific to influencing factors.

COLLECTION PHYSICAL OPD OPD DIETARY OPD OPD METABOLIC/ GENETIC /
ACTIVITY VALUES VALUES HISTORY VALUES VALUES INFECTION BIOGEO
EXP OBS EXP OBS
Ledders and  high high low Food insecurity  low low high different
Gibson
Dart autopsies  high high low Food insecurity  low low high different
RRP autopsies Medium/low medium high No food insecurity Medium high high Medium/low different

Ledders and Gibson (Stout 1976)

The presence or absence of type II and
drifting osteons in cortical bone signifies a criti-
cal question about what they might mean in
terms of health and human behavior. Robling
and Stout (1999) offered their insight on drift-
ing osteons seen in ribs suggesting they are one
of the most common features seen in juvenile
bone. Cooke et al. 2022 offer a very good sum-
mary of these anatomical features and provide a
current view as to their significance in cortical
bone. Maybe there is no specific reason for their
presence other than they are naturally forming
micro-anatomical features (Cooke et al. 2022).
Good results from this work, if not a bit dis-
appointing for some that have speculated on
their meaning. This conclusion resulted from
collected data that included histomorphomet-
ric measurements: OPD, On.Ar, H.Ar, H.Dm,
and the ratio of H. Ar:On.Ar. Their work also
marked the presence and frequency of drifting
osteons and type II osteons (Cooke et al. 2022).
The question about the presence of these fea-
tures and what they might mean has been exam-
ined a number of times over the years Stout and
Simmons (1979); Robling and Stout (2008)
both offer a historic overview on this topic
including the presence of double zonal osteons.
Most references cited in their book chapter sug-
gest an association between a higher frequency
of type Il osteons and age. Yet no clear statistical
assessment was available to support this posi-
tion. It may be that Cooke et al. (2022) have it
right that they are simply natural features that
may change in frequency of time.

Evolutionary studies

Understanding how human bone has
changed or stayed the same over our evolution-
ary history has also been a keen scientific goal
and anthropologists have applied the study of
cortical bone microanatomy to this purpose
(Thompson and Trinkaus 1981; Trinkaus and
Thompson 1987; Abbott et al. 1996). Questions
specific to the nature of secondary osteons and
other micro-anatomical features have included
the presence and patterning of these features
(Abbott et al. 1996; Streeter et al. 2001; Pfeiffer
2016). The implication is that the assessment
of histological features seen in hominid remains
may provide information specific to our ances-
tor’s life history, their biomechanical behavior
and health status. Most of this work involves
the assessment of secondary osteons number
frequencies and OPD values, as well as cross-
sectional geometry, for example by Ruff (1987).
The goal of this research is to find critical evo-
lutionary-base insights as we examine bone fea-
tures in modern humans; behaviors associated
with diet, infection and other influences that
may affect our health status. Recently, Micarelli
et al. (2024) used histological features of a fos-
sil femur shaft from the Italian site of Venosa-
Notarchirico. They did so for two purposes: to
reassess the age-at —death for the remains and to
re-examine the periosteal lesion seen on this fos-
sil. They concluded that the individual was most
likely an adolescent with a non-specific infec-
tion of the periosteum envelope of the shaft.
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Another critical question examined by anthro-
pologists attempts to determine if the corti-
cal bone features of Pleistocene Homo sapiens,
and that of Neanderthals, represent a modern
human condition or an earlier more ape-like pat-
tern? Streeter et al. (2010) re-evaluated (Abbott
et al. 1996) and implied that based on micro-
anatomical feature densities, Pleistocene Homo
did not differ in remodeling rates from modern
humans. Still, their conclusions stated that addi-
tional assessment is required to support this posi-
tion (Streeter et al. 2010). Sawada et al. (2004)
used bone histomorphometry (percent osteonal
bone, osteon population density, non-Haver-
sian canal population density, secondary osteon
area, and Haversian canal area) while compar-
ing samples of modern children’s bones with
that of a femoral mid-shaft cross-section sam-
ple from that Dederiyeh 1 Neanderthal child.
They found that the cortical bone formation
in Dederiyeh 1 differed from modern children;
the reason for this was not specifically identified
(Sawada et al. 2004).

Most of the studies that have been conducted
have been specific to identifying the fragmented
bones while placing them in an evolutionary
context; for example, analyzing features (second-
ary osteon size) to decide the taxonomic group-
ing assigned to the fragment (Pfeiffer and Zehr
1996). Additionally, histology (OPD values) is
sometimes used to create age-at-death estimation
for hominid remains (Pfeiffer et al. 2016). This
is a common finding, in part due to the small size
of the samples used in this research. Thin sec-
tioning of hominid skeletal remains has also been
problematic due to the destructive nature of side
preparation. Very few researchers are willing to
subject rare fossil bones to the destructive process
of bone preparation for histological assessment.

On the other side of the equation, a number
of researchers have looked at the general primate
condition to clarify how remodeling may differ
or follow similar patterns among members of this
taxonomic Order (Burr 1992; Paine and Godfrey
1997; McFarlin et al. 2016). For example, Burr
et al. (1989) found that intracortical remod-
eling of femoral bone seen in growing macaques

was slow and that it was more similar to that of
older humans than that of children. Paine and
Godfrey (1997) used secondary osteon cross-
sectional patterns to suggest that biomechanics
may play a role in how secondary osteons are
distributed within the cross-section of humeral
and femoral bones. They did so by comparing
percentages of osteonal bone to that of primary
bone with the cross-sections. Mcfarlin and col-
leagues (2008) followed Paine and Godfrey’s
methods for assessment of osteonal bone by fur-
ther examining the relationship between percent
secondary osteon area (% Hav.) in long cortical
cross-sections and locomotor behavior in non-
human primates. They suggested that local corti-
cal strains may influence patterns of secondary
osteon bone distribution as seen in the femoral
mid-shaft. Mulhern and Ubelaker (2009) pro-
vided a critical research look at this topic offer-
ing insight suggesting that bone microstructure
(OPD values) may have been consistent among
primates over considerable periods of time. The
results of these publications look promising but
the size of some of the samples remains small.
Hence, further observations are required.

Forensic applications, age
estimation

One of the areas of considerable work and
research that has applied histology to the under-
standing of human bone biology is forensic
anthropology. In fact, for many students of
forensic anthropology, learning about skeletal
histomorphometry begins with reading Kerley
(1965). Certainly, this holds true for me (Paine
1985; Stout and Paine 1992). Kerley’s work
examined micro-anatomical features includ-
ing secondary osteon counts from long bones
(femur, tibia and fibula). Specifically, he used
secondary osteon counts as a predictive feature
in assessing age-at-death. This counting method
was improved as it was adjusted for creating more
accurate counts (Kerley and Ubelaker 1978) to
account for potential errors specific to the fem-
ora cortical bone area that was considered. As
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some might attest, the articles were easy enough
to read and understand but the method was dif-
ficult to apply. Over the years, most of his work
has been set aside except for femoral osteon
counts. Research on the histology of the fibula
has all but ended.

Robling and Stout (2008) wrote a critical
book chapter on the histomorphometric assess-
ment of human bone specific to age-at-death
determination. This is a critical publication in
which they focus on several key concepts that are
necessary for understanding how to apply results
of bone microanatomy to this end. They review
the literature on basic yet critical mechanisms for
the formation of secondary osteons during the
remodeling process, BMU Basic Multi-cellular
unit formation (Parfitt 1979) and the anatomi-
cal terms specific to this process. Secondly, they
discuss the methods by which age estimation via
secondary osteons and other micro-anatomical
features have been used by anthropologists in
both the forensic/archaeological context and
lastly, they review the several factors (biology
of sex, activity patterns and population spe-
cific biology) that could potentially influence
remodeling rates relative to skeletal age. This
assessment was further updated by Crowder and
Stout’s (2012) edited book on anthropological
histomorphometry.

Kerley’s (1965) publication on long bone
histology and Sam Stout’s mentoring set the
stage for my own research: the assessment of
rib and clavicular secondary osteons and their
use for predicting age-at-death (Stout and Paine
1992). At the time, (during the 1980’s and early
1990’s) using bone histomorphometry towards
an “Applied approach” for evaluation of human
remains was considered unworthy of traditional
anthropology research. Clearly, opinions have
changed, and the teaching of forensic anthropol-
ogy is now the reason why some anthropology
programs have grown during the last few dec-
ades. In particular, rib histology has contributed
to growth in teaching, research and publications.

Several studies have been made since the
1990 to test for population-based usefulness
of equations that estimate the age-at-death

for unidentified skeletal remains (Dudar et al.
1993; Cho et al. 2010; Crowder and Rosella
2007; Garcia-Donas et al. 2016; Garcia-Donas
et al. 2021). Much of this has been an attempt
to modify, test the accuracy of or determine the
unsuccessful nature of OPD values from the left
6% rib in age estimation (Stout and Paine 1992).
A few additional variables have been employed
in developing other age predicting equations
(for example, Cho et al. 2002, 2006) but none
have been shown to have additionally improved
predicting powers. Recent work by Katydid and
co-workers (2022) suggest that Cho’s equation
is more accurate than others. Unfortunately,
other than the region and the time period for the
Katydid’s samples (14 individuals recovered from
St. Peter’s burial ground in Blackburn, who died
between 1839 and 1857) no other cultural con-
text is provided (Katydid et al. 2022). As Paine
and Brenton (2006a,b) have suggested a poor
diet could account for the under-age estimation
by some of the equations.

It has become clear to us that the predic-
tion of age based on bone features like OPD is
problematic due to a number of factors (Karydi
et al. 2022; Garcia-Donas et al. 2021, 2022;
Thompson and Trinkaus 1981; Paine and
Brenton 2006a). We suggest that the confound-
ing aspect of this issue is tied to an understand-
ing of the relation between chronological age and
biological age (Couoh 2017). Histologists see
this specifically when it comes to working with
fossil material or archaeological remains (Karydi
et al. 2022; Thompson and Trinkaus 1981) and
sometime with forensic case work (Paine and
Brenton 2006a). What is at the base of this dis-
cussion is that the two do not always match;
often factors like diet, environment, lifestyle, and
behavior will affect this difference either increas-
ing or decreasing the biological age relative to the
chronological age (Couoh 2017). In addition,
why does gross age assessments differ from histo-
logical assessment? For archeological remains in
which age estimations (gross and histological) are
both biological ages they too also do not always
match. So, what variables in nature, behavior or
culture are we missing that might account for
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this? This is a critical question. Then there is
the lack of matching of chronological age with
biological age (both by gross and histological
methods) in forensic cases. Yet sometimes they
do match. Again, the question remains; what
influences these results?

The mismatching of age (chronological and
biological) also appears to be an issue in living
individuals specifically when they reach older
ages (Mitnitski et al. 2002). That is, the biologi-
cal age can appear to be much older than the
chronological age reflecting lifestyle and diet.
Too much sun exposure (environmental factor)
and smoking/vaping (behavioral factor) tends to
increase biological age in modern individuals.

As it happens often with archeological mate-
rial, there seems to be a disconnect between
chronological age (assumed by gross age predicting
methods) and biological age that has been assessed
histologically. The histological age estimation tends
to be younger relatively to the estimated age based
on gross assessment methods (for example, Pfeiffer
and Zehr 1996; Cho et al. 2002; Crowder 2005).
The fact that bone histologists do not always
obtain similar results in age prediction as the ones
obtained through gross morphology methods pro-
vides us with a unique opportunity to ask the ques-
tion concerning why histological changes in bone
and the gross appearance of bone reflect a differ-
ent timing to structural bone changes relative to
chronological age. Does it slow it down or speed
it up relatively to chronological age?? Seemingly,
whatever is happening to archacological burials
(for example, higher activity levels, food insecurity
issues) tends to lower the biological age estimation
obtained by OPD values. Specifically, the question
is how does diet, environment, lifestyle and behav-
ior actually affect bone biology? This has been the
cornerstone of our work with dietary issues and
bone biology (Paine and Brenton 2006). In pre-
vious research, we observed that poor health and
food insecurity may slow down the biological age
of bone (OPD production) compared to chrono-
logical age. It appears that this observation should
be a critical perspective for discussing why some-
times age prediction equations provide accurate
age estimations while at other times it does not.

Taphonomic applications

Research into bone diagenesis usually begins
with a review of Hackett’s (1981) study that
describes fungal involvement in microanatomy
bone loss. Recent use of examining micro-ana-
tomical features of archacological bone related
to bone loss has been to determine how funeral
practices were employed by prehistoric com-
munities. As Hackett (1981) first pointed out,
microbial bioerosion brings about diagenetic
change in archaeological bone. Since then, oth-
ers like Booth (2016) and Lemmers et al. (2020)
have based their research on these findings and
have focused on understanding how past mor-
tuary practices occurred. This has been done
by assuming that diagenetic changes to bone
is related to the length of time that the body is
exposed to above ground influences (bacteria
and fungus) in decomposition (Booth 2016). De
Cataldo et al. (2020) applied this assumption to
burials from the site of Arabic RH5 in Oman,
a Neolithic fishing community. The percentage
of bioerosion rib samples was documented (area
of involvement; CBAD/Ct.Ar.). Ninety-five per-
cent of the rib cross-sections showed diagenetic
alteration due to fungal invasion. The authors
concluded that variability of bioerosion in rib
cross section indicates that different lengths of
time of surface decomposition were involved
during funeral practices at Arabic RH5.

Taphonomic processes can make identify-
ing bone fragments difficult when it comes to
figuring out species, or at the very least human
versus animal origin of the remains. This is a
problem for both forensic scientists and archae-
ologists. The assessment of bone micro-ana-
tomical features between animal and human
remains has long been attempted with a range
of successes (Hillier et al. 2007). Much of this
work begins with Enlow and Brown (1958) and
Jowsey (1966). Enlow and Brown (1956, 1957,
1958) offer a range of species-specific histologi-
cal features in their description-based research.
They point out the presence of primary osteonal
bone, secondary osteonal bone and of other fea-
tures such as plexiform patterns of bone. Jowsey
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(1966) examines a number of mammalian spe-
cies and offers a series of measurements for
microanatomical features. For example, she pro-
vides diameter and perimeter measurements for
secondary osteons and Haversian canals.
Currently, determining specific ~ species
identity among mammals still eludes anthro-
pologists. The best we can affirm is that if the
remains show plexiform bone, it is most likely
not human (Hillier et al. 2007). Mulhern and
Ubelaker (2001) suggest that smaller mammals
including rat, cat, dog, hare, badger, and racoon
dog, and the larger mammal deer can be sepa-
rated from human remains. This can be done by
carefully measuring Haversian system diameter,
Haversian canal diameter, and Haversian sys-
tem density. These animals tend to have smaller
Haversian canal areas for example. The presence
of banding osteons also tends to be found in
non-human bone (Mulhern and Ubelaker 2001,
2009). Recently, Gigante et al. (2021) attempted
to resolve an archacological mystery using these
criteria and assumptions by sorting out very frag-
mentary bone samples from cremated remains
found in Tomb 168 (The Nestor burial) from
the Greek site of Pithekoussai, located on the
Italian Island of Ischia. For over fifty years, classi-
cal archaeologists have debated about the nature
of these remains with little satisfaction. While
attempting to resolve this discussion, Gigante
et al. (2021) have been the first researchers to
successfully state that the remains actually repre-
sent both animal and human fragmentary bone.
They obtained these results by comparing osteon
area and Haversian canal area (animal frag-
ments exhibited smaller Haversian canal area).
Furthermore, the human remains may represent
at least 3 individuals exhibiting 3 different OPD
values (the 3 OPD non-overlapping cluster
ranges are: (5.96-7.9, n = 6 specimen) (10.14-
14.68, n = 8 specimens) (19.28-19.65, n = 3)
(Gigante et al. 2021). These findings reopen the
discussion concerning human remains and their
connection to the Nestor cup artifact.
Additional work on forensic taphonomic
specific to bone integrity includes the work by
Mavroudas et al. (2023). Their work suggests

that short period of taphonomic influences have
litcle effect on bone. The authors offer a good
summary of how researchers are finding vari-
ous results of bacteria influences depending on
the burial condition of the remains. Their own
results are also highly influenced by the Texas
environment that they held their own experi-
ments in (Mavroudas et al. 2023).

Osteocytes and their application for
understanding bone changes

Very few, if any, research attempts by anthro-
pologists have focused on osteocyte formation
and density (lacunar volume, Lc.V) and its
implication in remodeling processes. Some of
the work by Skedros (2012) looks into this as it
is related to long bone biomechanics. Bromage
and colleagues (2016) examined 12 human mid-
shaft femurs of Bantu origin with known life his-
tory which included age, sex, height and weight.
It was found that osteocyte density is positively
related to body height in taller humans: we grew
quickly producing bone micro-anatomy features
fast and therefore creating a positive relation-
ship between osteocyte density and height. Sex
specific examination of osteocytes has also been
worked on by Carter et al. (2013). They began
with the idea that osteocytes are the agents of
mechanosensing in bone which stimulate bone
growth over time and tissue space. Basically,
the morphology of osteocyte is linked to physi-
ological mechanical loading in bone (Dong et al.
2014). Low osteocyte density has been linked to
bone loss in older women (Carter et al. 2013).
We think this work has considerable potential.
Still, most of the literature on this topic comes
from the medical field and not from anthropo-
logical studies.

For example, Lanyon (1993) pointed out
that the osteocyte network perceives strain
throughout the bone matrix, and this is how the
remodeling process proceeds. In an attempt to
better explain how remodeling in human bone
is connected to biomechanics and an adequate
diet, Martin (2003) also argues that osteocytes
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Fig. 2 - A rib section with extremely thin corti-
cal bone. Rib with a cortical wall is not much
thicker than the diameter of a normal size sec-

ondary osteon. This image is from a 70-year-
old female who died from pellagra. Source: The
Raymond Dart Skeletal Collection.

function as strain sensors and fatigue damage sen-
sors that initiate remodeling activity (osteoclast
and osteoblast recruit). Skedros (2012) makes
use of this information in his own research.
Osteocytes’ health is one of the critical factors
that influences bone turnover rates. Upon fur-
ther reflection, osteocyte health is influenced by
the immune system (Lanyon 1993) which is tied
to micronutrients from our diet. This process is
linked to the presence of Cytokines, which are
secreted by cells of the immune system (Martin
2003) and appear to be influenced by diet. Diet
is one of the critical “agents “described by Frost
(1989) that can change the timing of completion
of a fully formed secondary osteon. The idea that
micro-nutrients “permissive factors” like vitamin
D, C and niacin/B, (Brenton and Paine 2000,
2007) calcium and phosphorus have a consid-
erable impact on the formation of bone and
on the onset of osteoporosis and other skeletal
lesions has been well documented (Jaworski et al.
1981). Jaworski (1984) refers to these problems
as “extrinsic factors” (modulatory and permis-
sive) that affect the organ level of function and
recruitment of cells (osteoblasts and osteoclasts)
which influence bone turnover processes.

It has been have argued that dietary factors
that affect the metabolic rate which then influ-
ences bone turnover rates, and the formation
of secondary osteons may well be the critical
factor for why some populations (black South

Africans and Native Americans) exhibit few sec-
ondary osteons specific to age—at-death. It does
not appear to be an issue of “race/genetics” but
instead it appears to be influenced by the qual-
ity of life and the availability of food and medi-
cal treatment.

For instance, in the rib samples (Fig. 2)
obtained from South Africa, secondary oste-
ons are much larger than expected (Paine and
Brenton 2006a, 2019). A lack of micro-nutri-
ents from chronic food insecurity might be
enough to counter the normal bone turnover
rates specific to mechanics and tissue repair
that leads to high numbers of secondary oste-
ons in older individuals. How does this occur?
By affecting the immune system that is respon-
sible for the health of bone marrow pre-curser
cells that are recruited to form osteoclasts and
osteoblast cells which drive the bone turnover
process (Jaworski et al. 1981; Jaworski 1984;
Frost 1989; Lanyon 1993; Martin 2003). This
might be indicated by slight changes in osteo-
cyte recruitment, possibly detected by osteocyte
numbers per secondary osteon.

Few skeletal biologists working on archaco-
logical samples attempt to examine dry bone his-
tologically for this line of evidence and those that
have (e.g., Stout and Teitelbaum 1976) offer only
tentative ideas as to how they have viewed the
response of bones to dietary problems. On the
other hand, while working out problems using
histology to create a demographic profile from
burial samples, Weinstein et al. (1981) realized
that there was a problem between age assessment
and the effects of metabolic disturbances on
bone microstructure. They caution that changes
due to age and disease (dietary or infectious)
may be difficult to separate and that one influ-
ence might compound or affect the assessment
of the other. All of this makes for a difficult rela-
tionship to unravel as we attempt to understand
the complex connection of age, diet and bone
formation rates as seen in a variety of human
samples from different times and geographical
regions. It appears that research in this direction
might help to fine-tune the discrepancies that
occur as researchers from various institutions
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come up with different findings specific to the
success or failure of age predicting equations as
we evaluate the relationship between dry bone
microanatomy and age estimation (Crowder and
Rosella 2007; Garcia-Donas et al. 2016). There
are considerable future research opportunities
that will provide anthropologists with the means
to contribute to this literature.

Avenues for future research

Traditionally, the ending comments of a
review article often consist of statements made
about future research along the topics mentioned
early on in the article: forensic assessment, evo-
lutionary biology of bone anatomy, and dietary
application of histomorphometric research per-
formed by anthropologists. Here we would like
to offer a suggestion towards bone assessment.
Trying to link what is happening to bone via
chronological to biological age seems to be a crit-
ical issue. We can begin with the idea that both
should be correlated but as it turns out there is
plenty of evidence to suggest otherwise. Seems
to be related to various environmental factors as
well as behavior.

One other age estimation issue concerns the
considerable lack of alternative bones assessed.
Interestingly, most anthropological researchers
tend to focus on rib OPD values and do not
consider the clavicle as they evaluate the poten-
tial for forensic application of bone histological
assessment. I am not sure why this is? Stout and
Paine (1992) showed, both bones offer equally
promising results. Unfortunately, there have
only been a few researchers that have continued
exploring the use of clavicular histology in age-
at-death assessment since 1992; they include
Sobol et al. (2015), Lee et al. (2014), Kranioti
et al. (2020). Kranioti et al. (2020) found that
only 5 articles had been previously written about
the use of clavicular histological features to pre-
dict age-at-death. Their work also showed that
for the autopsied Albanian remains with known
age-death and general health status, it was not
an accurate means for age prediction. They

Table 3. Summary of Metacarpal and metatar-
sal data (Smith et al. 2016).

VARIABLES METACARPAL METATARSAL
MEAN & RANGE MEAN & RANGE
Intact 406, 165-625 368, 142-502
osteons
Fragmentary 50, 23-77 56, 22-83
osteons
Cortical 41.85, 28.8-59.9 mm?  29.6, 15.3-50.1 mm?
area
Age prediction
equation
OPD 9.92 4.79-16.27 13.6, 4.03-20.9
Equation LnAge = LnAge=

3.45 +0.0375 OPD .

3.385 + 0.0329 OPD,,,

suggested that a population specific method
would be better suited for the Albanian sample;
a histological assessment that takes into account
accurate pathological and dietary factors. Once
again, work like this highlights the disconnect
between chronological and biological ages.

I have also tried to encourage students to
work on the OPD values from metatarsal and
metacarpal bones with limited success (Table 3).
As with the ribs and clavicles, these bones have
small diameters which make preparation easy.
The small diameter also allows for easy-to-read
cross-sections in which the entire section can
be read. In general, this should provide us with
additional insight to bone formation and OPD
production in areas of the body with consid-
erable biomechanical demand, offering more
information that can be applied to evolution-
ary questions concerning the changes in the
hand and foot structure across primate species.
We presented a poster on this topic of hand and
foot bone histology at the AAPA meeting back in
2016. Bone samples for this project were collected
from the Lubbock County Medical Examiner’s
Office from autopsies, and from the Southeast
Texas Applied Forensic Science (STAFS) facility
in Huntsville, Texas from donated individuals.
A total of 31 adults provided samples of which

79



Osteon measurements in human bone

Fig. 3 - Metatarsal bone microanatomy with second-
ary intact osteons/small Haversian canals; includ-
ing drifting osteons and fragmentary osteons.

there are 31 metacarpals and 31 metacarpals (a
total of 62 thin sections). Each autopsied adult
was with known age at death and sex. Twenty-
five of the adults are male and 6 are female. The
age range of the samples is 21-60, with a mean
age of 46 (Smith et al. 2016). Clearly our sam-
ple size was small and unfortunately none of the
age regression equations using OPD with age
showed a significant 2. Hence, the metacarpal
and metatarsal OPD’s do not accurately pre-
dict age. Still this type of data maybe useful in
looking at how biomechanics influence second-
ary osteons formation patterns as well as other
micro-anatomical features. We offer a summary
of this data for researchers to have to simulate
future work in this direction (Tab. 2 and Fig. 3).

Another area of interest for age specific his-
tological research involves assessing the cortical
bone during early human growth stages (Pitfield
et al. 2017). In particular, bone of individuals
from birth to 18 years of age was examined. The
findings showed that some variables had a weak
yet positive connection to age at death, includ-
ing osteon size. While primary osteons were the
main bone feature for individuals under the age
of 7, they were almost completely replaced by
secondary osteons by 14 years of age (Pitfield
et al. 2017). These results may have critical

implications for assessing age at death for sub-
adults examined in forensic cases.

Finding patterns specific to factors that influ-
ence bone remodeling has been and continues
to be the primary research goal among human
osteologists. What do we seem to know towards
this goal? Biomechanics, state of health, lack of
nutrients and the formation of systemic cancer
cells affect bone remodeling rates. We can go
back to Frost (1966; 1985) to realize that this
was well predicted. Still, what these specific pat-
terns might be has yet to be fully realized. What
we can say is that an influence by gender and sex
does not seem to matter. Arguably, some would
take issue with this position, but I counter with
the following point: there is not a single accurate
age predicting formula specific to sex or gender,
none. Cho etal. (2006, 2007) offered sex specific
equations, but they tend not to be used by his-
tologists in current publications.

How do we improve our ability to contribute
to this research? As already mentioned, state-of-
the-art technology is already being employed to
improve data collection (Cole and Stout 2018).
This should increase the volume of data needed
to make better predictions concerning bone
microanatomy and the influences that affect
it. This is critical since histological patterns
need to first be understood in sample groups
large enough to show potential trends specific
to remodeling and the factors we examine for.
Having re-read Robling and Stout (2008), it
appears that my suggestion is a reiteration of
what was first offered in their conclusion specific
to age-at-death assessment. Unfortunately, years
later their point remains true. Modern human
samples with a known bio-history are required
for this work. In Europe, there is the option of
using cemetery samples with known age and
sex specific information (for example in Crete
and Cyprus). Using these samples helps to pro-
vide a better understanding of population spe-
cific patterns of histological features and this is
being done by Garcia-Donas and her colleagues
(Garcia-Donas et al. 2016, 2021; Kranioti et al.
2020). This work is offering additional samples
from regions that were previously not examined
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histologically while also testing the accuracy/
usefulness of established age-at-death methods
as suggested by Robling and Stout (2008). In
general, working with forensic pathologists and
obtaining autopsied samples with accurate bio-
profile seems to be a critical solution towards
understanding how factors influence why chron-
ological age does not match our understanding
of biological age estimations via OPD values.

Returning to an early concerned shared by
Dr. George Armelagos, he was wondering if
bone histology research by anthropology stu-
dents would increase in scope and interest over
time. It seems clear now that work on bone
histological conducted by anthropologists has
grown and well published in both medical and
anthropological journals. Still there is much to
do; fortunately we have a wealth of well-edu-
cated individuals to do this. The future in bone
histological research done by anthropologists
looks very promising.
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