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ABSTRACT

Continuing Periosteal Apposition (CPA) refers to recent iamellar bone
formation on the external surface of the mature skeleton. CPA is most often
viewed as mecharnical compensation, a form of functional adaptation in the
event of overstrain pursuant either to high levels of physical activity, or to
prior endosteal bone resorption and increased endocortical porosity. The
theoretical basis for this expectation derives primarily from Frost’s
Mechanostat, describing the relationship of bone surfaces and bone cellular
activity in response to changes in the functional strain environment.

An objective of the stidy was to ascertain how CPA might be associated
with structural (geometric) properties characterizing 2ntire cross-sections
(areas and moments of area), as well as with proximate histological
variables, such as intracortical porosity and mean bone age. The latter
variable is derived from a mathematical model developed in this study,
which provides an index of intracortical remodelling ‘history’.

Left and right second metacarpals, and the left second metatarsal,
obtained from medical school cadavers (n = 89 bones) an-1a smal!
EuroCanadian historic cemetery (n = 21 bones) comprised the sample for
this study; the majority were male, and over 50 years of age. Cross-
sectional geometric properties indicative of structural strength were
measured from three sections prepared from each element, one at midshaft
and two from the distal diaphysis; a subsample was microradiographed for
histological evaluztion at four locations within each cross-section.

Although not without exception, the directional asymmetries identified
between the various structural and histological variables: (1) tend to reflect
presumed functional strain inequities pertaining to side (e.g., right > left),
gender (male > female), age (young > old). The presumed inequity for
‘lifestyle’ (historic > cadaver) was not supported. (2) support the conclusion
that CPA constitutes a compenent of functional adaptation in the skeleton
and may act as mechanical compensation; and (3) support the Mechanostat
as an interpretive framework for skeletal biological analyses.
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CHAPTER 1. INTRODUCTION

1.1 Research Objectives

This dissertation presents a study of functional adaptation in the human
skeleton, focussing on the relationship between macrostructure (cross-
sectional geometry) and microstructure (histology). The former reflects
changes in size and shape through processes such as expansion of the
medullary cavity and continuing periosteal apposition (CPA) of lamellar
bone. With advancing age, these processes lead to a reduction in total bone
volume and to greater external bone dimensions, respectively. The
histological aspect deals with variation in the magnitude and distribution of
intracortical porosity (osteoporosis), long recognized as an age-progressive
phenomenon resulting in a lower bone volume fraction and apparent
density (i.e., tlie mineral content of the volume fraction). It is also
necessarily concerned with bone remodelling as the mechanism of tissue
rejuvenation. Older and/or damaged bone tissue is removed and replaced in
the form of discrete entities known as Haversian systems (or secondary
osteons). To provide a numerical indication of the bone’s recent
remodelling history (i.e., the rate of rejuvenation), this study has developed
an operational model for relative mean bone age (MBA), derived from the
apparent density of a region of cortex.

A principal objective of the study is to evaiuate a current interpretation
of continuing periosteal apposition, in which CPA is seen to serve as a form
of mechanical compensation for the age-related expansion of the medullary
cavity and increasing porosity. The earliest recognition of CPA dates to the
last century (see Israel, 1973a regarding the cranium), but only within the
past three decades has systematic investigation and documentation of this
process taken place, coincident with the very rapid growth of processual
research in skeletal biology (Armelagos et al., 1982). In particular, the last
twenty years have witnessed publication of a substantia! body of work
describing the magnitude and distribution of CPA for a number of different
bones and in a variety of living and extinct populations. This dissertation
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approaches the question of functional adaptation in the human skeleton
through an investigation of how CPA may be distributed according to age,
gender, side and lifestyle, as well as to other modelling and remodelling
parameters of the skeletal system.

I'n their revision of the now-classic text The Human Skeleton in Forensic
Medicine, Krogman and Iscan (1986:126-7) comment upon previous studies
dealing with expansion of the craniofacial skeleton: “While much has been
written supporting and opposing the hypothesis that cranial bone thickness
enlarges, there [was] no histological analysis of the microstructure of the
bone, the relationship between the tables and diploe, and the turnabout rate
of bone formation. Research in this area may lead to further elaboration of
the aging process in the cranium.” This is a telling comment, First, it
suggests that no accepted explanatory model that might connect the effect
to its cause exists to account for this phenomenon. Second, the search for
such a model would seem to hinge on analysis at the histological level. This
implies that bone macrostructure, microstructure and ultrastructure are
not independent; that is, the properties of bone tissue which originate at
one level might promote or constrain properties which originate at some
other level. This is a notion that has long been implicitly recognized by
skeletal biclogists, e.g., Wolff's Law of bone architecture (Roesler, 1987). A
recent abundance of models proposed by Harold Frost (1988a-c), e.g., the
‘Skeletal Intermediary Organization’, the ‘Mechanostat’ and the ‘Three-Way
Rule’, attempt to identify the operational parameters underlying this
structural hierarchy.

This study examines the relationship between two of the above levels,
macrostructure and microstructure, in a serizs of human metacarpals and
metatarsals. It incorporates the following comparisons: SOURCE (historic
archaeological versus modern cadzaveral}, AGE (younger versus older), SEX
(male versus female) and SIDE (right versus left, for metacarpals). Data for
the study are of two general kinds, the first being measures of geometric
strengt}. obtained from bone cross-sections using SLCOMM, a recent version
of the digitizing program, SLICE. These geomatric measures reflect long term
functional adaptation, and are used to situate the second category of data,
obtained from JAVA, an automated image analysis system applied to



microradiographs prepared from these cross-sections. This category
directly measures recent modelling and remodelling activity, providing a
view of functional adaptation in the short term.

1.2 Structure of the Dissertation

Chapter 2 reviews the literature for continuing periosteal apposition in
the adult human skeleton. This phenomenon is a central focus of this study.
Three hypotheses which have been proposed to account for CPA are
examined. Consideration is then given to interpretative difficulties that have
hindered previous investigations. These originate in the fact that CPA is
typified by a small magnitude of change (effect size) at the periosteal
surface. Previous nonhistological investigations have been carried out, by
and large, at relatively gross levels of measurement and often with small
samples. These factors may restrict the likelihood of finding significant
differences within cross-sectional or longitudinal studies. This difficulty is
illustrated by an analysis of statistical power in three such reports.

Chapter 3 provides a more general literature review of functional
adaptation in the skeleton; in addition, it presents the theoretical
foundation for this study, beginning with an overview of processes of
modelling and remodalling. This overview concludes with a more in-depth
consideration of two outcomes of intracortical remodelling, increased
porosity and reduced mineral density, which have important effects on the
mechanical behaviour of bone tissue. These two characteristics are then
incorporated into a mathematical model for determining mean bone age.
Justification is offered for viewing MBA as a summary indicator of recent
bone turnover, which can subsequently be related to modelling activity at
the periosteal surface.

A brief review of existing biomechanical models for functionally
adaptive skeletal modelling and remodelling is then provided, with emphasis
given to Frost’s ‘Mechanostat’ theory (Burr and Martin, 1989; Frost, 1988a),
and Cowin’s ‘Strain Equilibrium Model’ (Cowin, 1987). A more detailed
examination of the most frequently cited explanation for CPA-that it acts as
mechanical compensation for enocortical and intracortical bone loss-is
undertaken beginning with a consideration of the fundamental engineering



principles underlying such an interpretation. At this point, a model for the
development of CPA as mechanical compensation is proposed in view of a
progressive reduction in activity level, possibly compounded by the loss of
neuromuscular coordination which typify aging individuals (Schoutens et
al., 1989). These reductions contribute to the necessary quantitative and
qualitative changes in the bone tissue’s mechanical environment that could
determine the occurrence of, or changes in, CPA, porosity and MBA. While
the proposed CPA model can not be directly tested without recourse to an
experimental design controlling for categories of information that are
generally not retrievable from anthropololgical samples (e.g., genetic,
behavioural and physiological parameters), it serves to identify probable
relationships among variables investigated in the present study.

In chapter 4, the skeletal elements selected for study are described.
Much of this chapter is devoted to methodological details, such as the
determination of transverse section locations and normalization for body
size differences. Also discussed are the stages of sample processing and the
technologies used to collect the various kinds of quantitative and qualitative
data employed in the study. Chapter 4 concludes with a discussion of the
statistical analyses applied to these data.

Results are given in chapter 5, beginning with comparative analyses of
the geometric and densitometric data, followed by analyses of variance and
correlation aimed at identifying the patterns of relationship that exist for
variables among and within cross-sections, and within and between the two
categories of data. A summary statement of results concludes the chapter,
prepaning the way for discussion of these findings, taken up in chapter 6.
Particular emphasis on how the results mesh with expectations based on the
models of skeletal response to functional change is made. The chapter, and
body of the dissertation, ends with a formal statement of conclusions.
Appendices incorporating summary descriptive information pertaining to
the study (e.g., literature review, sample make-up, statistical data), and
bibliography, complete the work.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

Continuing periosteal apposition (CPA) of lamellar bone in adulthood
produces greater skeletal dimensions in older individuals. Over the last
twenty-five years a large body of research has described the magnitude and
distribution of CPA for a number of different bones and in a variety of
living and extinct populations (e.g., Epker and Frost, 1966; Garn et al., 1972;
Israel, 1973; Macho, 1986; Martin and Atkinson, 1977; Ruff and Hayes,
1983b; Ruff and Hayes, 1988; Smith and Walker, 1964). Studies of other
aspects of skeletal variability, such as brow ridge surface morphology
(Tappen, 1983), cortical bone mineral content (Harper et al., 1984) and
histology of archaeological remains (Bassett et al., 1980) also implicate or
document CPA in the adult human skeleton.

Amoeng the arguments which have been advanced to account for all or
part of the phenomenon are (1) that CPA exists as a cohort effect of a
secular trend for stature increase, at least in the femur (Trotter et al., 1968);
(2) that it exists as a result of maintaining a viable mechanism for
responding to fracture or to increased mechanical loading (Parfitt, 1984);
and (3) as concluded by the majority of investigators, that CPA serves at
least in part as a form of mechanical compensation for bone loss at the
endocortical and/or intracortical surfaces (Garn et al., 1972; Martin and
Atkinson, 1977; Ruff and Hayes, 1988). Such bone loss threatens the
structural integrity of the skeleton, often leading to traumatic fracture.

Although theoretically well-founded in engineering beam theory,
evidence for this latter hypothesis is entirely phenomenological, consisting
of repeated observations that bones of older individuals have larger widths,
diameters, total areas, etc. To date there are no empirical data which
demonstrate periosteal apposition occurring as a discrete modelling event
in response to reduction in machanical strength resulting from intracortical
or endocortical bone resorption.



The purpose of this chapter is to review research describing the
presence and distribution of CPA in the human infracranial skeleton, most
of which has been undertaken since 1960. This chapter also critically
evaluates three hypotheses which have been proposed to explain CPA and
also considers how skeletal biologists might appropriately interpret it, given
that much of the data indicative of CPA reports an effect size often found to
be statistically nonsignificant in, e.g., comparisons between different age-
cohoris using gross measures of bone size.

Effect size, defined as “the magnitude of the differences among samples”
(Hodges and Schell, 1988:176), is a contributing factor underlying the
probability of committing a Type I error (accepting a false null hypothesis).
For example, a Type II error occurs in accepting the hypothesis that ‘total
cortical areas in young adults and old adults are equal’, when in fact they
are not. This probability is the complement of a statistical test’s power, and
it can be estimated by power analysis (Cohen, 1977; Hodges and Schell,
1988; Lieber, 1990). In addition to effect size, power analysis also considers
the level of significance (a) employed in the comparison, and sample
reliability (size and number of groups compared). Potential difficulties in
the interpretation of the biological versus statistical significance of CPA are
illustrated by applying power analysis to data from three studies selected
from the literature reviewed: Tallgren (1974), Plato and Norris (1980), and
Plato and Purifoy (1982). These studies are among those which have
reported nonsignificant age-related geometric change in the cranium
(Tallgren) and 2nd metacarpal (Plato).

2.2 CPA in the Human Infracranial Skeleton

CPA has been observed throughout the skeleton. However, given that
the skeletal materials used in the present investigation are post-cranial, the
following review is restricted to those elements. An overview of cranial
studies can be found in Appendix 1. The following summary focusses upon
investigations post-1960. Earlier studies do exist that have argued for the
existence of continuing periosteal apposition. Boharitchuk (1954:182), for



example, studied macro- and microradiographic changes in hand phalanges
from 547 skeletons, noting that “ ‘Normal’ exostosis ... is one of the signs of
continuing appositional bone growth after the period of development is
completed”. Many bones of the infracranial skeleton have provided direct
or indirect evidence of adult growth (Table 2.1). These include lumba:
vertebrae, ribs, humerus, radius, the second metacarpal, femur and tibia.
Garn (1981) identifies the first metatarsal sesamoids as participants in this
prucess, although the source for this observation is not given.

Epker and Frost (1966) have reported histological data for continuing
bone growth from the middle third of ribs five through seven. They
sampled 92 ‘metabolically normal’ individuals aged two to 70 years who
had been given tetracycline at some time within the four years prior to
skeletal sampling, which occurred either at autopsy or at thoroctomy.
Microscopic examination of transverse thin sections revealed fluorescent
labels in some, but not all, individuals in every 10 year age cohort. This
would indicate that CPA was an intermittent event. As well, the proportion
of individuals with labelled bone progressively decreased in the older
cohorts, suggesting that the process responsible occurred less frequently
with age. A distinction was also found in the locus of deposition, with the
ventral (external or cutaneous) surface being preferentially labelled.

In a series of publications, Garn and co-workers (Garn et al., 1967, 1968,
1972, 1976) amassed and presenterd a large body of (primarily) cross-
sectional radiographic data from both living and skeletal sampies on the
mediolateral expansion of the second metacarpal at midshaft. Of note is the
fact that part of their EuroAmerican sample consisted of participants of the
same Fels Growth Study used by Israel in his examination of s!:ull growth
(see Appendix 1). Garn’s group looked at both males and females, assigning
subjects to either younger (25 to 54 years) or older (55 to 84 years) age
cohorts. In all cases, the older cohort had larger metacarpals, with many of
the differences achieving statistical significance. In most cases, the larger
proportional increment was seen in females, prompting the observation that
the magnitude of periosteal apposition was tied to the magnitude of
endosteal bone loss (both being greater in females). While most of their Jata



Table 2.1. Summary of Post-Cranial CPA Literature, Through 1990.

Cmith and Walker
(1964)

Epker and Frost
(1966)

Garn et al., (1967,
1968, 1972)

Trotter and Peterson
(1967)

Trotter et al., (1968)

Adams et al. (1970)

2030 adult females, aged 45 to
90 years, nveasured the medio-
lateral diameter of the femur in
anteroposterior radicgraphs

tetracycline labelled transverse
rib sections from 92 individuals
aged 2 to 70 years; cross-
sectional data analysed at 10-
year cohort intervals

2nd metacarpal studied in hand-
wrist radiographs from several
North and Central American
populations; plus a longitudinal
component of 87 participants of
the Fels Growth Study; the 1972
study involved hand-wrist radio-
graphs of 5660 North American
men and women from the Ten
State Nutritional Survey

transverse midshaft diameters
of 237 left and 28 right femora;
2635 Terry collection females; 25
were radiographed (data
corrected for magnification)

male and female black and
white femora from 1476
individuals were meas.ired for
length and midshaft diameter,
and analysed with respect to age
at death and birth year

hand-wrist radiographs of 60
males and 54 females, taken 11
years apart, measurad for total
midshaft diameter and cortical
thickness

the mean periosteal diameter
increased 10.9 % at midshaft,
less at more proximal locations,
comra Sumner (1984a)

all groups had some individuals
with labelled lameliar bone;
within cohorts, the proportion
of labelled to nonlabelled ribs
decreased with advancing age;
the ventral surface was
preferentially labelled

all older cohorts had larger
mediolateral diameters; some
significantly so; females tended
to gain more than males peri-
osteally, and to lose more bone
endocortically

actual diameters were slightly
larger than the radiographic
diameter; the actual diameters
increased significantly with age,
but less than that reported by
Smith and Walker (1964)

for all except black males, no
significant increase in diameter
was recorded which could not
be accounted for on the basis of
a cochort effect associated with a
secular trend for greater stature

considerable interindividual
variation evident for both
variables; reduction in cortical
thickness significant for both
sexes; females alone show a
significapt increase in diameter



Perzigian (1973)

Carlson et al, (1976)

Martin and Atkinson
(1977)

Bassett et al, (1980)

Martin et al., (1980)

Pfeiffer (1980)

Ruff and Jones
(1980)

122 male and 51 female radii;
archaeological; bone mineral
content (BMC) and bone width
(BW) measured using SPA at two
sites: 1/3 (cortical) and 1/10
(trabecular) radial length
proximal to the styloid process

21 female and 19 male femora,
archaeological, two cohorts aged
22-40 and 41-55+ years, five
transverse sections along the
diaphysis, cortical thickness
(CT) cortical area (CA), antero-
posterior and mediolateral
diameter measured

geometric analysis of fereoral
cross-section images from 4
diaphyseal sites, 16 males and
21 females, aged 2 to 82 years

subtrochanteric cross-sections
from 15 femora from Sudanese
X-group individuals (A.D. 350)
examined with fluorescence
microscopy

geometric and histological
analysis of transverse sections
from the humerus, 2nd meta-
carpal and femur in 42 white
males aged 37 to 96 years

archaeological left and right
humeri, 25 younger (epiphyseal
line evident) and 300 older
individuals compared

an archaeological sample of
humeri and tibiae, 79 adult
males and females, osteometric
and radiographic data collected

at the cortical bone site, BW
increased in both sexes between
age 20 and 60+, though in
females the increase was negli-
gible; at the trabecular bone
site, male BW decreased slightly,
female BW showed no change

with age, CT and CA lost at all
sections, with reduction > in
females; mean diamerer
increased in both sexes, > males,
but only significant for the two
most distal sites

the anteroposterior and medio-
lateral bending moments of area
increased in males but not in
females

older individuals (> 55 years)
showed subperiosteal
fluorescence in thin bands 5-10
ym thick, consistent with
“tetracycline’ labelling

polar moment of area (J)
increased until age 80 in the
humerus and femur, and to age
€0 in the metacarpal

eight osteometric measures
showed the older group to have
larger humeri; side differences
(R> L) noted within cohorts

side asymmetry found in both
sexes, but of different pattern:
in tibiae, TA increased in all
groups, in humeri females had
increases; males decreases with
greater age



Plato and Norris
(1980)

Ruff and Hayes
(1983b)

Plato and Purifoy
(1982)

Sumner (1984a)

Burr and Martin
(1983)

Ringe et al, (1985)

2nd metacarpal measured in
hand-wrist radiographs of 236
male participants of the Balti-
more Longitudinal Growth Study
on Aging (BLSA), aged 25 to 95
years, Measured for total width
(TW), length (LEN), medullary
width (MW), combined cortical
thickness (CCT), CA, and per
cent cortical area (PCA)

femora and tibiae in an arch-
aeological sample, 59 males, 60
females; geometrical data from
several diaphyseal locations

2nd metacarpal measured in
hand-wrist radiographs; 176
female, 448 male BLSA subjects;
TW, MW, CCT, PCA and LEN
measured against age, sex, side
and Body Mass Index (BMI)

multiple cross-sections assessed
in archaeological femora, medio-
lateral wiith measured by SPA;
cohorts aged 20-39 and 40+
years compared

radii o 86 male and female
cadavers, aged 18 to 95 years.
SPA, direct measurement of
bone width, (BW), torsionat
loading of excised diaphyseal
block and histomorphometry of
sectioned loading site. Data:
BMC, BW, bone mineral index
(bmi), CA, porosity, pclar
moment of area (J) and
torsional rigidity, (R).

cross-sectional SPA data (BMC,
BW and BMC/BW) for 100
females and 80 maies, aged 70
years or over; two radial sites,
1/3 and 1/10 the distance from
ulnar styloid to the olecranon
process

10

with advancing age, the increase
in TW and LEN not significant;
MW, PCA and CCT was
significant; R > L; grip strength
was found to be significantly
correlated with TW alone,
suggests that an association
between bone size and stress
develops before aduithood is
attained

both sexes showed increases
with age in cross-sectional
properties, eg. I, TA

with advancing age, increased
TW n.s., but significant decrease
ir. MW, PCA and CCT was found;
in females BMI associated with >
PCA and CCT and lower MW. R
metacarpals > L, especially in
right-handed individuals

widths increased between co-
horts at all locations; largest
increase seen in proximal
diaphysis

with age: male bmi decreased
n.s.; CA increased n.s.; porosity
increase was significant; j, BW
and R all significantly greater;
female bmi and CA decreased
significantly; J decrezsed n.s.;
porosity and R increased n.s.;
authors speculate that mech-
anical compensation provided to
wormen by means other than
CFA, eg., at the tissue lnvel

BMC and BMC/BW declin~d
steadily, BW stable in female
radii at both sites, increasing
only beyond 90 years of age; in
males, BMC loss was accelerated
until age 80; rate of loss reduced
for BMC/BW due to > BW
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Simmons et al four midshaft femoral sites authors observed “ongoing

(1986) investigated in an unspecified periosteal new bone formarion
number of males assigned to 20- with endosteal trabecularization
25, 40-45, 60-65 or 80-85 age and resorption in the older
cohorts ages” (p. 222)

Fox et al., (1986) 2nd metacarpal of 160 male some positive gains seen in total
participants of the BLSA having midshaft width and in total
successive hand-wrist radio- length occurred but none w=2re
graphs enabling inclusionina  significant
seven cohort, three-epoch, age-

time marrix
Behrents and Harris matched hand-wrist radio- middle and distal phalanges
(1987) graphs, 28 males and 9 females; increased; proximal phalange

mean interval 32.1 years; length had no change; metacarpal
of four bones in ray Il measured decreased

Aksharanugraha et 19 fiand bones of 60 white as in Behrents and Harris

al (1987) males, paired radiographs; co-  (1987); changes localized to
hort mean ages 22 and 54 years ends lacking epiphyses

Ruff and Hayes ca. 100 each, femur and tibia, males alone showed significantly

(1988) maie and female cadavers, 3rd  increased dimensions, females

to 10th decade, several sites showed a positive but nonsigni-
measured for areas and other ficant trend for greater size

geometric variables
Stini (1989) longitudinal analysis of radial  in subjects > GO years old,
breadth, mineral content and female bone breadth increased
apparent density of > 1800 and density decreased; males
subjects using SPA showed no change after age 70
Mosekilde and cross-sectional analysis of 90 area of male 12 increased with

Mosekilde (1990) male and female 2nd lumbar age, female vertebrae did not,
vertebrae, aged 20 t0 91 years.  cf. Martin and Atkinson, 1977;
Ruff and Hayes, 1988; both
sexes suffered a decline in load-
bearing capacity to age 75.

were cross-sectional in design (e.g., the Ten State Nutrition Survey-see Garn
etal., 1976), a smaller subset (34 males and 53 females) of longitudinal
data was also analyzed (Garn et al., 1967). Male metacarpal widths
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increased an average of 1.5 % over a 24 year interval, while female bones
increased 1.4 % over 15 years.1

Adams et al. (1970), Fox et al. (1986), Martin et al. (1980), Plato and
Norris (1980), and Plato and Purifoy (1982) are among those who have also
examined the second metacarpal. The latter three studies involved
participants of the Baltimore Longitudinal Study of Aging (BLSA). Fox et al.
(1986) partitioned hand-wrist radiographs from 160 male subjects into an
age-time matrix comprising seven 8-year age cohorts and three 8-year
consecutive epochs. Three cross-sectional analyses; seven longitudinal
analyses; and five time-series analyses (five cohorts appeared in each of the
three epochs) were performed using the same body of data, allowing the
investigators to control for age, secular trend and year of observation
independently. Data were collected on medullary width, total width, cortical
thickness, per cent cortical area (all at midshaft) and bone length. Only
total width and length, however, are relevant in the present context.2 While
some indications for incremental change in total width were observed in the
three cross-sectional analyses, as well as in the three youngest longitudinal
cohorts, no statistical significance was obtained. Indeed, the four older
longitudinal cohorts demonstrated a slight negative trend for total width.
Similarly mixed results were obtained in the time-series analysis, and for all
analyses concerned with bone length. The authors suggested that, in this
sample, neither of these metacarpal dimensions experience directional size
change with advancing age.

Plato and Norris (1980) and Plato and Purifoy {1982) examined bilateral
hand-wrist radiographs from 236 male, and 176 female plus 448 male
participants, respectively, in the BLSA. The subjects were partitioned into
10-year cohorts from age 20 to 99 years. Data for the same variables as

1 This summary is based on information given in the Table 2 of their
paper. In the text, the interval range (15 and 24 years) is reversed for the
two sexes. This change would render this conclusion inconsistent with that
reported above regarding the sex-specific magnitude of growth.

2 The aim of this discussion is to establish CPA as a real biological
phenomenon. Endosteal surface changes (e.g., medullary width) will most
certainly become relevant in a consideration of causality.
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were later recorded by Fox et al. (1986) were collected. In general, older
individuals had larger values for total width up to the seventh decade
(females) or eighth decade (males; both studies), though these increments
were found to be nonsignificant. Martin et al. (1980) reported increases in
cortical area and the polar moment of area (a measure of resistance to
torsion) up to age 60, in a series of male subjects aged 37 to 96 years. While
it is presumed that increments in these parameters to age 60 reflect
periosteal apposition, it is not possible from the data (presented
graphically) to determine whether the reduction of these measures, which
occurred after age 60, was due solely to endocortical resorption without
CPA, or due to endocortical bone loss overwhelming any positive
contribution that CPA would provide.

Two studies, Adams et al. (1970) and Behrents and Harris (1987), are
important for their use of longitudinal data. Behrents and Harris (1987)
investigated length change in matched pairs of hand-wrist radiographs from
37 individuals (28 males and nine females) for the four bones constituting
ray Il (i.e., 3rd metacarpal plus proximal, middle and distal phalanges). As
young adults, this sample had a mean age of 21.7 years, and an average of
32 years (range 19.0 to 37.9) elapsed between observations. Following
standardization of growth changes to initial bone size and to duration
between observations, a monotonic growth gradient was observed which
was more or less uniform for the two sexes: proportionate change was
highest in the distal phalanx (1.8 % per decade), slightly less in the middle
phalanx, essentially zero for the proximal phalanx and negative for the
metacarpal. These investigators have since extended this study, reporting
longitudinal data gathered from hand-wrist radiographs on length change
for all 19 hand bones from 60 American white males, again with a mean
interval of 32 years between cohorts (younge: mean = 22 years; older mean
= 54 years) (Aksharanugraha et al. 1987). As before, significant length
increases of the middle and distal phalanges were found, as were significant
decreases in the corresponding metacarpals. This latter result may be
contrasted with the BLSA data for the 2nd metacarpal, which indicates a
nonsignificant increase in length from age 45 onwards (Plato and Norris,
1980). The proximal phalanges, however, showed no directional change in
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length, and represented what Aksharanugraha et al. (1987: 174) have
termed a ‘point of inflection’. By superimposing each set of radiograph
pairs, the authors were able to demonstrate that length increments and
decrements occurred “almost exclusively at the articular surfaces Jacking an
epiphysis”. In both of these studies the combination of apposition at distal
and middle phalangeal surfaces and resorption at proximal metacarpal
surfaces resulted in minimal change in net ray length within the hand.

Adams et al. (1970) examined radiographs of the second metacarpal in
a British sample of 60 men and 54 women. They were aged 66 to 75 years at
follow-up, 11 years after they were first observed. Measures of midshaft
diameter and cortical thickness were taken, apparently not standardized for
body size differences. Between observations, mean cortical thickness within
sexes decreased significantly (p < 0.001), although the magnitude of ioss
did not differ between them (0.47 mm in males, 0.62 mm in females).
Considerable within-group variation was evident, with some individuals in
either sex showing little or no loss of bone. Although males had significantly
wider metacarpals at both points in time, and both sexes showed a trend for
increasing mean diameter with age, only females showed a significant
increase (0.11 mm, p < 0.001). Again, considerable interindividual variation
was present, with some members of each group showing little or no
increase, and others showing a decrease in metacarpal diameter.

Long tubular bones of the upper and lower limb have also provided
evidence of continuing adult growth. Studies carried out upon bones of the
upper limb include the humerus (Martin et al., 1980; Pfeiffer, 1980; Ruff
and Jones, 1981) and radius (Burr and Martin, 1983; Harper et al., 1984).
For lower limb bones, Carlson et al. (1976), Martin and Atkinson (1977),
Martin et al. (1980), Ruff and Hayes (1983b; 1988), Simmons et al. (1985),
Smith and Walker (1964), Sumner (1984a), Trotter and Peterson (1967),
and Trotter et al. (1968) have investigated age-related changes in femora;
while Ruff and Jones (1981), and Ruff and Hayes (1983b; 1988) included
data from the tibia. Parameters measured in these studies included cross-
sectional geometry (areas, polar and second moments of area), and/or
diameters (bone widths). These were measured invasively from bone cross-
sections, or noninvasively using photon absorptiometry or radiography.
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Aside from documenting the existence of CPA, these studies are valuable
in that they identify sources of variability other than age. In particular, the
existence of side- and/or sex dimorphism for the second metacarpal) is
recorded in a number of these studies (cf. Plato and Purifoy (1982). For
example, on the basis of eight osteometric measurements taken on
archaeological humeri partitioned into older (n=300) and younger (n=25)
cohorts, Pfeiffer (1980) showed that right humeri experienced a greater age-
increment than left humeri. Similarly, Ruff and Jones (1981) reported age-
and sex-specific bilateral asymmetry for the humerus and tibia in an
archaeological sample of 79 adults. In males, right humeri were larger; while
in females, left tibiae were larger. The reduction in the magnitude of
asymmetry with advancing age was considered “largely attributable to a
greater loss of bone with aging from the side with more cortical bone in the
younger age groups” (Ruff and Jones, 1981:81).

Carlson et al. (1976) calculated the means for mediolateral and
anteroposterior diameters at five loc. - < along the femoral diaphysis in a
small archaeological sample (21 females and 19 males). Comparisons were
made between a younger (20-40 years) and an older (41-55+ years) cohort,
and in all instances the older group means were larger. However, in males
only the two most distal locations were found to be significantly different.
In samples of modern (cadaveral) human femora (Martin and Atkinson,
1977) and femora and tibia (Ruff and Hayes, 1988), significant periosteal
bone growth s alse absent in the female component, as measured by
cross-sectional 5.1.23s and moments of area.

Noting the presence of CPA in males and its absence in females, Martin
and Atkinson (1977: 229) argued that this disparity between the sexes
might “possibly explain the special problems that women have with
osteoporosis.” They were hesitant to conclude, however, that perio. .2al
apposition in males was the result of biomechanical factors. On the other
hand, Ruff and Hayes (1988) suggested that sex-specific differences in
activity profiles might explain the presence of the male-female dichotomy in
modern populations, and the fact that in the Pecos Pueblo archaeological
sample reported earlier (Ruff and Hayes, 1982; 1983a,b; 1984a,b), both
sexes evinced periosteal expansion. They argued that modern women were
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more sedentary than both modern men as well as prehistoric men and
women. These dzta should be contrasted with that of others (e.z., Adams et
al., 1970, Garn et al., 1967) who observed an opposite effect, with fernales
having greater dimensional change than males, albeit in other bones.3

Recently, further attention has been given to documenting CPA in the
axial skeleton, notably the lumbar vertebrae. Mosekilde and Mosekilde
{1990) hypothesized that sites such as L2 should experience CPA since “the
vertebral body is the main-and first-site for age-related ostecporotic
fractures” and thus would be expected to undergo a compensatory additiori
of new bone as a form of compen:ation. In a sample of 43 females aged 15-
91 years and 47 males 2ged 20-90 years collected at autopsy, they found a
significant increase in vertebral body cross-sectional area (r=0.33,p <
0.01) in male L2, from the age of 20 to 80 years (25-30 %). This increase
was not present in female~. mirroring rzsults for the femur obtained by
Martin and Atkinson (1977) and Ru:if and Hayes (1988). Given this
dichotomy, it is perhaps surprising that, when tested in compression, both
male and female L2s experienced an almost idertical decline in load-bearing
ability, with males in fact showing a marginally steeper decline, though not
significantly so, cwing to their having a higher initial capacity. This finding
should make one critical of Mosekilde and Mcsekilde’s (1990) suggestion
that compensation is occurring at this site, since this should in theory
retard the decline in load-bearing capacity of the male L2,

3 Ruff and Hayes (1988: 892) suggest that these different sex-specific
findings may result from (1) the failure of these other studies to control for
body size effects, (2) the fact that radiogrammetric and photon
absorptiometric techniques possess greater method error, and (3) the
metacarpal being “a rather marginal region in terms of general mechanizul
loadings and remodelling of the skeleton as a whole”, and thus a less
reliable indicator of sex-specific differences in behaviour (presumabily the
stimulus for the dimensional dichotomy observed by them in the lower
limb). These criticisms, L.owever, fail to explain why several studies
demonstrate greater change in female versus male metacarpals.
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2.2.1 Discussion

The existence of continuing periosteal apposition of bone throughout
adulthood seems well established, despite being found to be of insignificant
magnitude in some studies. A number of important points should be noted.
First, demonstrating CPA has involved a diversity of populations, living and
skeletal, More importantly, a variety of techniques have been used in the
documentation of this phenomenon, including direct measurement from
individual bones, radiographic analysis, photen absorptiometry and manual
stereometry and/or digitized image analysis of transverse bone sections.
Furthermore, adult incremental change in the skeleton has been recorded
secondarily, in studies formulated to investigate other aspects of skeletal
biology (e.g., bone mineral content). Setting aside the tetracycline-based
histological demonstration of CPA (Epker and Frost, 1966), these factors
alone would seem to rule out the possibility that the occurrence of CPA is a
systematically-derived methodological artifact. Tha fact that studies using
comparable methodology have both found (e.g., Adams et al. 1970; Garn et
al., 1972; Israel, 1973a) and not found (e.g., Plato and Purifoy, 1982; Fox et
al., 1986; Tallgren, 1974), significant incremental growth further
substantiates this point.

With the exception of studies by Aksharanugraha et al. (1987), Berhents
and Harris (1987), Epker and Frost (1966), and Kokich (1976, in the
cranium-see Appendix 1), none of the investigations reviewed is capable of
identifying the specific locus of apposition and/or resorption. This is
because measurement of lengths, breadths and diameters involves two
surfaces. For example, increasing mediolateral midshaft diameter of the
second metacarpal might occur at the medial surface, the lateral surface, or
both (equally, alternately, and with variable magnitude). Indeed, in the
investigations cited above surface-specific changes were noted. These results
argue for CPA as a diffuse, but context-dependent phen-menon; thus to
assume that CPA occurs on all bone surfaces is overly simplistic. Neither
would it be appropriate to consider it a stochastic modelling process.
Certainly, the metacarpal-phalangeal pattern of adult growth demonstrated
by Behrents and Harris (1987) and Aksharanugraha et al. (1987) suggests
otherwise, as does our present understanding of the association between
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bone cross-sectional geometry and the distribution of intracortical porosity
(Martin and Burr, 1984; Lazenk+, 1986b). These latter variables (and, by
implication, the processes re<:onsible for them) interact in a manner which
conserves the geometric strengtih of tubular bones.

It is clear that the parameters underlying the occurrence of CPA in such
a potentially multivariate context as that of adulit growth can only be
identified and described by an assessment of skeletal modelling and
remodelling dynamics at the histological level. Sumner (1984a: 215)
attempted to investigate one particular hypothesis for CPA (that of
mechanical compensation) in a series of archaeclogical femora from the
Grasshopper Pueblo site in Arizona using the noninvasive method of
computed tomography. This approach was unsuccessful, and Sumner noted
that the hypothesis could “not be tested directly because of sampling error
in the CT sample”. Although it is possible to deinonstrate sites of active
periosteal bone deposition (and resorption) without invasively sampling the
element in question (Bromage, 1582; Saunders, 1985), it is not possible to
correlate these surface events with perhaps similarly Jocalized remodelling
episodes within the bone (either endosteally or intrwcortically). At this time,
an invasive histological analysis would appear to be the only viable
approach capable of providing an integrated view of bone remodelling
dynamics among the various bone surfaces.

2.3 Hypotheses

Three explanations have been advanced to account for the continuing
growth of the adult skeleton. The:c are: (1) cohort effect; (2) fracture
repair/mechanical response potential; and (3) mechanical compensation. Of
these, only the first and last have been suggested by way of an empirical
study, and only cohort effect has been explicitly tested.

Any study which uses cross-sectional data must consider the possibility
that documented trends exist as artifacts of sample composition and are nct
reflections of an underlying biologi-al reality. Baer (1956) has identified
three possible sources leading to trends in cross-sectional data: true
ontogenetic change, secular change and selective survival. Regarding CPA,
selective survival refers to a situation in which smaller individuals would be
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predisposed to an early death. This would have the consequence that older
cohorts would be comprised of individuals with larger mean values for size
variables, regardless of the presence or absence of CPA. Selective survival
has not been seriously considered in any of the cross-seciional studies
reviewed above (indeed, it would be difficult to argue that sucha
mechanism occurred throughout the diversity of populations studied!).
Selective survival would have particular relevance, however, for studies
employing archaeological materials spanning a large time period (cf.
admonitions by Cadien et al. (1974) regarding the representation of such
samples as biological lineages). Ruff (1980:106; see Appendix 1 for
discussion) attempted to minimize the significance of this mechanism in his
analysis of Indian Knoll crania, noting that the 500 years of site occupation
were characterized by “overall physical and cultural homogeneity”. The
implication is that environmental forces (natural or cultural) that would
promote age-specific differential death were not archaeologically evident.

In contrast, CPA has been interpreted as a cohort effect by Trotter et al.
(1968). In their analysis of femora from the Terry collection, for which the
year of birth spanned approximately nine decades, partial regression of
transverse diameter at midshaft on the variables (1) bone length, (2) birth
year and (3) death year, indicated the presence of a negative secular trend.
Individuals with more recent birth dates tended to have longer, yet
narrower, femora. All the same, such a finding does not apply to
longitudinal data, nor to Epker and Frost’s (1966) cross-sectional data
which demonstrated, by histological means, CPA into the 8th decade. This
latter point was made by Garn et al. (1968) and recognized by Trotter et al’s
(1968) study. If anything, the Terry collection results should be taken as a
general warning against the incautious use of such skeletal collections in
cross-secticnal investigations (Ericksen, 1982).

A second hypothesis for CPA suggests that it represents a ubiquitous
fracture repair and/or response potential to altered mechanical loading.
According to Parfitt (1984: S126) CPA may be “the minimal expression of a
mechanism that, although dormant, must remain capable throughout life of
responding to the need for fracture healing or to increased biomechanical
demand”. Much data from the clinical sphere (regarding fracture repair)
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and from the experimental sphere (for biomechanical demand) attests to
the ability of the skeleton to deal with unexpected or unusual situations.
Parfitt’s contention, however, conflicts with the results of studies such as
Martin and Atkinson (1977) and Ruff and Hayes (1988), in which CPA was
found in males only. As formulated by Parfitt (1984), the repair/response
potential hypothesis would not permit CPA to be present in one sex and
absent in the other, in any population, although the possibility exists that
the mechanism might be compromised in one sex.

The nypothesis that CPA is associated with the ability of skeletons to
repair fractures or redistribute material resources when faced with novel
mechanical situations implies that it will be found wherever such a potential
is required. So far as | am aware, all mammalian skeletons are capable of
self-repair and self-regulation, the latter attested to by the diverse
assortment of large and small mammals involved in experimental work
investigating (re)modelling response mechanisms to altered in vivo loading
regimens (see Bouvier, 1985; Lanyon 1987 for reviews). As such, CPA should
have a wide taxonomic affiliation.

Perhaps more than any other explanation, CPA as an ever present,
minimally-expressed potential invokes consideration of the distribution and
of the level of control (local or systemic) of this phenomenon. Different
bones, and different regions within bones, surely have unequal probabilities
for fracture. Buikstra (1975), for example, found 17 healed fractures of long
bones and clavicles in 11 of 43 adult Macaca mulatta culled from the Cayo
Santiago study population, suggesting that such regions are more likely to
be broken in the wild (e.g., in falls). Similarly, not all bones are equally
likely to experience altered or increased biomechanical loading. Elements
involved in locomotion and/or defence, for example, may be reasonably
expected to suffer more frequent or more severe demands or insults with
possibly life-threatening consequences (Lovell, 1990). In such cases, a
repair/response potential will certainly have fithess value, with the
attendant implications vis-a-vis selection and adaptation. If control over the
bone (re)modelling system is mediated at a systemic level, it might be
expected that all bone surfaces would provide evidence of CPA even though
selection were acting to ensure an existing potential for but a few such
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regions. On the other hand, an adaptationist argument becomes much more
complex if control of the cellular mechanisms involved is localized and site-
specific. Theoretically, (albeit unreasonably), each site at which CPA occurs
could represent an evolutionarily unique adaptational event, and would
perhaps be coincident with the evolution of unique behavioural repertoires.
The most frequently cited explanation for CPA argues thatitoccursasa
form of mechanical compensation. With advancing age, endocortical and
intracortical resorption reduces bone volume, thereby weakening the bone,
all else being equal. As CPA contributes to an increase in bone volume, it
also contributes to an increase in bone strength. The question remains,
however, as to the equivalence of the two processes vis-a-vis bone strength.
The hypothesis of mechanical compensation has its basis in engineering
beam theory. The ability of a beam to resist an applied bending force
perpendicular to its long axis is reflected in a quantity known as the second
moment of area (denoted as I). The larger this quantity becomes, the
greater the bending strength of the structure (Currey, 1984b; Wainwright et
al., 1981). The magnitude of I is calculated as the summed products of each
unit of cross-sectional area (theoretically infinitesimal) muitiplied by the
squared distance of that area to an axis of zero stress, known as the neutral
axis of bending. Thus, | = area x distance?, and is expressed in units to the
fourth power. It should be clear that a unit of area ‘X’ mm< will contribute
more to the summed value of [ if it is farther from the neutral axis, i.e., fora
given ‘X’, I increases as an exponential function of distance. Since the
periosteal surface defines the maximum distance from the neutral ax:s in
any direction, CPA may be readily perceived, in theory, as mechanical
compensation for »one loss occurring in regions nearer the neutral axis. In
fact, this relationship would permit a much smaller absolute quantity of
periosteal apposition to offset a larger amount of endosteal bone loss.4

4 It should be realized that the maintenance of | is specified as an
objective for heuristic purposes only, and assumes a constant force (hence a
constant resultant stress) which in real life would not apply, as altered
lifestyles and concomitant physiological changes in the neuromuscular
control system would act to reduce, increase or alter the magnitude and/or
the frequency of mechanical loading.
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While this argument refers specifically to a bending load, which is the most
threatening mods of loading for tubular bones (Bertram and Biewener,
1988), a similar rationale can be described for compression forces and the
threat of failure in buckling (see Currey (1984b: 122-6) for discussion).

Two major objections have been raised against the mechanical
compensation hypothesis. First, CPA occurs prior to significant endocortical
bone loss; and indeed, that it represents a process continuous with
adolescent growth (Epker and Frost, 1966; Behrents, 1985). Second, CPA
occurs in non-weight bearing bones, e.g., the cranium.

Garn et al. (1972) and more recently Parfitt (1984, taking his cue from
Garn, but offering the alternative hypothesis discussed above) have cited
the first two objections. From their point of view, neither the cranium nor
the second metacarpal can be considered weight-bearing bonesina
structural sense, and thus deem it unlikely that CPA in these elements
represents an adaptation to withstand mechanical stress (Lanyon, 1987). It
must be recognized, however, that weight-bearing (whether static or
dynamic) is but one factor in a skeleton’s mechanical environment. While
the cranium and metacarpal may not qualify as structural members, they
are certainly subject to deformation by muscle contraction (e.g., in
mastication and manipulation).

It should also be pointed out that Parfitt’s (1984) hypothesis and that of
mechanical compensation are not mutually exclusive. The presumed
motivating factor for any magnitude of CPA as mechanical compensation is
bone loss, which will have the effect of increasing the biomechanical
demand made upon the remaining bone tissue, Parfitt’s hypothesis,
however, assumes that CPA occurs in small quanti‘ies reflecting a potential
for responding to increased mechanical loading regardless of prior bone
loss. The two hypotheses thus differ significantly at that conceptual level.

The more serious of the objections raised against the hypothesis of
mechanical compensation concemns the relative timing of events. As noted,
the hypothesis implies that gain follows loss; indeed, that it responds
directly to the consequences of loss, viz. increased mechanical strain in the
remaining cortex. However, CPA appears to be continuous (albeit
intermittent) from the adolescent-adult transition, and as such precedes
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bone loss. The latter is not really underway until age 40 or so (Mazess,
1982). This problem does not negate the compensation hypothesis-indeed,
Garn et al. (1972) accept CPA as only partial compensation-but it would
necessitate accepting the adjunct (improbable?) proposition that the
magnitude of future bone loss and/or future levels of physical activity can
be predicted by the existing periosteal cell system responsible for CPA (or at
least have been, in an evolutionary sense). So far as females are concerned,
fracture epidemiology would either argue against this possibility, or for
present magnitudes and rates of bone loss as relatively recent phenomena.
The alternative to such prediction would be compensation for an unknown
reduction of bone volume by excessive deposition of new periosteal bone.
This is not only metabolically inefficient, but is inconsistent with the
reported magnitude of CPA and contravenes the ‘minimum mass’ corollary
of Wolff's Law.5

Martin and Atkinson (1977) and Ruff and Hayes (1988) found adult
periosteal expansion in the lower limb bones (femur and tibia) in males but
not in females. While this dichotomy may partially explain the greater
incidence of osteoporotic fracture in females (Martin and Atkinson, 1977),
it does not support mechanical colmnpensation as an adaptive process
(though a complex model implicating female menopause and the loss of
reproductive capacity, which males retain into advanced years, may be
envisioned). Ruff and Hayes (1988) hypothesized that changing age-related
activity patterns underlay the dimorphic pattern of CPA. They analyzed two
populations, a modern cadaveral sample and an archaeological sample from
Pecos Peublo. In both groups, males demonstrated significant periosteal
expansion, but only the archaeological females-which they presume to have
been active throughout life-showed similar growth. Modern sedentary
females showed no significant CPA.

5 This corollary, as stated by Roux in his incorporation of Wolff's Law
within the construct of functional adaptation, argues that the self-regulating
behaviour of bone tissue seeks to establish maximum strength with a

minimum of material expense-see Roesler (1987) for further elaboration
and discussion.
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-.4 Interpretation
The interpretation of continuing periosteal apposition as an adayptive

process in the human skeleton hinges upon three factors: (1) does it occur
on all, or only some, skeletal elements; (2) for those elements upon which it
occurs, does it do so ubiquitously or do only some surfaces experience it;
and (3) what is the absolute and/or relative magnitude of change? The first
two have been considered earlier: CPA has been observed in both the axial
and appendicular skeleton, and evidence from a number of bones suggests
that not all points on a periosteal surface are, at least at any one time,
experiencing new bone growth. At the same time, not all bones nor all
surfaces been examined; thus, definitive answers for the first two questions
can not be given.

The third factor is somewhat more complex given the diversity of
methods and variables used to document CPA (Table 2.1). Nonetheless, an
appreciation for the magnitude (effect size} of change which might be
expected to accrue through the action of CPA is crucial for differentiating
between the statistical arnid biological significance of the phenomenon {Table
2.2}, as well as among the various possible hypotheses which might account
for it. For example, a small magnitude of change may be in keeping with a
basal level of activity for bone-lining cells retaining their ability to actively
deposit new bone when called upon to do so (Parfitt’s repair/response
hypothesis). Alternatively, a small effect size may be all that is required to
offset a given magnitude of bone loss, in keeping with the mechanical
compensation hypothesis (see section 3.4). In either case, the lack of
statistical significance may belie recognition of a biologically meaningful
phenomenon, and may lead researchers to accept the statistical null
hypothesis that no difference exists between the samples compared (i.e.,
that Ho: g1-42 = Qs true).

Hodges and Schell (1988: 175) have warned that accepting a false null
hypothesis may cause researchers to suspend potentially fruitful analyses.
Alternatively, it may lead to the proposition of novel hypotheses aimed at
accounting for the nonsignificant result, i.e., Ruff and Hayes’ (1988)
suggestion that the lack of a significant increase in the femoral and tibial
dimensions of modern females indicates a more sedentary lifestyle for this
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Table 2.2. The Absolute and Relative Magnitude of Age-Related Change in
_Selected Cranial and Postcranial Elements.

Mean Annual
Studyl Variable Interval? Difference’ Change _

Israel (1968) mean parietal thickness 18.0 0.62 (+7.86) 0.034
Ruff (1980) mean parietal thickness 9.8 0.30 (+5.76) Q.03
Garn et al 2nd metacarpal width M: 30.0 0.08 (+0.84) 0.002
(1972) F: 30.0 0.20 (+2.50) 0.006
Trotter and femoral midshaft M-L 40.04 0.80(+3.19) | 0.02
Peterson (1967) diameter

1. See Table 2.1 or Appendix 1 for particulars of these studies.

2. Years.; all other measurements in mm

3. (% difference) calculated as 100 [(older mean-younger mean) + younger mean]
4. 40.0 years between the median age of cohorts, 20-59 years and 60-99 years.

group. In another case, Plato and Norris (1980) have argued that in the
absence of a demonstrable age-related increase in 2nd metacarpal total
width (TW), the significant association of grip strength to TW found in their
mzle sample indicated that the relationship between bone size and siress (a
causal determinant of size) must develop prior to adulthood. This wouid
imply that since total width does not change significantly in adulthood, the
bone modelling system responsible for depositing new periosteal bone
matrix is not responsive to ‘normal’ adult stresses; or alternatively, that the
adult stresses experienced by the subjects studied are of an insufficient
magnitude to activate the system. The merit of either of these hypotheses is
premised upon accepting Plato and Norris’ (1980) finding as a robust
demonstration of adult stasis in second metacarpal total width. This in turn
is based upon the statistical power of their analysis.

Cohen (1977: 25) notes that “In new areas of research inquiry, effect
sizes are likely to be small...This is because the phenomena under study are
typically not under good experimental or measurement control or both”.
Since a strong theoretical case can be made for a magnitude of CPA which is
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small yet biologically meaningful (as outlined above), it is worthwhile
examining studies that have reported nonsignificant results vis-a-vis their
sample composition and « levels (both of which act with effect size to
determine the statistical argument underlying a researchers willingness to
accept or reject a result as significant). Three studies from the CPA
literature reporting nonsignificant results and providing data in a fashion
amenable to an analysis of power are Tallgren (1974) for the cranium; and
Plato and Norris (1980) and Plato and Purifoy (1982) for the second
metacarpal. The objective of this analysis is to ascertain whether the
characteristics of the sample data and experimental design for these studies
(sample size, effect size and a) confer power sufficient for acceptance of the
specified null hypothesis. When power is lacking, the low probability of
rejecting Hop renders its acceptance vague at best, and meaningless at worst.

For Tallgren (1974), power analysis using the method for the paired t-
test (Cohen, 1977: 48-49) was applied to data given in his Tables 2 and 3.
Although not specified in Tallgren’s paper, I have assumed a 1-tailed
design,® with a = 0.05 and n = 32 for all but five of the measurements
examined; for these five, n = 31 individuals. The ef'ect size index, d;”, is
calculated as dz” = mz/oz, where mz is the mean d:fference foi the matched
pairs, and o is the associated standard deviation. Power values can then be
read directly, or can be linearly interpolated from the appropriate table
(e.g., Table 2.3.2 from Cohen (1977) in this case).

The resulits of this analysis are given in Table 2.3.7 Power varies from
048 to .7, with 17 of 22 variables having power < 0.5. In other words, given
the parameters of Tallgren’s research design, the probability that these
variables would reject the null hypothesis ranges from 4.8 % to 70.0 %, with

6 Assuming a 2-tailed design would have the effect of lowering power
for a given value of dz”.

7 In Table 2.3, variables for which the mean difference between cohorts
was zero have been omitted, since it would be meaningless to consider the
power of a statistical test to reject Ho: 1 - 2 = O when in fact p1 and y; are
equal. Also omitted are variables dealing with the outer cranial vault for
which the mean difference was less than zero, since these imply
dimensional (shape) change with age due to resorption.
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Variable | Mean D | o dz= | Power
sella-30° icc 70.90 -0.01 0.31 -0.05 0.048
external diameter 176.63 0.02 0.56 0.05 0.055
nasion-180° 179.08 0.02 0.58 0.08 0.055
sella-150°icc 95.60 -0.02 0.37 -0.08 0.082
thickness at 150° 8.30 0.02 0.33 0.08 0.096
sella-nasion 69.61 0.02 0.32 0.09 0.098
sella-120° icc 98.90 -0.03 0.45 -0.09 0.115
sella-bregma 99.54 0.05 0.47 0.15 0.143
sella-30° ecc 84.14 0.04 041 0.14 0.146
nasion-lambda 182.69 0.05 0.47 0.15 0.155
thickness at 30° 7.11 0.05 0.43 0.16 0.165
internal diameter 145.90 -0.06 0.45 -0.19 0.191
thickness at 60° 7.09 0.06 0.44 0.19 0.192
bregma-lamb-ia 132.07 0.07 0.44 0.22 0.227
bregma-basion 137.43 0.13 0.52 0.35 0.408
sella-opisthion 74.49 0.08 0.30 0.37 0.435
nasion-bregma 108.22 0.11 0.40 0.38 0.445
sella-basion 41.71 0.09 0.30 0.42 0.509
sella-60° icc 81.50 -0.14 0.42 -0.47 0.585
glabella-lambda 183.11 0.20 0.58 0.48 0.600
bregma-opisthion 159.14 0.17 0.48 0.50 0.620
sella-glabella 75.75 0.18 0.46 0.55 0.700

1. All dimensions (columns 2-4) are in mm.

Mean = value at first (younger) observation; D = diiference between younger and older
means; dz° = the effect size index; ecc = external cranial contour; icc = internal cranial

contour.

most having less than a 50.0 % chance of rejection. Indeed, the variable
associated with the largest power value (sella-glabella length) did reject Ho,
at p < .05. Clearly, Tallgren’s (1974: 293) conclusion that “in the subjects
studied no appreciable remodelling of the neurocranial bones had occurred

with increasing adult age” appears tenuous.

Data on total width (TW) of the second metacarpal of male participants
of the Baltimore Longitudinal Study on Aging (Plato and Norris, 1980; Plato
and Purifoy, 1982) were analysed for power using methods for the F-test
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(one-way ANOVA, with k means of unequal n) as detailed by Cohen (1977:
359-362). The effect size index, f, is calculated as f = om/0, where

)Eni (mj-m)2
i=1
Om = N

mj = the mean of the ith age cohort;

nj = the size of the ith age cohort;

N = the sum of all ny's;

m = the weighted mean of the k age cohort means, Jnjm; + N; and
o = the within population standard deviation.

As with the t-test effect size index, dz, power values corresponding to {
were derived directly or by linear interpolation from tables in Cohen
(1977), for a= 0.05, u = 7 (u = the degrees of freedom for the F-ratio
numerator), and n = 29, which equals the arithmetic mean of the k groups
in the sample, i.e., N/k (Cohen, 1977: 362; for Plato and Purifoy (1982),u =
6 and n = 64). Although any of the age cohort ¢’s could be inserted into the
denominator of the equation for f, since they are assumed to be equal, this
analysis presents f values for each age cohort standard deviation.

Two things are made clear by this approach. First, as seen in Table 2.4,
there was only a ca. 10 % probability of Plato and Norris (1980) rejecting
the null hypothesis that the k cohort means were equal, given the
parameters of their research design. That is, it was not very likely that a
significant age-related trend towards increased total width of the 2nd
metacarpal would be found in their sample of 236 males. Second, it seems
questionable whether the variances associated with the first (20-29, n=6)
and last (90+, n=4) age cohort means satisfy the assumption of equality
required by both Plato and Norris’ (1980) F-test and this power analysis.
Indeed, in the later study, Plato and Purifoy {1982) not only increased the
number of individuals in all age cohorts {making N=448), but they
collapsed the 90+ cohort into the 80-99 year old group. However, these
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Table 2.4. Results of Power Analysis Based on Plato and Norris’ (1980) Left

(top) and Right (bottom) 2nd Metacarpal Data.

Age Effect Size Power
Cohort Sm o Index, f

20-29 0.122 1.10 0.111 0.187
30-39 0.122 2.13 0.057 0.081
40-49 0.122 1.90 0.064 0.092
50-59 0.122 2.44 0.050 0.070
60-69 0.122 2.39 0.051 0.072
70-79 0.122 2.15 0.057 0.081
80-89 0.122 1.95 0.063 0.091

90+ 0.122 1.04 0.117 0.220
20-29 0.146 1.04 0.140 0.286
30-39 0.146 2.29 0.064 0.092
4049 0.146 1.79 0.082 0.121
$0-59 0.146 2.57 0.057 0.081
6069 0.146 2.28 0.064 0.092
70-79 0.146 1.99 0.073 0.107
80-89 0.146 1.95 0.075 0.110

90+ 0.146 0.50 0.292 0.908

Table 2.5. Power Analysis for Plato and Purifoy’s (1982) Left 2nd

Metacarpal Data.
Age Effect Size Power

Cohort om o Index, f

20-29 0.103 1.51 0.068 0.172
30-39 0.103 2.62 0.039 0.079
40-49 0.103 2.15 0.048 0.098
50-59 0.103 2.66 0.039 0.079
60-69 0.103 2.65 0.039 0.079
70-79 0.103 2.72 0.038 0.076
80-99 0.103 2.08 0.050 0.100

In both Tables 2.4 and 2.5, om = standard deviation of the population means; o = within

cohort standard deviation (calculated from reported cohort standard error and sample
size); both om and o are reported in mm.
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changes have had no effect on the power of their analysis for discovering
significant increments in total width of the second metacarpal (Table 2.5).

An alternative appivach to determining the a posteriori power of an
analysis would be to asx, as a matter of research design, what size of sample
would be required in c:der tc identify a trend by the F-test, e.g., for an age-
related increase in total width of the 2nd metacarpal. This approach
requires the investigator to identify how many groups the sample will
contain (to determine u), what level of power is desired, the level of
significance «, and an estimate of the effect size index (f), expected; based
on theory or on previous research. The sample size required for each group,
n, can then be read directly from tables (e.g., Cohen, 1977: 381-389), or
calculated {rom tha formula

n.os
n="o0rt!

where n s = tabled sample size for the specified «, u and power for an
effect size of .05; and f is the effect size index the researcher expects to
observe (Cohen, 1977: 390). For example, given u = 6, a desired power of
.80, a = 0.0%, and an effect size of 0.06 based on Plato and Norris’ (1980)
data for TW of the Znd metacarpal, Plato and Purifoy (1282) would have
found that the average group n required in each of their 7 age cohorts
would be 543 individuals (N would then be 3801). Figure 2.1 presents a
series of curves based on Cohen (1977, Table 8.4.5; subtable u = 6)
illustrating the relationship between the effect size index and power, fora =
0.05.8 Clearly, when f is very small, n must be very large in order to have
the statistical confidence (i.e., high power) that the nonsignificant result
obtained derives from the ‘truth’ of Hg.

As noted by Hodges and Schell (1988) and others (e.g., Smith et al.,
1982), many impoiiant biological phenomena typically have small effect
sizes. Unfortunately, many anthropological sampies employed in skeletal
biology research, such as those composed of archaeologicai and/or

8 See Lieber (1990) for further discussion of the relationship of sample
size and statistical power.
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10007 = f- 05 /'

Sample Size

oj—/f;:’”/;

0.00 0.20 0.40 0.60 0.80 1.00
POWER

Figure 2.1. The relationship between statistical power and group sample

size, n, required to detect an effect size index, f, by the F-test when a = 0.05
andu-=6.

dissecting room populations, are often of an insufficient sizc io detect small
differences between groups. Hodges and Schell (1988: 179) note that
stadstical power may be enhanced in any one (or more) of three ways: by
relaxing a (and accepting, for example, p < 0.1 as significant, rather than
the much more common p < 0.05); by increasing sample size (n), or by
reducing “population: variability by defining the population in more
restrictive terms”. This latter alternative has the effect of decreasing the
sample error, thereby increasing the effect size index and, in turn,
increasing the associated level of power. The viability of any of these
alternatives will, of course, be dictated by the particular research problem
under investigation. Often, there is no option for increasing n, and



32

restricting the population variability may not be dasirable since it
necessarily restricts the generality (and thus the applicability) of the
investigations results (Hodges and Schell, 1988). It would apoear, then, that
in such instances researchers should give serious consideration to the level
of probability of Type I errors (o) they are willing to accept.

2.5 Summary

The review and critique undertaken in this chapter supports the
following conclusions. First, continuing periosteal apposition (CPA) in the
adult skeleton is a bone fide compones; of skeletal aging, in spite of a
number of studies having reported nonsignificant dimensional change.
Second, CPA appears to be widely distributed in the skeleton. However, the
precise nature of the surficial distribution for individual bones is unclear,
although evidence does exist (e.g., Epker and Frost, 1966) suggesting that
CPA is differentially distributed over an element’s periosteal surface. Third,
the majority of studies which document CPA have measured the result of
the process, such as larger bone dimensions in e.g., older individuals. The
relationship this external phenomenon may have with specific bone
remodelling events at the intracortical and/or endocortical surfaces remains
to be adequately described. This fact makes it impossible to distinguish
from among the various hypotheses proposed to account for the observed
dimensional change, nor even to draw definitive conclusions as to the
adaptive character of the process. Finally, interpretation has been
hampered by the small effect size which typifies CPA, and the small sample
sizes wiiich so typify skeletal biology research. Future studies that explore
this process at gross levels of measurement should consider the potential
statistical power of their analyses in research design formulation, although
admittedly, large and representative skeletal samples are a rarity. A more
promising approach that has received relatively little attention is that
undertaken by the current study, namely histological analysis, which alone
offers the possibility of identifying intersurface (periosteal, intracortical,
endocortical) relationships.



CHAPTER 3. THEORETICAL ARGUMENTS

3.1. Introduction

This chapter presents the theoretical and interpretive framework
relating to the objectives of this research, ostensibly five in number. The
first of these is to histologically verify the existence of CPA: can recent
circumferential lamellar bone modelling at the perios:eal surface be
demonstrated unequivocally? The reviewed literature supports this
possibility, in which case the second objective is to describe the spatial
distribution of CPA.: is it diffuse over the periosteal surface or localized? A
third goal involves discovering how CPA may or may not relate to other
aspects of structural variability, such as cross-sectional geometry,
intracortical porosity and bone turnover. A fourth objective is to determine
the degree of contextual (source, age, sex and side) variability expressed for
CPA within the present sample of individuals and elements. The final goal,
of course, is to evaluate the above with respect to mechanical compensation,
the favoured hypothesis purporting to explain CPA.

It becomes necessary to delve into a number of aspects of bone biology
to achieve these goals. These aspects include the processes of skeletal
modelling and remodelling responsible for CPA and the observable
microstructural variation. An informal, descriptive approach is first
employed, situating these processes and their effects within the hierarchical
structure of cortical bone (e.g., Burr and Martin, 1989; Frost, 1980, 1988;
Jaworski, 1984a, b, 1987; Martin and Burr, 1982; Parfitt, 1984a, b).
Afterwards, a mcre formal, mathematical perspective is explored (e.g., Frost,
1987a, b; Hattner and Frost, 1963; Polig and Jee, 1987), anticipating
development of an operational model for the determination of relative
mean bone age (MBA) within a cross-section. MBA provides a single
numerical indicator of the recent Haversian remodelling history of the bone
at the level of the section, and offers-for certain applications-a more useful
approach to characterizing remodelling history than other methods, notably
that of ‘paleophysiology’ (Wu et al. 1970; Frost, 1987b), as applied by

33
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Martin et al. (1985), Lazenby et al. (1989) and Stoui (1986; Stout and
Teitelbaum, 1976) in tasks ranging from dietary reconstruction to forensic
identification.

Since CPA is most often viewed as mechanical compensation, an
evaluation of biomechanical models which have been advanced for
interpreting cortical bone variation vis-a-vis external stimuli is provided
(e.g., Burr and Martin, 1989; Cowin, 1984, 1987; Cowin et al., 1983; Frost,
1982, 1983, 1988a-c; Hart et al., 1984; Hart and Davy, 1989; Jaworski,
1987; Lanyon, 1987; Rubin and Lanyon, 1287). With this background
established, more focussed theoretical modelling of mechanical
compensation is presented, relating CPA to the maintenance of mechanical
strain equilibrium in a context of reduction in bone mass and modified
physical activities.

3.2 Functiona] Adaptation in Skeletal Tissue

Functional adaptation denotes “the ability of living tissue to respond to
changes in its environment” (Hart, 1990: 241). Skeletally, this response
occurs through change in size, shape and/or quality of bone tissue, for
which the processes of growth, modelling and remodelling are accountable
(Frost, 1988a-c; Martin and Burr, 1989). Frost (1988a) defines growth as
size increase through the addition of cells and intercellular matrix
independent of modification in shape or organization; growth per se is not
the principal concern of this study.! More pertinent are the processes of
modelling and remodelling, which alter not only bone size, but *ts shape
and/or quality as well.

Modelling alters bone shape and mass through localized rescption (R)
or formation (F), following cellular activation (A). The sequence is thus A-R
or A-F (Martin and Burr, 1989). Tissue formed through physiologic
modelling is primary, circumferential lamellar bone. In certain
carcumstances, such as excessive mechanical loading, a pathologic modelling

1 Factors affecting skeletal growth, such as childhood activity and
nutrition, can have a very significant effect upon the phenomena studied in
this research, in terms of contributions to the magnitude of peak bone mass
attained in young adulthood.
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response leads to woven bone formation (Burr et al., 1989b). Alternatively,
remodelling involves the resorption and subsequent formation of secondary
bone at a given site (sequence = A-R-F), and is thus concerned with tissue
renewal, Both processes require the activation and coordination of
multinucleate osteoclasts and/or mononucleate osteoblasts, vperating as
basic multicellular units or BMU (Coupron, 1981; Jaworski, 1984a, b; Parfitt,
1984b). While both modelling and remodelling may take place at the
periosteal or endocortical surfaces, remodelling alone occurs intracorticaliy.
The classic view of remodelling is that which produces Haversian systems
intracortically, (i.e., concentric lamellae around a central vascular canal
containing blood vessels and nerve fibres).

There are important temporal and spatial associations for modelling
and remodelling. Both processes are predominant features of the immature
skeleton responsible for adjusting the gross architecture and mass of bones
in coordination with growth of adjacent soft tissues. During adulthood,
however, Frost (1980, 1987a) reports that modelling as a general
phenomenon occurs at a rate that is less than five per cent of that seen
during growth. Consequently, most bone cellular activity during adulthood
is due to remodelling. Martin and Burr (1989: 181) seem to preclude the
occurrence of modelling in adults, although they later (p. 183) indicate a
willingness to accept periosteal expansion as “a special case of modelling
which persists on this bone envelope into adulthood”, in order to reconcile
particular experimental data within the parameters of Frost’s Mechanostat
theory (see section 3.5). In suppor. of this position, Martin and Burr (1989:
131) note that fluorochrome studies indicate that periosteal expansion (cf.
CPA) “occurs around a large proportion of the circumference of the bone,
rather than in discrete foci”, that “(r)esorption cavities are infrequently
found on the periosteal surface”, and that “formation is seldom associated
with a well-defined cement line” characteristic of a remodelling event.

Two concepts of the cellular dynamics of bone remodelling, ccupling
and balance, are especiaily relevant in the context of aging (Burr and
Martin, 1989; Jaworski, 1984a). The forn:er is a quatitative characteristic
with potentially quantitative ramifications, referring to the sequential
activity of osteoclasts and osteoblasts. When a remodelling (A-R-F) event is
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uncoupled, no formation a* all occurs resulting in a net loss of bone mass
equal to that resorbed. It should be noted that such ai occurrence is
pathological, and does not constitute a resorptive modelling (A-R) event.
Balance, on the other hand, is a quantitative aspect of remodelling which
indicates an equivalency in the mass of bone resorbed and subsequently
formed. Burr and Martin (1989) give a detailed review of the relationship of
coupling and balance to the development of numerous metabolic bone
diseases, including the ostecporoses.

The process of remodelling is ostensibly adaptive, given that it
consumes energy and materials; does not occur randomly (Martin, 1984;
Polig and Jee, 1987); and produces a relatively weaker structure compared
to primary bone (Currey, 1975, 1984c; Vincentelli and Grigorov, 1985).
While its specific purpose has been the focus of some contention, an
emerging consensus points toward adaptive remodelling as an outcome of
two independent aspects of normal mechanical loading history (Burr and
Martin, 1989). These are fatigue microdamage repair following prolonged
dynamic loading, and mass adjustment following unloading, such as occurs
with extended periods of immobilization.

Martin and Burr (1982) proposed that Haversian remodelling represents
a response to fatigue damage occurring in the form of microcracks, an
accumulation of which would threaten failure of the element. From
literature extending back to Currey’s (1962) work on veids in bone as sites
of stress concentration, they suggested that the approximately circular
shape of secondary osteons would prevent microcrack propagation through
the cortex. Experimental studies (e.g., Carter and Hayes, 1977) showed that
in cort>: under tension, a developing crack is captured within the cement
sheath at the osteon periphery, resulting in the dissipation of the energy
behind its formation. This resulted in the osteon becoming debonded from
adjacent lamellae. In compressed regions, microcracks tended to travel
across concentric lamellae, again disrupting the association between
adjacent layers of bone. It was postulated that dabonding and/or disruption
stimulated the formation of a new osteon by modifying existing stress fields
or piezoelectric potentials at the Haversian canal wall, known from other
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work (e.g., Tappen, 1977) to be the site at which new secondary osteons
originate.

In a following paper, Burr et al. (1985) reported significant associations
between cyclical physiological loading of canine ulnae and radii in vivo, and
the amount of microdamage observed in thin section when compared with
contralateral controls. They also found a 44-fold increase in the proximity
of resorption spaces to microcracks than expected by chance alorie. More
recently, Forwood and Parker (1989) studied torsional loading of whole rat
tibiae in vitro. They observed an inverse relationship between the frequency
of microcracking and osteon debonding with parametzrs such as stiffness
and ene> v absorption. Schaffler et al. (1989) considered the effects of
physiological strain rate on the development of fatigue microdamage in
bovine cortical bone. Tests in a range of 0-1200 microstrain were performed
using 108 cycles of tensile strain at rates of 0.01 s*1 and 0.J3 s'1. The
presence of fatigue damage associated with both strain rates was
demonstrated through a reduction in stiffness, and confirmed histologically
through an increase in microcrack density (cracks/mm?Z). Observations
were consistent with expectations based on models of fatigue in composite
laminates: the higher (0.03 s~1) strain rate specimens lost more stiffness
and had more microdamage than lower strain rate specimens, relative to a
group of unloaded controls. However, only the former series gave results
which were significantly different from the control group. It was also found
that osteonal bone specimens showed a greater loss of stiffness than
unremodelled (plexiform) bone specimens, confirming earlier work showing
secondary bone to be relatively weaker than primary bone. These results
suggest that a process whereby microdamage is removed could have
significant adaptive value by extending the fatigue life of the structural
element.

Prior to this experimental support, Currey (1984b: 264) had criticized
the Martin and Burr model on grounds that cracks in bone orient such that
“there will be no great tendency for the crack front to travel around the
cement sheath”; reducing the likelihood of osteonal debonding. Based on
work with paired cat tibiae, Currey argued further that the high degree of
left-right symmetry in observed patterns of remodelling weakens the
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microdamage hypothesis, since it would require a similar, and in his view an
unlikely, symmetry in the formation of microcracks. Currey (1984b, c)
outlines other possible objectives for Haversian remodelling, such as the
removal of necrotic hone tissue following in vivo cell death; and mineral
homeostasis. In his view, neither of these explanations are entirely
satisfactory. The former suffers from the same criticisms as the fatigue
microdamage hypothesis, i.e., why should bone tissue ‘die’ with such a high
degree of side-symmetry? A major criticism of the latter is the lack of an
apparent correspondence between the degree of interspecific variation in
remodelling and the likelihood of calcium imbalance. Currey wonders why,
for exampie, adult Americans should show high degrees of Haversian
remodelling, while tending not to suffer from a dietary calcium balance
sufficiently negative to account for it. At the same time, smaller mammals
and birds exhibit little or no remodelling yet are more likely candidates for
experiencing mineral imbalance.

The symmetry observed by Currey in the paired cat tibiae might be
accounted for by the second objective of Haversian remodelling, namely to
reduce bone mass in regions which have undergone a reduction in the level
of mechanical loading. If this reduction follows from a nonpathological
decline in physical activity, the qualitative symmetry noted by Currey
(1984b, c) would be expected, rather than surprising. This is because such a
decline might impart a solely quantitative modification to the bone’s
mechanical environment, keeping constant the qualitative aspects of
loading (e.g., direction of bending). However, if aging results in a decline in
physical activity (unlikely in Currey’s experimental cats), one might expect
both quaniitative and qualitative changes in mechanical loading; the latter
associated with age-progressive impairment of balance and muscular
coordination. More will be said of the relationship between modelling,
remodelling and mechanical history in section 3.5.

33 Hi hical S in Cortical B
Bone tissue is heterogeneous in its construction (Currey, 1984b). The

structural strength of a skeletal element is derived from a combination of

physical properties, principally orientation, porosity, mineralization and
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reconstruction (Currey, 1984c¢). Geometric properties such as cross-
sectional area and second moments of area are also major contributors.2
These properties are not independent (Lazenby, 1986b; Martin and Burr,
1984; Ascenzi et al., 1987); but act and interact within the structural
hierarchy of cortical bone (Table 3.1). Variation within hierarchical
constituents can have significant positive or negative effects upon a bone’s
mechanical properties, such as the elastic modulus, yield strength, and work
of fracture. Mineral content and porosity are two factors which exert such
effects, and illustrate the contribution that lower level struct. = -l variation
can make to the mechanical properties of whole bones (Burr and Martin,
1983; Currey, 1969a, b; 1975, 1984a, c; 1988; Keller et al., 1990; Laval-
Jeantet et al., 1983; Lazenby, 1986a, b; Martin, 1972, 1984; Martin and
Burr, 1984; Schaffler and Burr, 1988).

Bone mineral consists of “a mixture of hydroxyapatite crystals and
amorphous calcium phosphate” (Vaughan, 1975: 104) which osteoblasts
infuse into a scaffolding of maturing, cross-linked collagen during bone
formation (Burr and Martin, 1989). With progressive mineralization,
collagen and hydroxyapatite become inextricably bound together (Currey,
1984a), with the latter occupying a space of some 18.6 A between adjacent
mineral crystals (McCutchen, 1975). This intimate association contributes to
the anisotropy and viscoelasticity of bone material as factors which render
theoretical modelling of the mechanical behaviour of bone as a porous,
multiphase composite tissue such a difficult task (e.g., Carter and Spengler,
1978; Cowin, 1989b; Currey, 1984a, b).

2 Orientation refers to the fact that bone is anisotropic, meaning that its
mechanical properties differ according to the direction of applied load. A
long bone , for example, is strongest when loaded parallel to its long axis,
weaker when loaded normal to this axis. Reilly and Burstein (1974) provide
an excellent account of these issues. Reconstruction is a term used by
Currey (1984c and elsewhere) in reterence to Haversian remodelling. In
addition, characteristics of the loading environment such as strain rate,
magnitude and distribution (Rubin and Lanyon, 1987) also contribute (0
structural strength. For example, the viscoelastic nature of bone tissue sees
stiffness as a positive function of strain rate (e.g., Currey, 1975).



Table 3.1. A Constitutive Hierarchy for Cortical Bone.

Analytical Major Major Charac: 2ristics Affecting Mechanical Properties
Level Components | Constituent
Ultra- Organic Collagen | varies in orientation between, and possibly
structure within, lamellae; preferred orientation likely
nonrandomly distributed throughout cortex
Inoryanic Mineral varies in content re: bone and age; affects
material properties e.g., stiffness
Primary Lamellar | slowly deposited as tightly organized circum-
Bone Bone | ferential sheets ca. 5 mm thick; separated by a
thin (.1 mm) interlamellay layer cf. the cement
sheath of Haversian osteons
Laminar Bone| deposited on fast growing surfaces; struts of
parallel fibred bone infilled with lamellar bone
Woven rapidly deposited (e.g., in fracture callus)
Bone short, fine fibres randomly organized; mineral
content greater than lamelilar or laminar bone
Micro- Secondary Haversian | organized as concentric lamellae around a
structure Bone Systems central vascular canal; varies in mineralization
Cement highly mineralized matrix surrounding
Sheath Haversian systems; negligible organic content
Porosity Resorption | nonrandomly distributed throughout cortex;
Cavities; | tending to be proportionately greater near the
Osteocyte | endosteal surface
Lacunae
Macro- Matrix Cortical and | differentiable along a continuum of bone
structure Trabecular | volume fraction, ash content and in size and
Bone shape (geometry)

Much work has examined the relationship of bone mineral to the
mechanical behaviour of both trabecular (e.g., Carter et al., 1987, 1989;
Whalen et al., 1988) and cortical (e.g., Carter ei al, 1981; Currey, 1988)
bone tissue. Currey especially has given considerable attention to the
adaptive significance of interspecific differences in the mineralization of
cortical bone (e.g., Currey, 1979, 1988, 1990). In the following discussion,



41

concentrating on the physical properties of cortical bone, reference is made
to ‘true’ mineral density, apparent density and bone volume fraction. True
mineral density (pm) refers to the amount of mineral present in fully
mineralized bone material, ignoring tissue porosity (Laval-Jeantet et al.,
1983), and is most often reported in the literature as the per cent ash
content of dry bone (e.g., Currey 1969, 1988). Bone volume fraction is
equal to 1-P, where P is the volume of porosity. Apparent density (pa) is a
measure of the mineral content of the volume fraction, such that ps = pm
(1-P) (Schaffler and Burr, 1988: 15). Bone volume fraction and apparent
density both decline with advancing age as a consequence of increasing
porosity, while true mineral density remains more or less constat.t (Laval-
Jeantet et al., 1983). In normal mammalian cortical bone (e.g., the bovine
femur), the latter approximates an ash content of 65-70 % by weight or 50
% by volume (Wainwright et al., 1281: 183). More specialized mineralized
tissues such as the whale temporal bullae and deer antler deviate above and
below this value, respectively. Currey (1969a, 1984a-c) has argued that
such deviation reflects the specific adaptive character of such elements. The
deer antler is often subjected to high energy impact, especially during the
rutting season, and thus benefits from a lower mineral content since this
would lower the modulus of elasticity and concomitantly increase the work
of fracture (see Currey, 1984b: 90). On the other hand, the whale bulla is
protected from externally applied dynamic loads due to its anatomical
position and the fact that whales are sea living creatures. As noted by
Currey (1984a: 517), the very large stiffness of the whale bulla “increases
the impedence mismatch between the otic bones and the rest of the skul,, <0
preventing sound reaching the inner ear except via itne tympanic ligament,
the whale’s equivalent of the tympanic membrane”.

Variation in true and apparent density also occurs ontogenically, since
newly deposited bone is always less mineralized than mature bone (see
section 3.4). Bone tissue from subadults, or from regions of varying
remodelling rates within adult skeletons, might be expected to differ with
respect to true mineral density, and will thus differ in terms of tissue
properties and mechanical performance. One effect of a lower elastic
modulus is that, for equal magnitudes of stress, such tissue will experience
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more strain then that with a higher modulus (Keller et al., 1985). In other
words, a similar amount of mechanical loading will produce a greater
amount of elastic deformation in immature or more actively remodelled
bone (less mineralized, low modulus) versus mature or less actively
remodelled bone (more mineralized, high modulus). The significance of this
lies in the general acceptance of strain rather than stress as the stimulus for
bone modelling or remodelling activity (e.g., Carter et al., 1981; Martin and
Burr, 1989), and suggests that the osteogenic potential of younger bone
tissue will be more sensitive to variations in strain history. This could in
part account for the accumulation of bone tissue in the growing skeleton
(Carter, 1983, 1984), in which a lower modulus tissue is subjected to
relatively higher leveis of physical activity, and thus to more or less
constant osteogenic stimuli. The role such an interactive mechanism might
play in the modelling and remodelling of adult bone having regional
variation in mineral density. and subjected to age-related declines in
physical activity, remains to be explored.

Hart (1989, 1990) has recently examined the effects of tissue
maturation on the bone remodelling response in a series of finite element
models, observing that while little difference in response existed between
the various ‘maturation rules’ used,3 all exhibited a fundamental distinction
from the (nonphysiological) no-maturation case: the response was biphasic,
with an initial accelerating rate followed by deceleration, presumably
coincident with the increasing material stiffness associated with maturation.
This scenario would fit logically into constructs of mechanically adaptive
bone (re)modelling, (considered in section 3.5 below) which purport their
objective as a return to an equilibrium strain environment.

Bruce Martin (1984:179) has defined porosity as “void volume per unit
volume of whole bone”, and its appearance in cross-sections of both cortical
and trabecular bone is self-evident. Typically, the former has a porosity of
less than 15 %; the latter a porosity of greater than 70 % (Schaffler and

3 The term ‘maturation rule’, as defined by Hart (1990: 242) denotes a
“mathematical description of the gradual stiffening, consolidation and
calcification of osseous tissue over time”.
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Burr, 1988).4 Voids in any material have a strength and stiffness equal to
zero (Wainwright et al., 1981). It is thus not surprising that porosity in
cortical bone exerts a significant influence on its physical properties: the
greater the porosity per unit tissue volume (i.e., the higher a tissue’s
apparent density), the lower its strength and stiffness.5 As a general rule, an
increase in porosity of 10 % is thought to reduce the absolute value of the
elastic modulus by as much as 20 % (Wainwright et al., 1981:157).

Schaffler and Burr (1988) examined the stiffness of bovine cortical bone
under uniaxial tension at two strain rates (0.01/s and 0.03/s), with regard
to porosity, ash content and apparent density. The expected increase in
stiffness with greater strain rate (see footmote 2) was not found, purportedly
due to the greater influence on viscoelasticity exerted by porosity and
mineralization. After pooling the two samples, Sichaffler and Burr (1988)
were able to demonstrate a reduction in stiffness, measured in GPa, as a
power function of increasing porosity (exponent = -0.55). Interestingly, least
squares analysis for log elastic modulus against the log values for porosity,
bone volume fraction, apparent density and ash content gave r2 values of
0.71, 0.71, 0.70 and 0.41, respectively. In a stepwise multiple regression,
only bone volume fraction (the complement of porosity) was significantly
associated with the elastic modulus. True mineral density (ash content) thus
appears to exert less effect on elastic properties than the amount of hone
present. A perhaps more significant finding was that the elastic modulus of
their cortical bone specimens increased as a power function of apparent
density (exponent = 7.4). This is much different that that reported for

4 These definitions lead one to wonder what bone tissue with a porosity
between 15 % and 70 % might be called!

5 Voids in bone may also act to reduce strength by acting as ‘stress
concentrators’; i.e., artifacts such as osteocyte lacunae, canaliculi and
vascular spaces (Haversian systems and primary osteons) may increase
regional stress in bone tissue by 300 to 700 % (Currey, 1962, 1984).

6 GPa is GigaPascals, commonly the unit of measurement for bone
stiffness as a reflection of its modulus of elasticity, E. Expressed in Pascals
(Newtons per square metre), the stiffness of various types of bone material
varies from 4-32 x 109Pa; alternatively, from 4-32 GPa (Currey, 1984a, b).
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trabecular bone (exponent = 3.0, Carter and Hayes, 1977), indicating that
the elastic modulus of cortical bone is more severely affected by changes in
porosity than that of trabecular bone. As noted by Schaffier and Burr
(1988:16), it also suggests that “compact and trabecular bone should be
regarded functionally as distinct structural materials”, rather than as one
material differentiated solely in terms of the amount of porosity present
(contra Martin, 1984).

A similar analysis is reported by Currey (1988), who examined the
relationship between elastic modulus, true density and volume fraction in
cortical bone samples from 18 species of marmals, birds and reptiles. In
this series, the elastic modulus (in GPa) varied from 2.23 to 34.06; calcium
content (mg/g) from 174.3 to 315.3; and volume fraction from 66.3% to
98.1%. Not unexpectedly, the lowest values were derived from Roe deer
antler and the highest values from Fin whale bullae. Currey found over 80
% of the variance in the elastic modulus was explained by variation in
volume fraction and calciinm content. Most recently, Keller et al. (1990:
602) examined the relationship among the elastic modulus, bending
strength and various physical properties in samples of human femur
midshaft. They also report that "one of the most itnportant determinants of
the mechanical properties of bone is its apparent density or porosity."

As noted earlier, bone volume fraction and apparent density decrease
with age as a function of increasing porosity (Burr and Mariin, 1983; Laval-
Jeantet et al., 1983). A greater proportion of porosity, as well as most of the
age-related increase, occurs primarily adjacent to the endosteal surface
(Martin and Burr, 1984). The circumferential distribution of porosity is also
not random, but occurs in regions which enjoy large contributions to
structural strength from cross-sectional geometry (Martin and Burr, 1984;
Lazenby, 1986a, b). These aspects of microstructural variation and their
role in functional adaptation of skeletal tissue will be considered more fully
in section 3.5.

3.4 Mean Bone Age
At present, a quantified view of the past remodelling history of a region
of cortical bone useful in comparative analyses can be obtained, without
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recourse to tizsue time markers such as tetracycline (Frost, 1969), using a
method developed by Wu et al. (1970; see also Frost, 1987b). The method,
termed ‘paleophysiology’ by Martin et al. (198S; also Stout, 1986), is based
on the histological analysis of cortical bone cross-sections and requires data
for a minimum of five different histomorphometric variables in order to
achieve a meaningful reflection of bone remodelliny; dynamics. This
dynamic is represented in the form of subsequently derived variables such
as ‘annual osteon creations’ and ‘Haversian bone formation rate’. At
present, paleophysiology is applicable only to the middle-series ribs (i.e.,
ribs 5 to 7) for which good normative data are available. It also does not
provide the investigator with a view of the most recent remodelling history,
since the variables named above are averaged over the effective age of adult
compacta. In the human rib, effective age is considered equal to
chronological age minus 12.5 years (Wu et al., 1970). The method is further
hindered by the fact that the derived variable ‘total osteon creations’, which
is used in determining more meaningful variables indicative of remodelling
dynamics, reaches an asymptotic value in older adults. This is because in
heavily remodelled bone cortex, newly formed s2condary osteons obliterate
all evidence of one or more previously existing structures.

A more advantageous estimate of remodelling dynamics is found in the
concept of mean bone age. Mean bone age consists of a single value,
obtained directly from the frequency and quantity of bone turnover events.
The concept can also be applied to any region of bone tissue, cortical or
trabecular, and at ali ages. Finally, the resultant can be more meaningfully
iuterpreted vis-a-vis the bone’s biomechanical behaviour and structural
strength. The following discussion describes the concept of mean bone age,
and the derivation of an operational model for its determination.

The addition of new bone, removal of older boue or replacement of
existing hone within a region of tissue necessarily alters the age of that
tissue. In the absence of modelling or remodelling, the age of any region in
the skeletor. would approximate the chronological age of the individual, a
condition which exists only at birth (Frost, 1987a). A number of factors, not
the least of which is mechanica! history, create skeletal regions with varying
modelling and remodelling rates. The skeleton as a whole will thus possess a
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range of MBAs, all of which will be less than the individual’s chronological
age. Since it is unlikely that any natal bone remains in an adult skeleton, the
youngest region of bone will be that with the highest remodelling rate. The
concept of mean bone age thus originates in the notion that any given
region of bone tissue is continually rejuvenated through the combined
processes of modelling (resorption or deposition) and remodelling
(sequentially coupled resorption and deposition).

3.4.1 Thecretical Models

Several formal models for mean bone age have been proposed. An early
model by Hattner and Frost (1263) rested upon the effects of linear versus
probabilistic remodelling distributions. In linear remodelling, sites of bone
turnover are evenly spaced and newer areas avoided; thus, older bone is
preferentially removed. Under a probabilistic distribution, considered most
common by Hattner and Frost, “newer bone is as likely to be remodelled as
its proportional amount is to the whole amount of bone present” (p. 203).
Given this condition, the mean age of probabilistically-remodelled bone
(Tm) is found as [their equation (16)}:

Tm = () 8+ (V) Tma]

where Vg = volume of original bone; Vp = volume of new bone; V = volume
of the whole region; t = time (in years); and Tmp = mean age of newly
formed bone. Verbally, mean bone age is equal to the volume fraction of
original bone times its residence period (»~ ontogenic age), plus the volume
fraction of newly formed bone times its residence period (= time between
formation and observation). This model assumes that the total amount of
bone, V, and the bone formation rate over the period of observation remain
constant.

Hattner and Frost (1963) formulated their model in order to study
skeletal tracer physiology, and viewed mean bone age as a determining
factor for the uptake or removal of ‘bone seeking tracers’ (e.g., Ca43). They
reasoned that because the final ca. 30 per cent of mineralization occurs in
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the weeks or months following initial deposition, new bone is always less
dense than older, more fully mineralized bone. Since the transfer of a tracer
from blood to bone is an inverse function of mineral content, the age of
bone tissue will affect the rate of tracer uptake, and the mode of
remodelling will determine its period of residence in the skeleton.

More recently, Polig and Jee (1987) provided a more formal treatment
of bone age as a function of remodelling. Mean bone age was determined as
the probability distribution of lifetimes for individual bone elements (not to
be confused with a bone structural unit or BSU, such as a secondary osteon).
In turn, this probability was determined by a ‘stochastic law of remodelling’,
such that [their equations (1) and (13)]:

p(t, t + 8t) = g(t)dt [nb. g(t) 2 0]
and
g(t) = ah

where t specifies the resident age of each individual element; A is the period
of quiescence between remodelling events and § represents “the degree of
age-dependence of remodelling. For g = 0, there is no age dependence, and
random remodelling occurs. For § - «, the limit of “deterministic”
remodelling, i.e., the case where all bone elements remodel after a fixed
time interval” (Polig and Jee, 1987: 132-3) is approached. The above cases
of ‘random’ and ‘deterministic’ remodelling correspond to Hattner and
Frost’s (1963) ‘probabalistic’ and ‘linear’ modes of remodelling distribution,
respectively.

Polig and Jee (1987) specify four postulates (assumptions or
simplifications) for the development of their model: (1) a bone consists of a
collection of single elements which are sufficiently small as to be entirely
remodelled during a single event; (2) a skeleton can be regionally sub-
divided with respect to a common remodelling rate; (3) these regions are
composed of elements constituting a statistical population whose lifetime is
regulated by a stochastic remodelling process; and (4) skeletal maturity is
characterized by a bone turnover rate which varies insignificantly (i.e., less
than 10 per cent) between remodelling events.
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Frost (1987a) has outlined a model for the mean tissue age {MTA) of
bone, differentiated into two fractions: basal mean tissue age (the age of
previously existing cortex exclusive of secondary osteons, i.e., primary
bone), and global mean tissue age (the age of all compact bone). Frost’s
paper deals primarily with the former, and focusses upon the effects of
modelling ‘drifts’ during growth, which move the bone through ‘“tissue
space’ in order to maintain its functional relationships vis-a-vis muscles and
articulations. Determining the mean tissue age (MTA) for an area of bone
comprised of numerous tissue domains formed independently during
various drift events requires that the investigator find “both the MTA and
cross section area of each domain, weight each domain’s MTA by its area as
a fraction of the total area of all the domains being averaged, and sum them
to find the overall MTA” (Frost, 1987a: 229). Thus [his equation (7)]:

M'I‘A=a1b1 + azby? + ... ambm
2 bm

where 2 = the age of a given domain and b = the cross-sectional area of that
domain. While Frost’s equation was derived specifically for determining the
basal mean tissue age of bone, Frost (1987a: 330) observes that it could be
adapted to the find the global MTA provided that osteon area “be
subtracted from the area of the whole section to find the area of the
remaining original circumferential and endosteal lamellae and/or natal
bone”.

While the above models are useful for identifying general factors and/or
assumptions involved in attempting to derive mean bone age, they do not
provide a method for its actual estimation, required in order to derive
inferences regarding recent remodelling history and, by implication, past
biomechanical history (as will be detailed in section 3.5). While single (Polig
and Jee, 1987) and/or double (Frost, 1987a) labelling with in vivo tissue
markers, such as tetracycline (Frost, 1969), will identify those surfaces
actively forming at a given point in time, they will not discriminate among
the various ages of tissue domains which are relatively new (i.e., not yet
fully mineralized) but are no longer actively ‘forming’. Furthermore, such
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approaches are restricted to samples obtained from individuals who have
been administered one or more labels, and thus cannot be applied to
noniabelled materials (e.g., most archaeological or cadaveral samples). The
following section describes an operational model for determining a relative
MBA, which is applicable to all remodelled bone samples, based on the
variable mineral content seen, for example, in microradiographs.

3.4.2 An Operational MBA

In the following analysis, the assumption is made that all elemental
volume fractions of bone which constitute the units of remodelling are
equal, making it possible to treat collections of such units of simiiar age in
terms of frequencies, rather than volumes. As noted by Frost (1987a),
conversion of these frequencies to volume fractions entails correction by
the ratio of their unit volume to the volume of the region (or whole bone)
under consideration. An example of how this is accomplished is given ai ithe
end of this section.

A region of bone tissue is composed of discrete elements of various ages.
All newly deposited elements, whether or not preceded by a resorption
event, can be assigned an age of t;. For the present, it is assumed that there
is an equivalent interval, 0, between each differently aged element.
Previously synthesized elements thus can be assigned an age based upon
their order of appearance, e.g., 0t1, Ot2, Ot3 etc., where 3 is older than 2, 3
and 2 are older than 1, and all subscripted ot’s are older than t;. The
acgregate bone age (BAj) of a given tissue volume therefore is equal to the
sum of the ages of each individual element of newly synthesized bone, plus
the sum of the various elements of previously synthesized bone:

BAg =JXt1 + Jot (1)

By treating bone elements of equal ages as frequencies rather than
volumes, the mean bone age, MBA is found as:

(not;1 + n1 Oty + n2 Ot2 ... + Nm Otm)

‘MBA’ = (ng + n{ + N2 .. Nm) (2)
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where n through m = the number of elements occurring for each ot. Tc
simplify the argument still further, assume that all ot’s appear with a
constant. frequency; thus nQ, ni, n2 ...nm Will equal n, and equation (2)
becomes:

m m
MBA’=n(t+ X t) + % nj (3)
j=1 =1

This equation further assumes that the oldest matrix is preferentially
removed at each remodelling event, which has the effect of keeping ‘n’
constant for all values of ot. This scenario corresponds to the linear and
deterministic remodsiling distributions proposed by Hattner and Frost
(1963) and Polig and Jee (1987), respectively. Under a probabilistic or
random remodelling distribution, ‘n’ will vary among the existing ot
moities. As noted by Polig and Jee (1987), however, ‘linear’ and
‘probabilistic’ remodelling should be viewed not so much as separate
entities, but as points along a continuum defined in terms of either mineral
content (Hattner and Frost, 1963) or age-dependence (Polig and Jee,
1987),7 where the latter refers to the period of residence of individual bone
elements prior to their being remodelled. At one extreme, the oldest matrix
is preferentially removed, while at the other, the youngest matrix is the
focus of new remodelling activity. This latter scenario is considered
pathological by both Hattner and Frost (1963: 214) and Polig and Jee (1987:
132).

An additional factor affecting the MBA among a group of tissue regions
will be the relative rates at which bone is removed and/or added (i.e., the
frequency of appearance and disappearance). Equation (3) can be
visualized by considering two equal ‘volumes’ of bone, comprised of 20
distinct elements (Figure 3.1). If volume ‘A’ is assigned a remodelling rate
twice that of volume ‘B’, then twice as many elements will be turned over

7 In fact, the two are releted, since the degree of mineralization of
remodelled bone is in part a function of its residence time in the bone.
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Volume ‘A’ Volume ‘B’
0 4 3 2 1 0 9 8 7 6
0 <+ 3 2 1 0 9 8 7 6
0 4 3 2 1 5 4 3 2 1
0 4 3 2 1 5 4 3 2 1

Figure 3.1. Two equal volumes of bone, A and B, undergo remodelling at
rates of 2r and r, respectively. There will thus be twice as many resorption
spaces present in A than in B. Resorption spaces are marked ‘0’, since as
voids they do not contribute to the ‘MBA’ of the sample. As a result of the
slower rate of turnover, B contains a greater diversity of element ages as
well as elements of a much older age than any found in A. In all cases of
linear remodelling distribution, the ratio of ‘MBA™ for two equal volumes of
bone will equal the inverse of the ratio of their respective remodelling rates;
in the above example, ‘MBA’s/p=2.5/5 = 2;r/2r = 1/2.

per unit time. As per equation (3),

oqmnr. 3 (1L +2+3+4) 40 . o
MBA’A = G+44+44+4 —16=2.5 age units

and

oapar. 2 (1 + 2+ 3. +9 9 _ .
MBA’g = 212+ 2.. ¢ 2 =18—S.O age units

Marotti (1976) has published formation rates for various bones in the
dog skeleton, which can be used to further illustrate the model. Relative to
the tibia, assigned a rate (r) of 1.0, the femur turns over at 0.8r, the left
seventh rib at 1.4r and the seventh thoracic vertebra at 2.4r. Given the
above hypothetical region of bone consisting of 20 elements of equal
volume which are initially of uniform age (e.g., t1, indicating all new bone);
and given four turnover events occurring per unit remodelling time, r, then
at any given moment there will be four resorption cavities, four units equal
to t1, and four units for each ot value.
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After four remodelling cycles, when r = 1.0, ‘MBA’ will equal 2.5 (i.e., the
situation as depicted in Figure 3.1, for volume ‘A’). When the remodelling
rate equals 0.8, as in Marotti’s dog femora, the initiation of four remodelling
events requires a length of time 1.25 that required for the tibia, i.e., 1.0 +
0.8 = 1.25. This simply reflects the fact that, at a slower turnover rate,
there is a longer residence time for a given element of bone tissue. Under
the assumption of equal volume per element turned over, one can calculate
corresponding ot values for the femur as

Ot il s
Otfemur = Otjlgm

which gives
‘MBA’tibi
‘MBA’ femur = —&gl—m?’ = 3.13 ‘age units’

Using the same general relationship, MBA for the seventh thoracic
vertebra will be 1.04 ‘age units’, and for the left seventh rib, 1.79 units. For
the conditions specified in this example, and following a linear remodelling
distribution, bone sampled from the femoral diaphysis will be three times as
old as that from the seventh thoracic vertebra.

The result of bone remodelling is the removal of existing bone with
replacement by new bone. Remodelling has the effect of making a given
region of bone younger, and the greater the number of simultaneous
remodelling events, the greater the reduction in MBA. On the other hand,
MBA at any point in the bone cortex can increase only in the absence of
tone remodelling, i.e., between successive turnover events at that point. The
rate at which a regional MBA increases will be a function of (1) the number
of simultaneous remodelling events initiated; (2) the interval between
successive events at any point in the region; and (3) the MBA of the tissue
which is removed. In the abov= examples, it has been assumed that the
volume of bone resorbed was of a uniform age, each event thereby reducing
MBA by an equal amount. Under a probabilistic distribution, it is more
likely that the tissue removed will be comprised of elements of varying
MBAs, which may or may not approximate MBA for the region as a whole. It
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1,1, 1
1, 0, 1{ = MBA;
1,1, 1
2y 24
271)2=MBA1
2, 0,
3, 3, 3, 0,
3, 0, 3|or|3, 2, 3| = MBA>
3.1, 3 3,1, 3
4, 4,4 0,4 4 o 1,4 [4 1,4 [4 1,2
4, 1, 4or|4, 1, 4/or|4, 3, 4jor|4, O, 4| or|4, 3, 4| = MBA3
4,0,4 (42,4 [4,2,4 42,4 |40 4

Figure 3.2. A region of bone having 8 discrete remodelling elements,
initially of uniform age, t;, giving and MBA; of 1.0. One remodelling cycle
produces a unique solution, MBA; = 1.88. The next remodelling cycle
produces two possible solutions, and after this, five possible solutions. Note
that, for MBA 3, solutions 2 anc 4 are identical with respect to MBA. Again, a
‘D indicates a resorption space, i.e., an element which has been most
recently resorbed and which will appear in the following series as new bone
with an age equal to t;.

follows that for any given interval between remodelling events, mean bone
age over a large tissue area will increase at a rate which depends upon
whether the bone subsequently resorbed is relatively younger or older than
the regional MBA. If there is no preference for the age of existing bone to
be turned over; that is, if probabilistic remodelling holds, the theoretical
probability that the age of the bone removed is less than the regional MBA
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will equal the probability that it is older than the regional MBA. In fact, this
theoretical probability will equal 0.5. The actual probability will be a
function of the relative volume fractions of bone elements having ot values
greater or less than the MBA for the region. Over time, if no preference
exists for the age of bone being removed,8 the actual probability should
approximate the theoretical probability of 0.5, and the ot values for the
elements in the region will be normally distributed.

Under a probabilistic remodelling distribution, the increase irn MBA can
be modeled as a function of the number of remodelling cycles. Given a
volume of newly formed bone in which all the elements are of equal age, t1,
after one remodelling cycle, MBA will be 1.88 (Figure 3.2) This represents
the only solution. After the second remodelling cycle, there will be two
solutions, since there were elements of two different ages available for
removal, even though of unequal probability given their vastly different
volume fractions. These two solutions give MBA values of 2.63 and 2.75,
depending upon whether the oldest or youngest tissue was resorbed,
respectively, Following the third remodelling cycle, five possible solutions
exist, but only four possible MBA values, since two solutions are for all
intents identical. MBA varies from 3.25 to 3.63. The next remodelling cycle
would provide a total of 15 solutions and a range of seven possible MBA
values, from 3.75 to 4.5. The most frequent solution gives a MBA of 4.13.

It becomes evident that the rate at which MBA increases will have a
range of values bounded by an upper and lower limit:

Lower MBAp =

(m+1) MBA; - MBA; [§m (Vr) + (m-1)(Veg, )+ (m-n)(Vey )} Vi L] (4)

8 This presumes that there is no causal relationship between the MBA of
an element of bone and the probability of microcrack formation. This may
not be true, given the relationship between mineral density and the
element’s stiffness or toughness, as discussed in section 3.5.1.
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Upper MBA, =
(m+1) MBA; - (m Vr_Vi'1) (S)

where MBAp is the mean bone age after ‘m’ remodelling cycles; MBA| is the
initial age of the whole region, Vy; and Vy is the volume of bone remodelled
during the specified cycle, m through m-n (with n = m-1). The value in
square brackets will always be negative, since bone turnover reduces MBA at
the site of remodelling.

These limits represent the linear remodelling distribution on the one
hand [eq. (4)], in which the oldest bone is removed with each new cycle,
and the pathological or redundant remodelling distribution on the other
[eq. (5)], in which the newest bone is preferentially removed. These limits
will bracket MBA resulting from a probabilistic remodelling distribution, as
noted by Polig and Jee (1987). If no remodelling occurs, V; = C, and MBA
will increase as a linear function of the number of remodelling cycles, m.
Relative mean bone age (hereafter, MBA) can then be calculated as the
average of these upper and lower limits.

Obtaining the upper and lower bounds for MBA of any given region of
bone tissue requires that one know, or is able to assign, values for MBA;, m,
Vi and Vr. While it is not possible to determine these values absolutely, it is
possible to derive a relative MBA for any given bone region through the
discrimination of remodelling elements sharing common ot values from
among a population of such elements. This possibility can be realized by
quantifying regional variation in mineral density resuiting from the fact
that full mineralization of newly deposited bone is achieved over a period of
several months (Hattner and Frost, 1963; Martin and Burr, 1989). This
variation in the degree of mineralization can be visualized and subsequently
quantified in microradiographs of bone sections (Boiven and Baud, 1984;
Lloyd and Hodges, 1971; Phillips et al., 1978; Pugliese and Anderson, 1986).
Pugliese and Anderson (1986), for example, assessed mineral variation in an
iliac crest biopsy using a semiautomated video digitizing system (Leitz
‘Bioquant II'). Grey levels from one to 2535, calibrated against an aluminum
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foil step wedge, were subdivided into five 50-level categories and one 5-
level category (e.g., 1-50 as the least dense, to 251-255 as the most dense).
Using the video image of the microradiograph, the per cent ‘area’ of pixels®
falling into each mineral content category was determined, relative to the
total number (40832) of pixels. Pugliese and Anderson (1986: 93) report a
reproducibility of = 1.5 %.

This approach would lend itself favorably toward the determination of
MBA: for a video screen filled with an image of bone material, V; would
equal the total number of pixels corresponding to mineralized bone tissue.
Thus, one would subtract from the total number of pixels those which
correspond to regions of ‘nonbone’, i.e., intracortical porosity, medullary
cavity and so on. V¢ would equal the number of pixels falling into each
category, and ‘m’ would equal the number of categories, which can be user-
defined. Each category of mineral content would correspond to a previous
remodelling cycle. Finally, for the purposes of determining relative MBA,
MBAj in egs. (4) and (5) can be assigned a value of 1.0. Thus, regions of
bone having high rates of bone turnover or new bone formation would have
a greater proportion of pixels falling into the lower content categories, and
would therefore have a younger MBA than regions with lower rates of
turnover. An assumption of this approach is that individuals being
compared in an analysis of bone remodelling do not differ with regard to
the pattern of mineralization of newly formed bone. That is, all newly
formed bone should progress through a similar sequence of rapid initial
mineralization followed by a much longer period (several months) of
protracted mineralization. A limitation of this approach lies in the number
of user-defined categories, m, since the MBA will always be less than or
equal 1o m+1.

Densitometric data from Pugliese and Anderson (1986) can be used to
exemplify the method (Table 3.2). These data were obtained from
microradiographs of trans-iliac crest biopsies taken two years apart from a
woman with postmenopausal osteoporosis who had been treated through

9 Pixels are the picture-points on the video display screen. Per cent area
= (# pixels at level n + total # of pixels) x 100.



Table 3.2. An Example of the Microradiographic Determination of MBA

(Data from Pugliese and Anderson,1986, Table 1).
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No. of Cycles Mineral Level Pre-Treatmentl Post-Trearment !
m 6 14.8 8.2
m-1 5 21.4 16.1
m-2 4 22.7 15.1
m-3 3 22.7 23.7
m-4 2 14.7 24.7
m-5 1 3.2 11.9

2 100 160

Lower MBA 31" 3.8
Upper MBA 6.1™ 6.5
MBA 4.6 5.2

1. Expressed as % total bone present.

* 3,127 = 7-[{6(14.8) + 5(21.4) + 4(22.7) + 3(22.7) + 2(14.7) + (3.2)} 0.01]
™6.112 = 7-[6(14.8) 0.01]
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Figure 3.3. Histogram constructed from data in Table 3.2.

Coherence Therapy (Frost, 1981). The post-treatment data indicate an
increase in the amount of bone tissue imaged (17.6 % versus 6.87 %);

however, mean bone age has increased over the two year span, from 4.6 to
5.2 ‘age units’. Interestingly, Pugliese and Anderson (1986: 93) remark that
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the post-treatment image (their Figure 3) shows a “thicker but less dense”
trabecula. This conclusion is not borne out by their tabulated data (Figure
3.3), which indicates a greater percentage of pre-treatment bone falling into
the lower content categories. The aim of coherence therapy is to stimulate
bone resorption and then to suppress it; but the initial stimulation causes
the A-R-F sequence to proceed. The effect is to minimize resorption and still
end up with the normal amount of formation: hence a positive bone balance
is achieved and an increase in bone mass results. It would seem that what
Pugliese and Anderson have wrought in the administration of coherence
therapy is to impose a ‘pathological’ linear remodelling distribution.
Resorption of the newest tissue was instigated, then stopped, and
redeposition of new tissue proceeded. The existing unremodelled tissue
ages, while the newest tissue is continually turned over, with more addad at
each coherence treatment than is removed. This alone explains the
appearance of low density and high MBA; note that in the histogram of
Figure 3.3, the pre-treatment distribution is approximately normal (as
expected), the post-treatment values approximate a yimodal distribution,
with 1-3 (ca. 55 % of bone volume = most dense), and 4-6 (ca. 45 % of bone
volume = least dense) forming somewhat distinct distributions.

It would also be possible to visually assign values to the variables m, V;
and V; using more traditional approaches, such as histomorphometric
stereology (Recker, 1983). Such approaches would be considerably more
time-consuming and are known to suffer significant inter-observer error in
spite of standardizing analytic methods such as section preparation and
microscopy (Compston et al., 1986). Section 4.5.2, along with Appendix 5,
provide additional details concerning the microradiographic determination
of MBA undertaken in the present study:.

3.5 Strain Equilibrium and Cortical Bone Modelling and Remodelling

Biomechanical models which attempt to describe the integrated
functional adaptation of whole skeletons, skeletal elements and skeletal
tissue invoke the application of engineering methods and theory. It becomes
necessary to conjoin - vocesses of bone mcdelling and remodelling,
which altar a bcne . 1.1l and internal architecture, with those
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mechanical stimuli which initiate and/or terminate these activities. Hart and
Davy (1989) have recently reviewed a variety of engineering-oriented
models for mechanical strain-induced remodelling. They note that the
interpretation of functional adaptation in skeletal tissue must reference the
concept of an equilibrium strain state, defined by Hart and Davy (1989:
2535) as “the normal loading situation where...there is no net change in the
macroscopic bone properties or geometry”. This concept is central to
constructing a model of CPA as mechanical compensation in light of the
bone loss and modified physical activity which accompany human aging,
the latter impinging on various aspects of the skeletal strain environment,
including peak strain magnitude, distribution, rate, etc. Two existing
theoreti~al frameworks, among others, offer useful insights for such model-
building. These are Frost’s ‘Mechanostat’ (Burr and Martin, 1989; Frost,
1983, 1987¢, 1988a-c; Martin and Burr, 1989) and Cowin’s ‘Adaptive
Elasticity’ (Cowin, 1987; Hart et al., 1984; Hart and Davy, 1989).

Frost’s Mechanostat originates in the observation that from birth to
maturity, normal mechanical usage (MU) generates typical peak strains ca.
1,500 (tension) and ca. 3,000 (compression) microstrainl0 (uE), in spite of
the fact that peak loads increase 20 to 25+ times over this pericd (Frost,
1988a, b).11 Frost (1988a: 146) suggests that the constancy of these peak
strains “mean that mechanically controlled architectural adaptations
probably fit the needs of the largest daily repeated dynamic loads and

10 A microstrain is defined as a millionth of a unit strain. For example, a
compressive strain of 2000 uF shortens a structure 0.02 %, or from 100 % to
99.98 % of its length.

11 Most work on the determination of in vivo strain magnitude etc. has
been carried out on iong tubular bones, many of which are subject to
eccentric loading which generates a combination of axial (compressive) and
bending (tensile and compressive) strains. The larger peak compressive
strains reflects the superimposition of the axial and bending strains. As
there are no axial tensile strains which might be summed to the bending
tensile strains, peak tensile strains will always be the lesser of the two
(Martin and Burr, 1989). The tensile-compressive strain differential z'so
reflects the shift in the neutral axis of bending towards the tensile surface
which occurs under eccentric loading.
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strains, rather than the needs of frequent and small, or single or rare large
ones.” Thus, the long bones of dedicated weight lifters will be more massive
than those of marathon runners (Frost, 1988c¢), since the former alone will
tend to generate atypical peak strains, evoking architectural adaptation
aimed at reducing these strains to more typical levels. This conclusion is
supported by experimental work illustrating the greater osteogenic potential
of high strain rate (cf. impact) loading compared to more moderate
dynamic loading (see Martin and Burr, 1989: 160 for discussion). At the
upper limit of the typical peak strain range lies the Minimum Effective
Strain or MES.12 Strains in excess of the MES turn on physiologic modelling,
leading to net bone gain or loss in the course of ‘architecturally adapting’
skeletal structure. At some point beyond the MES, a level of strain termed
Esat (Frost, 1988b) is reached at which the modelling response switches
from a physiologic to a pathologic state, with consequent woven bone
formation or ‘anarchic bone resorption’. The lower limit of the typical peak
strain range is suggested to be in the range of 100-300 LE, below which
remodelling BMUs are activated. In this range, a negative imbalance is
promoted, leading to a net bone loss and a downward adjustment of bone
mass. The limits, or setpoints, of the ‘typical peak strain range’ and Ega; are

12 It is not clear how proximate the typical peak strains are to either
tensile MES or compressive MES. Martin and Burr (1989) suggest that the
peak compressive strain may lie closer to its MES than does the peak tensile
strain, since experimental data indicate that smaller increments in
compressive strain elicit a modelling response, while large increments in
tensile strain do not. Lanyon (1987:1087-88) has criticized Frost’s
restriction of the MES to the peak strain range, noting that sufficient
experimental data exists pointing to other factors such as sirain distribution
and strain rate as significant contributors to the modelling and remodelling
response. He suggests modifying MES to MESS, the Minimum Effective
Strain-related Stimulus. Frost (1988a: 145), however, recognizes though
chooses to ignore these other factors for the time being, explicitly those
related to the viscoelastic nature of skeletal tissue, noting that “they have
minimal bearing on the major thrust of the proposed concepts of how
biology fits architecture to mechanical demands”. Frost acknowledges that if
the MES concept proves correct, these others factors can then be
accommniodated within 2 more precise formulation of the model.
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Figure 3.4. Four genetic setpoints ‘determine’ bone size, shape and
structural integrity through the promotion or suppression of (re)modelling
activity on the one hand, and failure of the element under dynamic loading
on the other. A = inicreased remodelling activity; B = (re)modelling
equilibrium; C = lamellar bone modelling promoted; D = physiologic
lamellar bone deposition replaced by pathologic woven bone. At ca. 25,000
WE, fracture results. E- and E* refer to parameters of Cowin’s Adaptive
Elasticity model (see text for discussion).
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presumably established genetically, and as noted above differ with regard
to strain poiarity (tension versus compression). To further complicate
matters, recognition of these setpoints by the bone cell systems responsible
for architectural adjustment (osteoclasts and osteoblasts) may depend upon
prevailing nonskeletal (e.g., hormonal, metabolic) conditions (Burr and
Martin, 1989). The process of functional adaptation in bone tissue thus
occurs when peak strains above the MES are actualiy experienced, or when
such a change is perceived by the bone cells following a metabolically-
mediated ‘reduction’ of the MES setp oint; while a state of functional
adaptation exists when peak strain falls below the MES.

A fundamental tenet of Frost’s Mechanostat theory states that the
processes of modelling and remodelling have independent setpoints, and
are in fact antagonistic responses to altered mechanical loading (Burr and
Martin, 1989). Simply put, modelling and remodelling cannot occur on the
same surface at the same time. Martin and Burr (1989: 182) point out that,
while the suppression of remodelling by normal peak strains seems at
variance with general perceptions (i.e., increased strain promoting
remodelling), it makes perfect sense that a process which can only lead to
greater porosity, and thus lower bone strength, should be promoted only
when the skeleton can afford such a reduction; that is, if and when strains
fall to or below a particular non-threatening level.

As indicated above, Frost suggests the MES for modelling should be ca.
1,500 wE (longitudinal tension) and ca. 3,000 yE (compression). Strains
lower than these values are nct likely to ‘turn on’ modelling. On the other
hand, remodelling tends to be suppressed by strains >100 to 300 pE (Burr
and Martin, 1989; Frost, 1988a, b), but is enhanced at strain magnitudes
below this narrow range. Thus, a downward adjustment of bone mass will
occur at the endocortical surface as a result of a remodeliing imbalance;
however, above 300 uE, remodelling is inhibited13 and bone mass is
conserved. Functional adaptation towards an equilibrium strain state

13 Ae noted by Burr and Martin (1989: 191) “the accumulation of
microdamage within the tissue may eventually also activate a remodelling
response”, although remodelling per se is inhibited at high strain ranges.
However, if the strain environment within an osteon is altered, due to
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follows from the adjustment of skeletal architecture and mass as a result of
resorption and formation ‘drifts’, at higher strains. These processes would
have the effect of increasing and decreasing, respectively, the level of strain
associated with a given deformation, all else {e.g., stiffness) being equal. It is
reasonable to suspect as well that ‘zero’ strain resulting from complete
disuse (e.g., paralysis) would see a progressive loss of bone tissue until a
genetic baseline for bone mass is reached (Frost, 1988¢; Rubin aind Lanyon,
1987). It is thus possible to identify four critical genetically-based strain
setpoints (Figure 3.4): remodelling disequilibrium (< 300 yE); {re)modelling
equilibrium (300 uE to MES); physiologic modelling disequilibrium (MES to
Esat), and pathologic modelling disequilibrium > Esar). Together, these
setpoint established processes act to determine and/or adjust bone mass,
architecture and, ultimately, its structural integrity.

Frost developed his Mechanostat theory over a long career focussed on
the clinical investigation of the (patho)physiology of human skeletal tissue
during development, growth and senescenc. His work in skeletal biology
(and that of cthers e.g., Garn, Jaworski, Jee, Kimmei, Mazess, Nordin, Parfitt,
Riggs; see Frost, 1988b, ¢; 1989a-d) has been primarily directed towards
understandirg deviations from a normative state, as seen in metabolic bone
diseases such as the osteoporoses, osteopetrosis, osteomalacia, and
osteogenesis imperfecta. Awareness of what constitutes functional
adaptation in skeletal tissue has developed as well within orthopaedic
bioengineering. Significant contributions in this arena have been made by
individuals such as Ascenzi, Carter, Cowin, Currey, Evans, Lanyon, Pauwels,
Rubin and others (Ascenzi, 1980; Currey, 1984; Cowin, 1989a). A strong
emphasis of this group has been the experimental and mathematical
modelling of bone as a distinctively configured and self-adjusting material
under dynamic loading. Skeletal pathophysiology as such receives relatively
little attention. Theoretical developments have progressed in ccnjunction
with much in vivo and in vitro experimental research (e.g., Lanyon, 1987).
One of the more significant models of functional adaptation in bone to

lamellar debonding, then such :emodelling is not inconsistent with
Mechanostat expectations.
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come out of this school is that of Adaptive Elasticity proposed by Cowin and
his associates. The development of this theory over the last 15 years has
been receantly recounted (Hart and Davy, 1989; Martin and Burr, 1989).
While comparatively little cross-over has occurred between what might be
termed the ‘clinical’ and ‘engineering’ schools,14 a number of workers have
undertaken research which bridges this gap (e.g., Burr, Martin, Ruff and
Schaffler; see Martin and Burr (1989) for a recent synthesis).

Adaptive Hasticity is also a theory of surface remodelling15 asa
function of strain history (Cowin, 1987; Hart and Davy, 1989; Hart, 1990).
In agreement with Frost, Cowin proposes that cellular activity in bone
depends upon the current strain state relative to a range of normal,
equilibrium strain. The version of Adaptive Elasticity followed here does not
define the upper and lower bounds of this equilibrium range in terms of
microstrain, but simply denotes them as E* and E- (Cowin, 1987). Strain
which exceeds E* prompts a net deposition of bone tissue, while that which
falls below E- results in net resorption. This nonspecificity reflects Cowin’s
decision to model these over- ¢: under- non-equilibrium strains as “the time
averaged values [of strain]...over a period of a day or longer” (Cowin,
1987:1112). Although other alternatives, e.g., peak strains, strain amplitude
or strain rate may be equally valid stimuli, they are considered more
complex entities from a mathematical modelling pzrspective. An important
outcome of dealing with time-averaged strains is hie posited existence of a

14 Frost (1988c) provides an interesting commentary on the failure of
these two groups to effectively communicate, to the detriment of both.

15 Cowin and associates use of the term ‘adaptive remodelling’ parallels
that of others engineering-oriented researchers (e.g., Lanyon and Rubin) ,
and as pointed out by Martin and Burr (1989: 143), should be considered
synonymous with ‘adaptation’ in the sense of something rendered more fit
to some use. In vivo experiments recently published by Burr et al. (1989b,
c¢) produced qualitatively comparable results to those reported by the early
1980s work of Lanyon and Rubin; however, Burr et al. make a point of
differentiating between A-R-F remodelling and A-F or A-R modelling as cell-
based biological phetiomena (noting in particular that the tissue reaction
observed in their animals (Beagles) was a produc: of modelling activity, with
very little surface remodelling observed).
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‘fading strain memory’ for bone tissue (Hart and Davy, 1989). This would
ensure that bone responds to its most recent loading history, while ignoring
(i.e., forgetting) those strains which occurred some time ago and which are
perhaps no longer relevant vis-a-vis functional adaptation. Lanyon (Lanyon,
1987; Skerry et al., 1988, 1990) has opined that the reorientation of
proteoglycan molecules1® under dynamic loading may, provide such a time-
averaged strain memory of ca. 24 hour duration.

Cowin’s Adaptive Elasticity differs from Frost’s Mechanostat in several
important ways. Based on the demonstrated constancy of peak strain
magnitude under diverse loading conditions, Frost nominates this
parameter as the objective of functionally adaptive modelling or
remodelling. His position would argue for a genetic-based communality for
the activating signal within all bone tissue, keeping in mind that variation in
mechanical properties would se= this parameter achievable under a variety
of stress states. In other words, depending upon factors such as bone
volume fraction, apparent density and stiffness, loads of differing
magnitude and stress could exceed the MES (i.e., 1,500 to 3,000 yE). Thus,
in some bone tissue a given load would produce an equilibrium strain, while
in others the same load could initiate a modelling response. On the other
hand, the theory of Adaptive Elasticity accepts the existence of site or bone
specific strain equilibrium fuiictions. This accomodation follows from the
fact that different bones perform different funcions in life (Hart and Davy,
1989), and should not be expected to possess some genetically determined
uniform equilibrium strain under all loading scenarios. Thus, the time-

16 Proteoglycans are large, highly charged molecules which are closely
associated with bone cells (Lanyon, 1987: 1092). These molecules are
reorientated under dynamic loading, possibly through relative movement of
bone matrix constituents or from “strain-induced flow of (charged) fluid
through the tissue” (Skerry et al., 1988: 549). This reorientation not only
provides a memory of the most recent strain history, but becauvse it is
subject to continual upgrading through repeated loading, provides a
mechanism for time-averaging of strain history and thus of degrading the
significance of rare and exceptional over- and under-strains. This
reorientation has been observed both in vivo and in vitro, and in rapid
response to as few as 50 load reversals (Skerry et al., 1990).
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averaged equilibrivm strain at one site may be 1,000 yE; at another 3,500
pE and at a third, 700 gE. This accomodation would allow elements which
experience comparatively low mechanical loadings, such as the human
calvarium, the possibility of strain-related biomechanical adaptation. Frost’s
Mechanostat is presently unable to deal with such cases and must therefore
appeal to certain “baseline properties” (e.g., genetic, metabolic and
hormonal potentialities) (Frust, 1988c: 82) . A further important distinction
is that, because Adaptive Elasticity uses the term remodelling to encompass
a!l bone cellular activity, it is unable to offer insight into the antagonism
which Frost’s Mechanostat proposes for modelling processes which alter size
and shape and remodelling processes which affect bulk and apparent
density.17

Adaptive Elasticity is certainly the more phenomenological of the two;
for example, Martin and Burr (1989: 177) observe that as presently
formulated it “is incapable of describing adaptation to mechanical usage in
any sort of generalized way”. However, as discussed above, there are
constructs within the model which may be usefully incorporated within, or
appended to, the Mechanostat. The following sections develop an informal
theoretical model for CPA as mechanical compensation which integrates the
antagonistic character of the Mechanostat with that aspect of Adaptive
Elasticity emphasizing site specific equlibrium strain statesas a
(reymodelling objective. The model is situated within a context of variation
in mechanical loading associated with reduced levels of activity and/or with
the loss of precise neurological control over muscular function and
coordination (the latter especially a consequence of aging).

17 Although Cowin retains the dichotomy between external ( periosteal)
and internal {intracortical) changes, the ‘Cell Biology-Based’ expansion of
Adaptive Elasticity offered by Hart and Davy (1989) removes even this
distinction, identifying both simply as surface remodelling activities (after
Martin, 1972, 1984). Hart and Davy (1989; also Hart et al., 1984) purport to
accommodate a greater diversity of strain-related parameters within the
Adaptive Elasticity model (cf. Lanyon, 1987), potentially including the
effects of nonmechanical mediators on the cellular respunse to strain, such
as cell number, cell recruitment rate, activity level and duration, along with
hormonal and metabolic constraints.
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3.6 Modelling Mechanical Compensation

The mechanical compensation hypothesis postulates that CPA offsets
lower bone strength following from age-related endocortical bone loss. The
hypothesis is rooted in engineering beam theory, and its proponents
reasonably assume that bones, and in particular long tubular bones, are
deformed primarily by bending (Bertram and Biewener, 1988). The effect of
such deformation is to place the largest stresses at a point furthest from the
transverse neutral axis in the plane of bending (Wainwright et al., 1981).
The neutral axis is that axis within a beam at which stress and strain are
zero, and represents the point of transition between tensile and compressive
deformation.

For any given cross-section, geometric rigidity under bending is
guantified as the second moment of area (I}, the magnitude of which is
determined as product of two quanta relative to a given axis. These are the
distance squared of a unit area of bone perpendicular to the axis. These
multiples are then summed over the entire cross-sectional area on either
side of the axis, with I reported in units to the 4th power (Martin et al.,
1989). An important outcome of this area-distance relationship which is
fundamental to the mechanical compensation hypothesis is that, for any
two equal units of bone tissue, the unit which is situated further from the
neutral axis will contribute more to geometric strength than the unit which
is closer.

Other ways in which bones (or beams) might be deformed include
torsion and axial compression. The geometric resistance to “orsion about a
longitudinal neutral axis is quantified as the polar moment of area (]); for
approximately circular geometries J is equal to the sum of the second
moments of area (I) about any two orthogonal axes. The cross-sectional
cortical area (CA) of a section is considered proportional to that section’s
geometic resistance to axially compressive (and tensile) loads (Ruff, 1987b:
10). Bertram and Biewener (1988: 75) have noted that axially compressive
loaris are seldom found in vivo, as they tend to be transformed into bending
moments due to the curvature present in most tubular bones. Similarly,
Cowin (1987: 1119) has suggested that significant torsional loads are not
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Section A Section B % Difference

Ri~ 0.491 282 474
Ro» 4N 5.64 15
CA~ 75 75 0

In 457 746 63

Figure 3.5. Schematic depiction to two right circular sections of equal
cortical area, showing the relationship between the magnitude of the second
moment of area (I) and the two radii, Rjand R, In spite of a ca. 475 per
cent increase in the endosteal radius, R; the figure on the right has a much
larger resistance to bending (I = 746.04 units4 vs. 456.64 units4) as a result
of a more modest ca. 15 per cent increase in the perios:za! 1adius, Ro

normally experienced by long bone diaphyses, but are borne instead by the
epiphyseal regions.

Whatever the force or combination of forces operating, it would serve
an animal well if it could resist these forces with a minimum of skeletali
material, since both acquiring, distributing and maintaining skeletal mass
exerts an energetic and metabolic cost on the animal. This line of argument
has led Currey (1984b; Currey aad Alexander, 1985), among others, o
suggest that the cross-sectional shape of tubular bones reflects the direction
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and magnitude of predominant time-averaged bending loads applied to
them. A form-function continuum is suggested which sees bones
experiencing loads equally in all axes over time being best designed as
cylinders; while those which experience loads predominantly in a single
preferred axis are optimally designed as I-beams. This logic underlies the
use of cross-sectional long bone geometry as a basis for drawing behavioral
inferences in both human (Ruff et al., 1984; Bridges, 1989a; see following
section) and nonhuman (Schaffler et al., 1985; Burr et al., 1989) primates.
Bone tissue can thus be economized by placing it where 1t will serve the
greatest purpose, given a particular loading history. Since the more distant
units of bone tissue contribute more to geometric strength, an animal can
also economize on the cost of materials by building more hollow bones; i.e.,
by placing a given allotment of bone further from the axis of bending and
leaving empty areas closer to that axis. Were these areas to be filled with
bone, their contribution to overall geometric strength would not warrant
the additional cost of producing and maintaining the tissue required (Figure
3.5). An important constraint on this option is the propensity for hollow
thin-walled cylinders to fail in Euler buckling, when the ratio of wall
thickness to cylinder diameter exceeds a critical value (Currey, 1984b).

The relation for stress (o) in a beam can be expressed as o = My/]
(Wainwright et al., 1981: 247), where I is the second moment of area, M is
the applied bending raoment and y is the distance from the neutral axis of
bending at which s is measured. Larger magnitudes of stress (and hence of
strain in any given bone tissue) will result from increasing M or decreasing
I. When M and | are constant, larger stresses and strains will occur in
proportion to the distance from the neutral axis, y.

The reduction in mass which occurs in the bones of aging individuals is
well established (eg. Garn, 1970; Mazess, 1982; Kelsey, 1987). In cortical
bone this takes place primarily through expansion of the medullary cavity,
along with increasing porosity, as a result of a negative endocortical
remodelling imbalance. Skeletons also experiences bone growth as a result
of continuing periosteal apposition (CPA). Often, both bone gain and loss
are observed within the si.me ckeletal element. This juxtaposition has led to
a general acceptance of the hypothesis that CPA serves as mechanical
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compensation for the reduction in mass resulting from prior endocortical
bone loss. In tubular bones, data on CPA generaily consists of larger values
in older cohorts for midshaft diameters in radiographs of long or short
tubular bones (eg., Smith and Walker, 1964; Garn et al., 1972), or for
various geometric measures such as cortical areas and moments of area (eg.,
Martin and Atkinson, 1977; Ruff and Hayes, 1983b). These measures,
however, do not in themseives constitute direct evidence for CPA as
mechanical compensation. This is because they are nonspecific vis-a-vis the
magnitude, location and timing of modelling events at the periosteal surface
to (reymodelling events occurring endosteally or intracortically. As well,
they often do not consider potential effects of changes in tiomechanical
environmc 1ts, such as would occur when individuals become more
sedentary with advancing age. All the same, such measures are suggestive of
mechanical compensation. and have in fact been often cited as more or less
conclusive evidence that such a mechanism exists (Garn et al., 1990).

In accordance with the general tensts of Wolffs Law (Roesler, 1987), the
objective of mechanical compensation would be maintenance of the
skeleton’s structural integrity in a manner consistent with the functional
demands placed upon it. At the same time, the metabolic and materiai cost
of that maintenance is expected to be minimized. In spite of such
hypothesizing, however, fractures {especially in the elderly) continue to
occur at sites having a large proportion of cortical bone, such as the
proximal humerus, the distal radius, and the subtrochanteric femur. Such
occurrences suggest an apparent contradiction: why do some individuals
fail to benefit from the compensation provided by periosteal bone growth in
adulthood. if the intent of such compensation is the preservation of bone
strength? Are they breaking their bones and in so doing breaking Wolff’s
Law? This contradiction is made even more apparent by studies (e.g., Martin
and Atkinson, 1977; Ruff and Hayes, 1988) which suggest that mechanical
compensation occurs preferentially in males, thereby leaving women
deprived of its benefits, and thus consequently more susceptible to (age-
related) fracture (Kelsey, 1987).



3.6.1 Maintaining Strain Equilibrium by CPA

The basic theoretical relationship of periosteal compensation for
endosteal bone loss can be explored using a series of circular geometric
models (sensu Cowin, 1984) as analogues for tubular bone diaphyses.18 The
objective of each solution is the maintenance of the second moment of area,
and reasonably assumes that the diaphyses of tubular bones can be
modeled as beams (Ruff, 1987b, 1989). The intent of the following analysis
is to show how the apparent contradiction noted above, and hence the
mechanical compensation hypothesis, is in fact consistant with factors now
recognized to be of importance in preventing fractures symptomatic of
osteoporosis. These factors include<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>