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PREFACE

The subject area referred to as kinanthropo-
metry has a rich history, although the subject
itself was not formalised as a discipline until
the International Society for Advancement
of Kinanthropometry (ISAK) was established
in Glasgow in 1986.The Society supports its
own international conferences and publica-
tion of proceedings linked with these events.
Until the publication of the first edition of
Kinanthropometry and Exercise Physiology
Laboratory Manual: Tests, Procedures and
Data by the present editors in 1996, there
was no laboratory manual that would serve
as a compendium of practical activities for
students in this field. Accordingly, the text
was published under the aegis of ISAK in an
attempt to make good the deficit.
Kinanthropometrists concern themselves
with the relation of structure and function
of the human body, particularly within the
context of movement. Kinanthropometry
has applications in a wide range of areas
including, for example, biomechanics, ergo-
nomics, growth and development, human
sciences, medicine, nutrition, physical therapy,
healthcare, physical education and sports
science. Initially, the idea for the book was
motivated by the need for a suitable labora-
tory resource that academic staff could use in

the planning and conduct of class practicals
in these areas.

The content of the first edition in 1996
was designed to cover specific teaching
modules in kinanthropometry and other
academic programmes, mainly physiology,
within which kinanthropometry is sometimes
subsumed. It was intended also to include
practical activities of relevance to clinicians,
for example, measuring metabolic functions,
muscle performance, physiological responses
to exercise, posture and so on. In all cases the
emphasis was placed on the anthropometric
aspects of the topic. By the time of the second
edition in 2001, all the original chapters were
updated and seven new chapters were added,
mainly concerned with physiological topics.
Consequently, it was decided to separate
the overall contents of the edition into two
volumes, one focusing on anthropometry
practicals whilst the other contained largely
physiological topics.

It seems that 6-7 years is a reasonable
life cycle for a laboratory-based text in a
field that is expanding. In the third edition,
the structure of the previous two volumes
has been retained without the need for any
additional new chapters. Nevertheless, all
chapters in both volumes have been altered
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and updated — some more radically than
others needed to be. New content is reflected
in the literature trawled, the new illustrations
included and changes in the detail of some of
the practical laboratory exercises.

The content of both volumes is oriented
towards laboratory practicals, but offers
much more than a series of laboratory
exercises. A comprehensive theoretical back-
ground is provided for each topic so that
users of the text are not obliged to conduct
extensive literature searches in order to place
the topic in context. Each chapter contains an
explanation of the appropriate methodology
and, where possible, an outline of specific
laboratory-based practicals. Across all the
content is an emphasis on tests, protocol and
procedures, data collection and handling and
the correct interpretation of observations. The
last two chapters in Volume 1 are concerned
with basic statistical techniques and scaling
procedures, which are designed to inform
researchers and students about data analysis.
The information should promote proper use
of statistical techniques for treating data
collected on human participants as well as

avoid common abuses of basic statistical
tools.

Many of the topics included within the
two volumes called for unique individual
approaches and so a rigid structure was not
imposed on contributors. Nevertheless, in
each chapter there is a clear set of aims for the
practicals outlined and an extensive coverage
of background theory. As each chapter is in-
dependent of the others, there is an inevitable
reappearance of concepts across chapters,
including those of efficiency, metabolism,
maximal performance, measurement error
and issues of scaling. Nevertheless, the two
volumes represent a collective set of experi-
mental sessions for academic programmes in
kinanthropometry and exercise physiology.

It is hoped that this third edition in two
volumes will stimulate improvements in
teaching and instruction strategies in kinan-
thropometry and physiology. In this way,
editors and authors will have made a contri-
bution towards furthering the education of
the next generation of specialists concerned
with the relation between human structure
and function.

Roger Eston
Thomas Reilly



INTRODUCTION

The third edition of this twin-volume text
covers both anthropometry (Volume 1)
and exercise physiology (Volume 2). These
volumes are complementary in covering areas
related to sport and exercise sciences, physi-
cal therapy and healthcare professionals.
Across all the content is an emphasis on tests,
protocol and procedures, data collection and
analysis and the correct interpretation of
observations.

The first edition of this book was pub-
lished as a single volume in 1996. The book
has been used widely as a laboratory manual
in both undergraduate and post-graduate
programmes and in the continuous education
and development workshops of a number of
professional bodies. The subject area referred
to as kinanthropometry has a rich history
although the subject itself was not formalised
as a discipline until the International Society
for Advancement of Kinanthropometry
(ISAK) was established in Glasgow in 1986.
The Society supports its own international
conferences and publication of Proceedings
linked with these events. Until the publication
of the first edition of Kinanthropometry and
Exercise Physiology Laboratory Manual:
Tests, Procedures and Data by the present
editors in 1996, there was no laboratory

manual that would serve as a compendium
of practical activities for students in this field.
Accordingly, the text was published under the
aegis of ISAK in an attempt to make good the
deficit, later expanded into two volumes to
reflect related areas and topics.

Kinanthropometrists are concerned about
the relation between structure and function
of the human body, particularly within the
context of movement. Kinanthropometry
has applications in a wide range of areas
including, for example, biomechanics, ergo-
nomics, growth and development, human
sciences, medicine, nutrition, physical therapy,
healthcare, physical education and sports
science. Initially, the idea for the book was
motivated by the need for a suitable labora-
tory resource that academic staff could use in
the planning and conduct of class practicals
in these areas.

The content of the first edition in 1996
was designed to cover specific teaching
modules in kinanthropometry and other
academic programmes, mainly physiology,
within which kinanthropometry is sometimes
subsumed. It was intended also to include
practical activities of relevance to clinicians;
for example, measuring metabolic functions,
muscle performance, physiological responses
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to exercise, posture and so on. In all cases the
emphasis was placed on the anthropometric
aspects of the topic. By the time of the second
edition in 2001, all the original chapters were
updated and seven new chapters were added,
mainly concerned with physiological topics.
Consequently, it was decided to separate
the overall contents of the edition into two
volumes, one focusing on anthropometry
practicals whilst the other contained largely
physiological topics.

In the current revised edition, the ways in
which anthropometry and physiology com-
plement each other on academic programmes
in the sport and exercise sciences are evident
in the practical laboratory sessions across
the two volumes. The structure of the previ-
ous two volumes has been retained, without
the need for any additional new chapters.
Nevertheless all chapters in both volumes
have been altered and updated — some more
radically than others needed to be. New con-
tent is reflected in the literature trawled, the
new illustrations included and changes in
the detail of some of the practical laboratory
exercises. New authors are also included
where appropriate. The most radical changes
in Volume 1 have been introduced by the
new authors in Chapters 1, 8 and 10. The
initial chapter on body composition analysis
has been re-vamped to acknowledge devel-
opments in this field and discard some of
the field methods now deemed obsolete or
discredited. Chapter 8 has been restructured
and contains further information on growth
and development and aerobic metabolism in
children, in accordance with recent develop-
ments in the field. Chapter 10 has been re-
worked so that the ubiquitous use of SPSS
in data analysis is more directly recognised.
In Volume 2, the new authors have also
introduced substantial changes to Chapters 3,
9 and 10. The third chapter on lung function
has been restructured and contains more recent
population-specific regression equations for
predicting lung function. Chapter 9 has been
reworked and introduces new concepts and
content, particularly in perceived exertion,

and Chapter 10 has been rewritten to reflect
the considerable and significant advances in
knowledge regarding oxygen uptake kinetics
and critical power in the last eight years.

We regret, earlier in 2008, the death of
William Duquet co-author of Chapter 2 with
J. E. L. Carter. Completion of the chapter
was his last professional contribution to
the literature on kinanthropometry before
his passing. Apart from his many likeable
and personable characteristics — especially
as a caring mentor and tutor — he will be
remembered for the methodical manner in
which he approached and conducted his pro-
fessional work. This chapter should stand as
a tribute by which we can remember him.

As with the very first edition, the content
of both volumes is oriented towards labora-
tory practicals, but offers much more than
a series of laboratory exercises. A compre-
hensive theoretical background is provided
for each topic so that users of the text are
not obliged to conduct extensive literature
searches in order to place the topic in con-
text. The book therefore serves as a ‘one-stop
shop’ for writing up the assignments set on
each topic. Each chapter contains an expla-
nation of the appropriate methodology and,
where possible, an outline of specific labora-
tory-based practicals. Across all the content
is an emphasis on tests, protocol and proce-
dures, data collection and handling and the
correct interpretation of observations. The
last two chapters in Volume 1 are concerned
with basic statistical techniques and scaling
procedures, which are designed to inform
researchers and students about data analysis.
The information should promote proper use
of statistical techniques for treating data col-
lected on human participants as well as avoid
common abuses of basic statistical tools.
Nevertheless, there is a common emphasis
on rigour throughout all the chapters in each
volume and guidance on the reduction of
measurement error.

Many of the topics included within the
two volumes called for unique individual
approaches and so a rigid structure was



not imposed on contributors. Nevertheless,
in each chapter there is a clear set of aims
for the practicals outlined and an extensive
coverage of background theory. As each
chapter is independent of the others, there
is an inevitable reappearance of concepts
across chapters, including those of effi-
ciency, metabolism, maximal performance,
measurement error and issues of scaling.
Nevertheless, the two volumes represent a
collective set of experimental sessions for

INTRODUCTION  xxiii
academic programmes in kinanthropometry
and exercise physiology.

It is hoped that this third edition in
two volumes will stimulate improvements
in teaching and instruction strategies in
kinanthropometry and physiology. In this
way, editors and authors will have made a
contribution towards furthering the education
of the next generation of specialists concerned
with the relation between human structure
and function.

Roger Eston
Thomas Reilly
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CHAPTER 1

HUMAN BODY COMPQOSITION

Roger Eston, Michael Hawes, Alan Martin and Thomas Reilly

1.1 AIMS

The aims of this chapter are to develop
understanding in:

*  body composition models;

e chemical versus anatomical
partitioning;

e levels of validity and the underlying
assumptions of a variety of methods;

e the theory and practice of the best-
known techniques: underwater weighing,
plethysmography;

e dual-energy x-ray absorptiometry,
skinfolds and bioelectric impedance;

¢ the importance of body fat distribution
and how it is measured; and

¢ sample specificity and the need for
caution in applying body composition
equations.

1.2 INTRODUCTION

The assessment of body composition is
common in fields as diverse as medicine,
anthropology, ergonomics, sport perform-
ance and child growth. Much interest still
centres on quantifying body fatness in rela-
tion to health status and sport performance,

but there are good reasons to measure the
amounts of other constituents of the body.
As a result, interest in techniques for assessing
body composition has grown significantly
in recent years as new technologies have
been applied to compositional problems.
The traditional method of densitometry is
no longer regarded as the ‘gold standard’
for determining per cent body fat because of
better appreciation of the frequent violation
of one of its basic assumptions. Despite the
increasing number of methods for assessing
body composition, validation is still the most
serious issue, and because of this there is
confusion over whether one method is more
accurate than another. In this chapter we
examine the important methods, investigate
their validation hierarchy, provide practical
details for assessing many body constituents
and suggest directions for future research.

It is common to explain human structure
in terms of increasing organizational com-
plexity ranging from atoms and molecules to
the anatomical, described as a hierarchy of
cell, tissue, organ, system and organism. Body
composition can be viewed as a fundamental
problem of quantitative anatomy, which may
be approached at any organizational level,
depending on the nature of the constituents
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Figure 1.1 The five levels of human body composition (adapted from Wang et al. 1992).

of interest (Figure 1.1). Knowledge of the
interrelationship of constituents within a
given level or between levels is also important
and may be useful for indirectly estimating
the size of a particular compartment (Wang
etal. 1992).

1.3 LEVELS OF APPROACH

At the first level of composition are the masses
of approximately 50 elements that comprise
the atomic level. Total body mass is 98%
determined by the combination of oxygen,
carbon, hydrogen, nitrogen, calcium and
phosphorous, with the remaining 44 elements
comprising less than 2% of total body mass
(Keys and Brozek 1953). Technology is
available for measurement in vivo of all of
the major elements found in humans. Current
methods usually involve exposure of the
subject to ionising radiation, which places
severe restrictions upon the utility of this
approach. Examples of body composition
analysis at this level are the use of whole-body
potassium 40 (40K) counting to determine
total body potassium, or the use of neutron
activation to estimate the body’s nitrogen

or calcium. The primary importance of the
atomic level is the relationship of specific
elements to other levels of organization, as
in estimating total body protein stores from
its nitrogen content, for example. The great
scarcity of the required instrumentation
makes this level inaccessible to all but a few
researchers.

The molecular level of organization is
made up of more than 100,000 chemical
compounds, which may be reduced to five
main chemical groupings: lipid, water, pro-
tein, carbohydrate (mainly glycogen) and
mineral. Some confusion arises with the term
lipid, which may be defined as those mol-
ecules that are insoluble in water but soluble
in organic solvents such as ether. Though
there are many forms of lipid found in the
human body, by far the most common is
triglyceride, the body’s main caloric reservoir,
with a relatively constant density of 0.900 g.
ml-!. Other forms of lipid typically comprise
less than 10% of total body lipid and have
varying densities, for example phospholipids
(1.035 g.ml™") and cholesterol (1.067 g.ml")
(Keys and Brozek 1953). Lipid is often cat-
egorised as ‘essential’ or ‘non essential’ on the



basis of function. Essential (or non-adipose)
lipids are those without which other struc-
tures could not function, for example lipid
found in cell membranes and nervous tissue.
Though commonly taken to be about 3-
5% of body mass, data from the only five
cadavers in which non-adipose lipid has been
measured suggest much greater variability
(Martin and Drinkwater 1991). The term ‘fat’
is sometimes used to refer to adipose tissue.
To avoid confusion, the term “fat’ will be used
interchangeably with the term ‘lipid’ and will
not refer to adipose tissue.

Any measure of total body fat (such as per
cent fat by underwater weighing or skinfold
calliper) gives a single value that amalgamates
all body fat regardless of function or location.
The remainder, after removal of all fat, is the
fat-free mass (FFM), composed of fat-free
muscle, fat-free bone, fat-free adipose tissue
and so on. The lean body mass (LBM) is the
FFM with the inclusion of the essential (non-
adipose) lipids; however, LBM is sometimes
erroneously used as a synonym for FFM. It
should be clear that there is no means of direct
in vivo measurement of the fat compartment,
so fat must always be estimated indirectly, as
for example, by measuring body density. Other
molecular compartments may be estimated
by isotope dilution (total body water), dual-
energy x-ray absorptiometry (DXA, bone
mineral content), neutron activation analysis
of nitrogen (total body protein).

At the cellular level the body is divided
into total cell mass, extra-cellular fluid (ECF)
and extra-cellular solids (ECS). The total cell
mass is comprised of all the different types
of cells including adipocytes, myocytes and
osteocytes. There is no direct method of mea-
suring discrete cell masses or total cell mass.

The ECF includes intravascular plasma
and extravascular plasma (interstitial fluid).
This fluid compartment is predominantly
water and acts as a medium for the exchange
of gases, nutrients and waste products,
and may be estimated by isotope dilution
methods. The ECS includes organic sub-
stances such as collagen and elastin fibres
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in connective tissue, and inorganic elements
such as calcium and phosphorous, which
are found predominantly in bone. The ECS
compartment cannot be directly measured
although several of its components may be
estimated by neutron activation analysis.

The fourth level of organization includes
tissues, organs and systems, which, although
of differing levels of complexity, are func-
tional arrangements of tissues. The four
categories of tissue are connective, epithelial,
muscular and nervous. Adipose and bone are
forms of connective tissue, which, together
with muscle tissue, account for about 75%
of total body mass. Adipose tissue consists
of adipocytes together with collagen and
elastin fibres, which support the tissue. It is
found predominantly in the subcutaneous
region of the body, but is also found in smaller
quantities surrounding organs, within tissue
such as muscle (interstitial) and in the bone
marrow (yellow marrow). The density of
adipose tissue ranges from about 0.92 g.ml-!
to 0.96 g.ml™! according to the proportions
of its major constituents, lipid and water, and
declines with increasing body fatness.

There is no direct method for the in vivo
measurement of adipose tissue mass, but
advances in medical imaging technology
(ultrasound, magnetic resonance imaging,
computed tomography) allow accurate
estimation of the areas of adipose and other
tissues from cross-sectional images of the
body. Tissue areas from adjacent scans may be
combined by geometric modelling to predict
regional and even total volumes accurately, if
the whole body is scanned. Although there is
limited access and high cost associated with
these techniques, they have the potential to
serve as alternative criterion methods for
the validation of more accessible and less
costly methods for the assessment of body
composition.

Bone is a specialised connective tissue
with an elastic protein matrix, secreted by
osteocytes, onto which is deposited a calcium
phosphate-based mineral, hydroxyapatite,
which provides strength and rigidity. The
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density of bone varies considerably according
to such factors as age, gender and activity
level. The range of fresh bone density in
cadaveric subjects has been reported as
1.18-1.33 g.ml™! (Martin et al. 1986). The
mass of bone mineral may be accurately
estimated by dual energy x-ray absorptiometry
(DXA), but DXA-derived bone densities are
areal densities (i.e. g.cm™) and are therefore
subject to bone size artifacts.

Muscle tissue is found in three forms,
skeletal, visceral and cardiac. Its density is
relatively constant at about 1.065 g.ml™!
(Mendez and Keys 1960; Forbes et al. 1953),
although the quantity of interstitial adipose
tissue within the tissue will introduce some
variability. Surprisingly, there are few methods
for quantifying the body’s muscle mass; of
these, the medical imaging techniques appear
to be the most accurate, while anthropometry
and urinary creatinine excretion have both
been used.

The other tissues, nervous and epithelial,
have been regarded as less significant tissues
in body composition analysis. As a result,
attempts have not been made to quantify
these tissues; they are usually regarded as
residual tissues.

The whole body or organismic level of
organization considers the body as a single
unit dealing with overall size, shape, surface
area, density and external characteristics.
Clearly these characteristics are the most
readily measured and include stature, body
mass and volume.

The five levels of organization of the body
provide a useful framework within which
the different approaches to body composi-
tion may be situated. It is evident that there
must be inter-relationships between levels,
which may provide quantitative associations
facilitating estimates of previously unknown
compartments. The understanding of inter-
relationships between levels of complexity
also helps guard against erroneous interpreta-
tion of data determined at different levels. As
an example, body lipid is typically assessed
at the molecular level while the quantity of

muscle tissue, in a health and fitness setting,
is addressed at the tissue or system level by
means of circumference measurements and
correction for skinfold thicknesses. The two
methods are incompatible in the sense that
they overlap by both including the interstitial
lipid compartment.

Since the whole-body level is not strictly
a compositional level and the atomic and
cellular levels are of very limited interest
to most people, the organizational system
reduces to two levels: the molecular and tissue
levels. This is then identical to the two-level
system proposed by Martin and Drinkwater
(1991), the chemical and anatomical levels
— a system which will be used here.

1.4 VALIDITY

The validity of a method is the extent to which
it accurately measures a quantity whose true
value is known. Body composition analysis
is unusual in that only cadaver dissection
can give truly valid measures, but almost no
validation had been carried out this way. In
fact, there is not a single subject for whom
body density and body fat (by dissection and
ether extraction) have been measured. This
has resulted in the acceptance of an indirect
method, densitometry, as the criterion for fat
estimation.

In addition to the five levels of organization,
there are three levels of validation in body
composition, as in the assessment of body
fat, for example. At level I, total fat mass
is measured directly by cadaver dissection,
i.e. ether extraction of lipid is carried out
for all tissues of the body. At level II, some
quantity other than fat is measured (e.g. body
density or the attenuation of an x-ray beam
in DXA), and a quantitative relationship is
established to enable fat mass to be estimated
from the measured quantity. At level III, an
indirect measure is again taken (e.g. skinfold
thickness or bioelectrical impedance) and a
regression equation against a level Il method,
typically densitometry, is derived. Thus level
III methods are doubly indirect in that they



incorporate all the assumptions of the level
II method they are calibrated against, as well
as having their own inherent limitations.
The regression approach also means that
methods, such as skinfold thickness mea-
surement, are highly sample-specific, since
the quantitative relationship between skin-
fold thickness and body density depends on
many variables including body hydration,
bone density, relative muscularity, skinfold
compressibility and thickness, body fat
patterning and the relative amount of intra-
abdominal fat. This, along with the use of
different subsets of skinfold sites, is why there
are several hundred equations in the literature
for estimating fat from skinfolds.

Calibration of level III methods against
densitometry also precludes the possibility
of validating any level III method against
densitometry, as this is merely a circular argu-
ment. For example, the computed per cent
body fat by bioelectrical impedance analysis
(BIA) cannot be validated by underwater
weighing, on the basis that both methods give
similar values, because the BIA equations are
based on regression against per cent fat by
underwater weighing. To validate BIA against
densitometric values, the actual impedance
values derived from the BIA machine should
be used. It should be clear that assessment of
body composition is far from an exact science
and all methods should be scrutinised for the
validity of their underlying assumptions. For
the purposes of this chapter, it is convenient
to separate assessment methods by the type
of constituent they measure: chemical or
anatomical.

1.5 THE CHEMICAL MODEL

At the chemical level, the body is broken
down into various molecular entities. A model
may consist of any number of components,
with the simple requirement that when
added together they give total body mass.
The simplest chemical model is the well-
known two-component model consisting of
the fat mass and the fat-free mass (FFM).
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Since the great majority of body composition
techniques have this partition as their aim,
this will be covered in some detail here.

1.5.1 Densitometry: Underwater
weighing and plethysmography

The 2-component chemical densitometric
model: Densitometry is an approach to esti-
mating body fatness based on the theory that
the proportions of fat mass and FFM can be
calculated from the known densities of the
two compartments and the measured whole-
body density (Keys and Brozek 1953). In
essence, the theory is based on the following
assumptions and procedures (for the com-
plete derivation see Martin and Drinkwater
1991):

The body, of mass M, is divided into a fat
component of mass (FM) and density (df)
and a fat-free component of mass (FFM)
and density (dffm). The masses of the two
components must add up to the body’s mass
(M) and the volumes (mass/density) of the
two components must add up to the body’s
volume. If D is the whole-body density, then
combining these two equations and rearrang-
ing gives per cent fat, F:

100ddg, 1 100d,
F= 1 (1)
dgo—d; D dg, —d,

This equation contains three unknowns; it
is solved by assuming values for d; and dq,
and measuring D. The standard assumptions
are d; = 0.900 g.ml! and d;;, = 1.100 g.ml™;
although as explained in more detail later,
the numeric value of d, has been questioned
recently as more accurate estimates have be-
come availabe. Putting these respective values
in to equation (1) results in Siri’s equation for
per cent fat:

F=22_450
D

a) Hydrodensitometry: Whole-body density,
D, is then determined, usually by measuring
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body volume by underwater weighing
or similar technique (Figure 1.2a and b).
Underwater, or hydrostatic, weighing is based
on Archimedes’ principle, which states that
the upthrust on a body fully submerged in
a fluid is equal to the weight of fluid that
it displaces. Therefore the weight of water
displaced by a submerged body is its weight
in air minus its weight in water. Dividing
this by the density of water gives the body’s
gross volume. This must be corrected for
lung volume and gastrointestinal gas. If the
underwater weight is obtained when the
subject has completely exhaled (residual
volume), then this value must be subtracted
from the body’s gross volume, along with a
correction for gastrointestinal gas, usually
taken to be 100 ml. Though some systems
measure residual volume at the same time
as the underwater weight, it is typically
determined outside the underwater weighing
tank, by the subject exhaling maximally and
then breathing within a closed system that
contains a known quantity of pure oxygen
(Wilmore et al. 1980). Nitrogen is an inert gas;
hence the quantity of N, inhaled and exhaled
as part of air does not change in response to
metabolic processes. Therefore the quantity
of N, in the lungs after maximum exhalation

is representative of the residual volume. This
remaining N, is diluted by a known quantity
of pure oxygen during several breaths of the
closed circuit gas. Analysis of the resulting
gas mixture from the closed circuit system
yields the dilution factor of N, and since
N, is present in a fixed proportion in air,
the residual volume can be calculated. This
procedure and the necessary calculations are
described in section 1.9.3.

Density of the fat-free body: measurement
and assumptions

If these procedures are carried out by an
experienced technician, the determination of
corrected whole body density is both accurate
and precise. However, the two-compartment
hydrodensitometric model assumes an FFM
density of 1.1000 g.cm?, which is invariant of
age, gender, genetic endowment and training.
These assumptions about the component
densities must be scrutinised. The fat com-
partment of the body consists primarily of
triglyceride, which has a constant density
of nearly 0.900 g.ml-'. There are small
quantities of other forms of lipid in the body
located in the nervous system and within the
membrane of all cells. Though the density of

Figure 1.2a and 1.2b Examples of underwater weighing procedures for calculating whole-body
density.



these lipids is greater than that of triglyceride,
the relatively small quantity of each has little
effect upon overall density of body lipid. Thus
the density of body fat may be accepted as
relatively constant at 0.900 g.ml~'. However,
the second assumption is much less tenable,
since the density of the FFM has never been
measured, and the value of 1.100 g.ml™!
assigned by Behnke more than 50 years ago
was acknowledged to be only an estimate
(Keys and Brozek 1953). This density is based
on analyses of just three male cadavers, ages
25, 35 and 46 years (Brozek et al. 1963). In
the absence of a direct measurement this value
has remained in use, and it is only with the
recent ability to measure bone mineral density
and total body water, along with data from
the Brussels Cadaver Study and elsewhere,
that the extent of the variability of the fat-free
density has been appreciated. On the basis
of available evidence, the standard deviation
of the fat-free density has been estimated at
0.02 g.ml™' (Martin and Drinkwater 1991).
This may not appear to be problematic, since
it corresponds to a coefficient of variation
of less than 2%. However, equation (1) is
particularly sensitive to changes in fat-free
density. An example will demonstrate this.
If a lean male has a whole-body density, D =
1.070 g.ml™, then estimated body fat by the
Siri equation is 12.6%. If his fat-free density is
actually 1.12 g.ml™! rather than the assumed
value of 1.100 g.ml™, then from equation (1)
his true fatis 19.1%. Conversely, if his fat-free
density is 1.080 g.ml™', his true fat is 4.7%
(Figure 1.3). In the former situation the Siri
equation gives a 43% underestimate, in the
latter a 168% overestimate. It is important
to note therefore that subjects with fat-free
densities greater than 1.100 g.ml" will have
their per cent fat underestimated by the Siri
equation. This can lead to anomalous values
that are lower than the generally accepted
lower limit for essential fat of about 3-4%.
Some athletes who combine leanness with
a high fat-free density may even yield a
negative per cent fat, which occurs when the
measured whole-body density is greater than
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1.100 g.ml'. Ethnic factors also contribute
to error. Schutte et al. (1984) have estimated
that fat-free density in Black Americans is
1.113 g.ml™. If this is true, then there is an
underestimate of about 5% fat in assuming
a fat-free density of 1.100 g.ml™! in a non-
athletic Black population whose whole-
body densities are in the range 1.06-1.10 g.
ml'. The error will be greater in an athletic
population, particularly in ‘power athletes’
whose bone density is high. Conversely,
those with low fat-free densities will have
their per cent fat overestimated. This applies
particularly to older subjects, especially
women. This is also true for lean female
athletes with chronic amenorrhea, and its
resultant bone loss. Densitometric evaluation
of per cent fat in children requires a sliding
value for fat-free density from the 1.063 g.
ml™! for newborns suggested by Lohman e#
al. (1984), to the adult value of 1.100 g.
ml™ at physical maturity, but it is difficult to
attribute a particular value to a given child,
without information on sexual maturation.
For these reasons, it is best to use a
population-specific formula if the density
of the fat-free body is known or can be
assumed. Table 1.1 shows examples of how
the equation varies according to differences
in the density of the fat-free body. Examples
of how variations in the density of the fat-free

Measured whole body density of 1.08

would give widely varying estimates of
% fat depending on actual density of fat
free mass (dffm)
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Figure 1.3 Siri’s equation for estimation of per
cent fat plotted for different values of assumed
density of fat free mass (dffm) (adapted from
Martin and Drinkwater 1991).
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Table 1.1 Examples of the differences in density of the fat-free body and derived equations based on the two

component densitometric model

Population Age Gender Estimated density of FFB  Derived equations from estimated
(g.cc)* density of FFB to predict % fat
Race
African American ~ 9-17 Female 1.088 (521 / Db) - 479
18-32 Male 1.113 (470 / Db) - 422
24-79 Female 1.106 (483 / Db) - 437
Caucasian 7-12 Male/Female  1.086 (525 / Db) - 484
13-16 Male 1.094 (507 / Db) - 464
Female 1.093 (510 / Db) - 466
17-19 Male 1.098 (499 / Db) - 454
Female 1.095 (505 / Db) - 462
20-80 Male 1.100 (495 / Db) - 450
Female 1.097 (501 / Db) - 457

* The FFB density values are largely taken from Heyward and Stolarzyk (1996) and Heyward and Wagner (2004).
The formulae have been calculated independently by the authors from the assumed FFB density values.

body impacts on the calculation of per cent
body when compared to the Siri equation is
shown in Figure 1.3 and Table 1.5.

b) Air Displacement Plethysmography:
Though body volume for the determination
of body density has primarily been assessed
by underwater weighing and Archimedes’
principle, a more direct approach is to meas-
ure the volume of a fluid that the body
displaces. Simple water displacement, while
in principle an excellent approach, is limited
in practice by the difficulty of measuring accu-
rately the change in water level before and
after submersion of the body. Alternatively,
body volume can be measured using air
displacement plethysmography. Currently
one commercial system is available, the Bod
Pod (Life Measurement, Inc. Concord, CA).
Compared with hydrodensitometry, the Bod
Pod offers a much quicker assessment that is
much less demanding on the subjects and can
be safely used in virtually any adult subject
population. This equipment consists of a
test chamber large enough to hold an adult,
separated by a diaphragm from a reference
chamber. Vibration of the diaphragm induces
pressure changes, which allow determination

of the test chamber volume, first with then
without the subject, permitting the meas-
urement of the subject’s volume (Dempster
and Aitkins 1995). A number of corrections
are required for surface area, clothing and
lung volume.

Several studies have tested the validity
of air displacement plethysmography using
established methods of body composition as-
sessment with mixed results. Although some
studies have suggested that the Bod Pod yields
biased results (Demerath ez al. 2002; Radley
etal.2003; Ball and Altena 2004), others have
reported agreement between the Bod Pod and
established methods (Levenhagen et al. 1999;
McRory et al. 1995). Reliability appears to
be excellent (Noreen and Lemon 2006) and
although it is reported to detect changes in
fat and fat-free mass (Secchiutti et al. 2007),
a study to compare actual changes in body
composition as a result of diet or training
compared to a more established criterion
has yet to be completed. Plethysmography
is subject to the same errors as underwater
weighing when using the Siri or similar equa-
tion to convert density into per cent fat.

Because of the uncertainty regarding the
assumption of constancy of the FFM and the



potentially large errors that result, it is not
reasonable to rely on densitometry alone as
a criterion method for per cent fat any more.
This is of particular importance since, as will
be detailed shortly, most indirect methods
are, in effect, calibrated against densitometry.
While there is no current replacement, many
researchers agree that DXA, with some
improvements, will fulfil that role in the
future (Kohrt 1998).

1.5.2 Dual-energy x-ray
absorptiometry

Bone densitometry instruments have evolved
from single- to dual-photon to DXA over
the last three decades and widespread avail-
ability of whole-body scanners has made their
use for body composition far more feasible
(Lohman 1996). The DXA unit consists of
a bed on which the subject lies supine, while
a collimated dual-energy x-ray beam from a
source under the bed passes through the sub-
ject. The beam’s attenuation is measured by
detectors above the subject, and both source
and detector move so that either the whole
body or selected regions of the subject are
scanned in a rectilinear fashion (Figure 1.4).
Some systems use a pencil beam; others use
an array of beams and detectors for faster
scanning. The dual energy of the beam allows
quantification of two components in each
pixel. In boneless regions these are fat and
a lean component. It should be noted that
the lean component is actually all the fat-
free, bone mineral-free constituents; this is
not muscle, as some mistakenly believe. In
bone mineral-containing pixels, the three
component system must be reduced to two
components, bone mineral and a soft tissue
component, which contain an assumed fat-
to-lean ratio. Strategies for estimating this
ratio vary by manufacturer but consist in part
of extrapolation of the measured fat-to-lean
ratios of soft tissue pixels adjacent to bone.
In this way, the fat, bone mineral and lean
content of each pixel is determined (Kohrt
1995). Summing these for all pixels gives the
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Figure 1.4 Dual energy x-ray absorptiometer
procedure for assessing body density and body
composition.

composition of the whole body (Figure 1.5).
Thus DXA uses a three-component chemi-
cal model of the body, and can therefore
be compared with underwater weighing.
Comparison of per cent fat determined by
underwater weighing and DXA show differ-
ences that are correlated with bone mineral
density (BMD) probably reflecting the effect
of BMD on the fat-free density.

DXA is accepted as one of the most valid
methods of body composition analysis (Prior
etal. 1997; Kohrt 1998). It has been validated
against various multicompartment models in
young (Prior et al. 1997; Clasey et al. 1999),
old (Clasey et al. 1999) and a wide age range
of healthy sedentary individuals (Gallagher et
al.2000). As a level Il method the component
values are calibrated against standards. The
quality of the body composition assessment
is therefore dependent only on the theoretical
and practical aspects of the DXA technology.
It does not rely on calibration against under-
water weighing, unlike skinfold assessment.

A whole-body DXA scan can give regional
composition as well as whole-body values, but
precision values are considerably poorer than
for the whole body. The default breakdown
consists of six to seven regions: head, torso,
pelvis and four limbs, but other segments can
be defined by the operator. Since DXA does
not suffer the basic weakness of densitometry,
in that there is no requirement for constant
density of the FFM, it has the potential to
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Figure 1.5 Analysis of body composition of a female dual energy x-ray absorptiometry. Note that the
sum of the individual predicted masses from the segments analyzed by the DXA equates very closely to
the whole body mass of the subject — a factor which is essential for the validity of the technique.

become the criteria for fat estimation. It is
also relatively independent of fluctuations in
hydration, as water excess or deficit has been
shown to affect only the lean component — as
it should. It allows for a rapid, non-invasive
estimation of body fat with minimal radiation
exposure (van der Ploeg ez al. 2003) and has
the advantage of a three-compartment model
of body composition that quantifies fat, soft
lean tissue and bone mineral.

Nevertheless, the validity of the method
has remained subject to question, particularly
with regard to concerns over tissue thickness

and hydration levels (Laskey et al. 1992; Jebb
et al. 1995; Pietrobelli et al. 1998; Wang et
al. 1998; van der Ploeg et al. 2003), which
will vary between individuals and groups
of subjects. Furthermore, the method is
confounded by the different manufacturers’
detection, calibration and analysis techniques,
as well as type of beam and the specifics of the
analysis software. Despite these difficulties,
there is optimism among researchers that
with continued improvement, DXA will at
some point become the gold standard for
body fat assessment.



1.5.3 Multi-component models for
predicting body fat

Advances in i1 vivo measurement techniques
has led to the development of multi-
component models that estimate body fat
by equations, which incorporate a number
of measured variables (Heymsfield et al.
1996). This has allowed researchers to assess
variations in hydration levels and bone mineral
contents that are not possible to measure by
hydrodensitometry alone. An example of a
four-component chemical model might be fat,
water, bone mineral and a residual component
(i.e. all the fat-free, bone mineral-free, dry
constituents). Adding measurements of total
body water (by deuterium dilution), bone
mineral density (by DXA), and whole-body
density (by hydrodensitometry), allows the
possibility to measure individual variances
in mineral and water, and in theory, lead to
more accurate measurement of per cent body
fat (Peterson et al. 2003). The 4C model has
been used as the criterion method in studies
with children (Fields and Goran 2000),
younger and middle-aged adults (Friedl ez
al. 1992; Withers et al. 1998), and the elderly
(Baumgartner et al. 1991). Ryde et al. (1998)
used a five compartment model of body
composition comprising FFM, where FFM
= water + protein + minerals + glycogen to
calculate body fat changes in ten overweight
women on a 10-week very low calorie diet.
An example of using such a procedure is given
in Practical 7, using the methods and data
from the study by Withers et al. (1998).

1.5.4 Level lll methods

The defining characteristic of a level Il method
is that it uses an equation that represents an
empirically-derived mathematical relationship
between its measured parameter and per cent
fat by the level I method - almost always
underwater weighing (though with the rise
in acceptance of DXA, more DXA-based
equations, e.g. Stewart et al. 2000, are likely
to be published). This relationship is derived
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by regression analysis, and typically is a
simple linear regression, linear regression of a
logarithmic variable, or a quadratic curve fit.
Thus all level Il methods are doubly indirect,
and as such, they are vulnerable to the errors
and assumptions associated with underwater
weighing, as well as those deriving from
their own technique, whether this is skinfold
callipers, bioelectrical impedance, infrared
interactance or some other approach.

a) Skinfold thickness: There is good face
validity to the idea that a representative
measure of the greatest depot of body fat (i.e.

Callipers

Callipers

e Skin

@) Subcutaneous adipose tissue
< Deformed adipose tissue
Underlying muscle

Figure 1.6 Schematic section through a skinfold
at measurement site (adapted from Martin et al.
1985). The calliper jaws exert a constant pressure
over a wide range of openings. The skinfold includes
skin that varies in thickness from site to site and
individual to individual; adipose tissue of variable
compressibility and varying proportionate volume
occupied by cell membranes, nuclei, organelles and
lipid globules.
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subcutaneous) might provide a reasonable
estimate of total body fat. This notion
becomes less tenable as a greater understand-
ing emerges with respect to various patterns
of subcutaneous fat depots and different
proportions of fat in the four main storage
areas. However, the fact that so many equa-
tions have been derived for estimating per
cent body fat from skinfold thickness suggests
the need for caution, and an examination
of the assumptions underlying the use of
skinfold callipers reinforces this.

The skinfold method measures a double fold
of skin and subcutaneous adipose by means
of callipers, which apply a constant pressure
over a range of thicknesses (Figure 1.6). In
converting this linear distance into a per cent
fat value, various assumptions are required
(Martin et al. 1985). Initially, one must accept
that a compressed double layer of skin and
subcutaneous adipose is representative of
an uncompressed single layer of adipose
tissue. This implies that the skin thickness is
either negligible or constant and that adipose
tissue compresses in a predictable manner.
Clearly skin thickness will comprise a greater
proportion of a thin skinfold compared to a
thicker skinfold and its relationship cannot
be regarded as constant. In addition it has
been shown that skin thickness varies from
individual to individual as well as from site
to site, which suggests that it cannot be
regarded as negligible (Martin et al. 1992).
With respect to compressibility, the evidence
suggests that adipose tissue compressibility
varies with such factors as age, gender, site,
tissue hydration and cell size. The dynamic
nature of compressibility is readily observed
when callipers are applied to a skinfold and
a rapid decline in the needle gauge occurs.
The lipid fraction of adipose tissue must
also be constant if skinfold thickness is to be
indicative of total body lipid. Adipose tissue
includes structures other than fat molecules;
these include cell membranes, nuclei and
organelles. In a relatively empty adipocyte
the proportion of fat to other structures may
be quite low while a relatively full adipocyte

will occupy a proportionately greater volume.
Orpin and Scott (1964) suggested that fat
content of adipose tissue may range between
5.2% and 94.1% although Martin et al. (1994)
suggested a general range of 60-85%.

The previous three assumptions relate to
the measurement of a single skinfold. There
remain two assumptions that must be consid-
ered with respect to the validity of skinfold
thickness as a predictor of total body fat. The
first deals with the assumption that a limited
number of skinfold sites in some way rep-
resent the remaining subcutaneous adipose
tissue; that is, the distribution of fat shows
some regularity from one person to another.
Despite the two general patterns of fat dis-
tribution, android (central predominance)
and gynoid (gluteofemoral predominanc),
fat patterns are quite individual. The final
assumption is that a limited number of subcu-
taneous sites are representative of fat deposited
non-subcutaneously (omentum, viscera, bone
marrow and interstices). While there is some
evidence that internal fat increases with
subcutaneous fat, this relationship is affected
by many variables, particularly age.

The procedure for generating per cent
fat equations for level III methods can be
illustrated by examining the classic approach
of Durnin and Womersley (1974). They
measured body density (D) by underwater
weighing, as well as the sum of four skinfolds
on 464 men and women, categorised by age
and gender. The resulting plots showed a
curvilinear shape, so they used the log,, of
the sum of the four skinfolds to linearise the
relationship and then carried out a linear
regression to establish the constants of the
equation. As an example, their equation for
20-29 year old men is:

D =1.1631-0.0632 x log,,24SF

Siri’s equation can then be used to calculate
per cent fat.

It is important to note that the slopes
and intercepts were different for all their
gender and age groups, demonstrating that



the relationship between body density and
the sum of skinfolds differed. Put another
way, people from different age and gender
groups who have the same sum of skinfolds
have different body densities. For a given sum
of skinfolds, men have higher body density
than women mainly because of higher bone
density, greater muscularity and the women’s
tendency to have more subcutaneous fat
in the gluteo-femoral region which is not
assessed by the four skinfolds that they chose.
Similarly, for a given sum of skinfolds, older
men have lower body density than young men
because of increasing internalisation of fat,
as well as a decline in muscle mass and bone
density. There are other factors, such as skin
thickness and skinfold compressibility whose
variability potentially affects the relationship
between skinfolds and body density.

In view of the complexity of per cent fat
prediction from skinfold thickness, some
guidelines are helpful when choosing an equa-
tion to estimate per cent fat in a particular
subject. It is important to select an equation
that has been derived from a sample whose
characteristics (ethnicity, age, gender, athletic
status, health status and so on) are similar to
those of the subject to be measured. Equations
with few skinfolds cannot detect deviations in
fat patterning, so it is better to use equations
with skinfold sites that include arm, leg and
trunk. Not all equations are based on the
same type of skinfold calliper, and since these
give different readings for a given skinfold,
the choice of calliper becomes important.
Proper site location and correct technique
will help minimise error.

An alternative approach to the use of skin-
fold measurement is the sum of a number of
skinfold thicknesses to form a simple indicator
of fatness. Use of this measure avoids many of
the untenable assumptions that are inherent
in the calculation of per cent fat from skinfold
thickness. This approach can be useful when
normative values for the sum of skinfolds are
available, as the sum can then be converted
into a percentile, showing an individual’s
relative standing within a population.
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Importance of including lower limb skinfold
measures as indicators of total body fatness
Skinfolds or measures of adipose tissue thick-
nesses from the lower limb, both independently
or in combination with selected upper-body
skinfolds, explain significant variance in
total body fat. This has been observed using
several criterion methods; for example,
hydrodensitometry (in adults (Jackson and
Pollock 1978; Jackson et al. 1980; Eston et
al. 1995); in children (Slaughter et al. 1988;
Eston and Powell 2003); cadaver dissection
(Martin et al. 1985; Clarys et al. 1987);
ultrasound (Eston et al. 1994); DXA (Stewart
and Hannan 2000; Eston et al. 2005) and a
four-compartment model of body composi-
tion (van der Ploeg et al. 2003; Eston et al.
2005). The correlation between subcutaneous
abdominal adipose tissue volume and thigh
fat volume (assessed by magnetic resonance
imaging) is also reported to be greater than
the corresponding correlation for the sum
of the biceps, triceps, subscapular and iliac
crest (Eliakim et al. 1997). The importance
of including the thigh and calf skinfolds to
improve the estimation of body fat in adults
has led to previous comment and discussion
(Durnin 1997; Stewart and Eston 1997).
On the basis of the potential importance of
the thigh skinfold as a predictor of total body
fat, the steering group of the British Olympic
Association (BOA) recommended that the
anterior thigh skinfold should be added to
the sum of the four skinfolds used in the
equation of Durnin and Womersley (1974)
to provide a more valid estimate of body fat
in fit and healthy adults (Reilly et al. 1996).
The value of adding the thigh skinfold to the
sum of the four skinfolds has since been con-
firmed using DXA and a four compartment
model as the criterion in young, healthy men
and women (Eston et al. 2005). They also
observed that the thigh and calf skinfolds
explained the most variance in body fat. The
lower limb skinfolds may be particularly
useful predictors of running performance. In
a longitudinal study on 37 top class runners,
improvements in performance over 3 years
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Figure 1.7a Relationship between the changes
in medial calf skinfold (mm) and performance
(percentage velocity) induced after three years
of intense athletic conditioning in sprint trained
runners.

were consistently associated with a decrease
in the lower limb skinfolds (Legaz and Eston
200S5; Figure 1.7).

Validation of skinfold-thickness prediction
equations with a four-compartment model

Three of the most widely used generalized
skinfold thickness prediction equations are
the equations developed by Durnin and
Womersley (1974), Jackson and Pollock
(1978) and Jackson et al. (1980). These
equations were developed and validated
by means of hydrodensitometry — a two-
compartment model. As indicated above, the
two-compartment model equation requires
the assumption that the fat-free density (body
hydration levels and bone mineral content) is
stable. These assumptions are often violated
because of significant variations in hydration
levels and mineral content between groups
of differing age, gender, race and training
status. This will therefore lead to potentially
large errors in estimates of per cent body fat.
For these reasons, new equations have been
developed from 681 healthy Caucasian adults
using a four-compartment (4C) model as the
criterion and compared against the above
equations (Peterson et al. 2003). The final
equations developed from this study included
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Figure 1.7b Relationship between the changes
in front thigh skinfold (mm) and performance
(percentage velocity) induced after three years of
intense athletic conditioning in endurance trained
runners (from Legaz and Eston, 2005).

the sum of the triceps, subscapular, suprailiac
and mid-thigh skinfolds for men and women.
These equations, which are shown in Practical
2 (Section 1.10.2), were significantly more
accurate than the three skinfold thickness
methods based on hydrodensitometry.

b) Bioelectrical Inpedance Analysis: BIA is
a method of body composition analysis that
has become increasingly popular for its ease,
portability and moderate cost. The electrical
properties, particularly impedance, of living
tissue, have been used for more than 50 years
to describe and measure certain tissue or
organ functions. In recent years, bioelectrical
impedance has been used to quantify the
FFM allowing the proportion of body fat to
be calculated. The method is based on the
electrical properties of hydrous and anhydrous
tissues and their electrolyte content. There
have been a number of excellent reviews of
BIA procedures and the various equations
that have been derived from healthy subjects
(Houtkooper et al. 1996; Kyle et al. 2004).
Nyboer et al. (1943) demonstrated that
electrical impedance could be used to deter-
mine biological volume. On application of
a low voltage to a biological structure, a
small alternating current flows through it,
using the intra- and extra-cellular fluids as a



conductor and cell membranes as capacitors
(condensers). The FFM, including the non-
lipid components of adipose tissue, contain
virtually all of the water and conducting
electrolytes of the body and thus the FFM is
almost totally responsible for conductance of
an electrical current. Impedance to the flow
of an electrical current is a function of the
resistance and reactance of the conductor.
The complex geometry and bioelectrical
properties of the human body are confounding
factors, but in principle, impedance may be
used to estimate the bioelectrical volume of
the FFM since it is related to the length and
cross-sectional area of the conductor.

The impedance of biological structures
can be measured with electrodes applied
to the hands and feet, an excitation current
of 800 pA at 50 kHz and a bioelectrical
impedance analyzer that measures resistance
and reactance. Some BIA instruments use
other locations such as foot-to-foot (Jebb
et al. 2000, Rowlands and Eston, 2001),
or hand-to-hand electrodes. The resulting
impedance value (though many systems use
only the resistive component) is then entered
into an appropriate equation.

Methods of bioelectrical impedance
analysis include single frequency (SF-BIA),
multi-frequency (MF-BIA), segmental BIA
and localized BIA. Single frequency BIA is the
most frequently applied method, which injects
an excitation current of 800 pA at 50 kHz
through surface electrodes, placed distally on
the limbs. This technique estimates FFM and
TBW, but it cannot determine differences in
intra-cellular water (ICW). Multi-frequency
BIA uses different frequencies (0, 1, 5, 50, 100,
200 to 500 kHz) to evaluate FFM, TBW, ICW
and extra-cellular water (ECW). Segmental
BIA, involving varied electrode placements
on the limbs and trunk, has been used to
determine fluid shifts and fluid distribution in
some diseases. Although the trunk of the body
represents as much as 50% of whole body
mass, its large cross-sectional area contributes
as little as 10% to whole-body impedance.
Therefore, changes in whole-body impedance
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may be closely related to changes of the FFM
(or muscle mass or body cell mass [BCM]) of
the limbs and changes of the FFM of the trunk
are probably not adequately described by
whole body impedance measurements. Given
that BIA measures various body segments
and the validity of equations are therefore
population-specific, localized BIA focuses on
well defined body segments. For example, it
has been used to determine local abdominal
fat mass (Scharfetter et al. 2001).

Many equations have been published to
predict the FEM from BIA for various healthy
population subsets by age and gender. The
most frequently occurring component in
these equations is the resistive index, which
is the square of stature, divided by resistance.
Other variables that have been included in
prediction equations include height, weight,
gender, age, various limb circumferences,
reactance, impedance, standing height, arm
length and bone breadths. The reported
R? values range between 0.80-0.988 with
standard error of the estimate (SEE) ranging
from 1.90 to 4.02 kg (approximately 2-3%).
Slightly lower correlations (R? = 0.76 —0.92)
have been reported for the prediction of per
cent fat with a prediction error (SEE) of
3-4%. Kyle et al. (2004) have provided a very
useful summary of selected BIA equations
published since 1990 for adults, which have
been validated against a criterion measure
for the variable of interest and which have
involved at least 40 subjects. Given the vast
array of equations available in the literature,
Houtkooper et al. (1996) have suggested
that the SEE of 2.0-2.5 kg and 1.5-1.8 kg
in women and actual error of 0.0-1.8 kg
is considered ideal. Prediction error of less
than 3.0 kg for men and 2.3 kg for women
would be considered to be very good. Three
equations are presented in Practical 4 (Section
1.12.3) which satisfies these criteria.

Bioelectrical impedance is a safe, simple
method of estimating the fat and fat-free
masses, but some caution is needed. As “cri-
terion” methods each have their limitations,
these will be propagated into the BIA meas-
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urement. As with all level II methods, BIA
equations tend to be population-specific with
generally poor characteristics of fit for a large
heterogeneous population. The measurement
is influenced by electrode placement, dehy-
dration, exercise, heat and cold exposure, and
a conductive surface (Lukaski 1996), leading
to the following recommendations for assess-
ment procedures (Heyward 1991):

® 1o eating or drinking within 4 hours of
the test

* o exercise within 12 hours of the test

® urinate within 30 minutes of the test

® noalcohol consumption within 48 hours
of the test

® no diuretics within 7 days of the test.

Additionally,

® inaccuracies may be introduced during
the pre-menstrual period for women
(Gleichauf and Roe 1989);

e thechanging pattern of water and mineral
content of growing children suggests
that a child-specific prediction equation
should be used (Houtkooper et al. 1989;
Eston et al. 1993; Bunc 2001; Rowlands
and Eston 2001).

1.6 SIMPLE INDICES OF FATNESS,
MUSCULARITY AND FAT
DISTRIBUTION

1.6.1 Body mass index (BMI)

Body weight is often thought of as a measure
of fatness, and this perception is reinforced by
the use of height-weight tables as an indicator
of health risk and life expectancy by the life
insurance industry. Superficially it would
appear that weight per unit of height is a
convenient expression that reflects body build
and body composition, and variations of this
index have been a recurring theme in anthro-
pometry for over 150 years following the
pioneer work of Adolph Quetelet (1836). The
simple ratio of weight to height may appear

to be the most informative expression, but
it expresses a three-dimensional measure
(weight) in relation to a one-dimensional
measure. Since three-dimensional measures
vary as the cube of a linear measure, dimen-
sional consistency may be better served by
the expression of mass to the cube of height,
a ratio known as the ponderal index. Since
the objective of the ratio is to examine weight
in relative independence of height, several
authors have concluded that w/h? — with
weight in kg and height in m - is the most
appropriate index, and this has been termed
the Body Mass Index (BMI), the inverse of
which was previously known as the Quetelet
Index.

Although the BMI is not ideal, it does have
significant practical advantages. It is based
on common measures of height and weight
and it is familiar to most practitioners. The
use of BMI measures to define adult obesity
(BMI > 30 kg.m=2) and adult overweight
(BMI 25-30 kg.m™2) is commonly accepted.
According to the Association for the Study
of Obesity (www.aso.org.uk), the ‘cut-offs’
for adults in each classification have been
formalized by the World Health Organization
and are:

BMI (kg.m~?) Classification

<18.5 Underweight, thin

18.5-24.9 Healthy weight, healthy
25.0-29.9 Grade 1 obesity, overweight
30.0-39.9 Grade 2 obesity, obesity

>40.0 Grade 3 obesity, morbid obesity

The above values are general guidelines.
A female of average weight with the same
height as an average-weight male, would
normally have a lower BMI by one to two
units. This is due to the greater proportion
of fat-free mass in the male. Furthermore,
these values apply to adults only as the cut-
off values are significantly lower in children
and vary significantly with age. The non-
isometric changes in height, weight and shape
occurring during growth are reflected in the
huge variation in BMI in the growing years.



For example, at birth the median is as low as
13 kg.m, increasing to 17 kg.m™ at 1 year,
decreasing to 15.5 kg.m™ at 6 years, and then
increasing to 21 kg.m™ at 20 years (Cole et
al. 2000).

In order to quantify body weight in relation
to obesity, reference values for children
using BMI values, which are defined to pass
through 25 kg.m=? and 30 kg.m™? at age 18,
have been calculated for male and female
children at six-monthly intervals from age
2 years, using data from large-scale surveys
of childhood BMI in six different countries
across several continents (Cole et al. 2000).
This approach has been recommended by the
International Obesity TaskForce (IOTF) for
the comparison of child populations (Dietz
and Bellizzi 1999).

The premise of using such an index is
that body weight corrected for stature is
correlated with obesity and adiposity (Ross
et al. 1986). Indeed, the BMI has gained
acceptance because in many epidemiologi-
cal studies it shows a moderate correlation
with estimates of body fat. Nevertheless, the
widespread and often unquestioned appli-
cation of the BMI to represent adiposity has
attracted strong criticism (e.g. Garn et al.
1986; Ross et al. 1988; Eston 2002; Nevill
et al. 2006). For such a premise to be true, a
number of properties and assumptions need
to be satisfied: a) the index should be highly
correlated with weight and minimally cor-
related with height; and b) the difference in
weight for a given height between individuals
should be largely attributable to differences
in body fat. With few exceptions, such as in
the case of 66 world champion body builders
(Rossetal. 1986;r=0.41),and 1,112 children
between 5 and 10 years (Garn et al. 1986;
r=0.30), BMI tends to be largely independent
of height (Keys et al. 1972). With regard to
b), the BMI is accepted because in many
epidemiological studies it shows a moderate
correlation with estimates of body fat (e.g.
Keys et al. 1972). These same studies also
show similar correlations between BMI and
estimates of lean body mass or body density.
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As noted by others (Garn et al. 1986; Ross et
al. 1986, 1987, 1988), the BMI reflects both
the weight of lean tissue and the weight of
fat tissue, and for some age groups, it may
be a better measure of the amount of lean
than of relative fatness (Garn et al. 1986).
Unfortunately, the singular correlation values
of BMI with body fat have been used to
promote the use of the BMI for individual
counselling with respect to health status, diet,
weight loss and other fitness factors.
However, some of these studies also show
very similar correlation values between BMI
and estimates of lean body mass. In some
populations the BMI is influenced to almost
the same degree by the lean and fat compart-
ments of the body, suggesting that it may be
as much a measure of lean tissue as it is of
fat. For example, in a study on 18,000 men
and women aged 20-70 years to assess the
predictive validity of the BMI as a means
of estimating adiposity (Ross er al.1988),
the highest correlation of the BMI was with
muscularity (r = 0.58), as assessed by the
corrected arm girth technique. The correla-
tion of BMI and adiposity was r = 0.50.
The BMI may grossly underestimate the
extent of lean tissue loss in certain diseases
that are associated with sarcopenia (muscle
wasting). For example, in a study on 97
rheumatoid arthritis patients in whom lean
tissue loss exceeded fat loss, over half of the
group were below the 10th percentile for
muscularity, whereas only 13% were below
the 5th percentile for BMI (Munro and Capell
1997). Similar observations are apparent in
healthy men and women. In the large scale
study by Ross ef al. (1988) referred to above,
26% of those rated as extremely lean (BMI
<20) had skinfolds above the 50th percentile
and 16% of those rated as obese (BMI >27)
had skinfolds below the 50th percentile.
Thus, for any individual, the use of BMI as
a predictor of adiposity is seriously limited.
On an individual basis, people of the same
height will vary with respect to frame size,
tissue densities and proportion of various
tissues. A person may be heavy for his/her
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height because of a large, dense skeleton and
large muscle mass while another may be as
heavy for his/her height because of excess
adipose tissue. The proportion and density of
tissue is dependent on gender, age, ethnicity,
lifestyle and training — among other factors.

The BMI is positively associated with
indicators of frame size. Garn et al. (1986)
reported correlations of 0.50 overall between
BMI and bony chest breadth in over 2,000
children and adults. Ross et al. (1988) also
reported an overall correlation of 0.51 for
BMI and the sum of humerus and femur
breadths in over 18,000 Canadian men and
women. Given the sample sizes in these
studies, these values represent highly signifi-
cant correlations.

This is not the end of the discussion how-
ever, because a further complicating factor
arises since body shape changes as height
increases (Ross et al. 1987). Whatever ex-
ponent for height is selected, human beings
are not geometrically proportional. Changes
in weight, and to some extent the change in
shape, are dependent on the nature of the
weight change, i.e. whether it is due to an
increase in lean or fat mass. The measure
assumes geometric proportionality and
similarity in humans, but this assumption does
not hold true for all measures. For example,
the ratio of sitting height to stature (relative
length of the trunk) is positively correlated
with BMI. Children, adolescents, or adults
with short legs for their height have higher
BMI values (Garn et al. 1986). These authors
indicated that short-legged individuals may
have BMI values that are higher by as much as
five units! It is notable that male weightlifters,
gymnasts, judo players and Olympic wrestlers
tend to have relatively short legs for their
height (Norton ez al. 1996), so it is likely that
their BMI will be partly attributed to their
body shape.

On an individual basis it is therefore erro-
neous to consider relative weight as a measure
of obesity or fatness — the scientific evidence
is not nearly strong enough to suggest a basis
for individual health decisions (Garn et al.

1986, Keys et al. 1972). In summary, BMI
is a good indicator of fatness in populations
whose overweight individuals are overweight
because of fatness, a condition which may
hold for certain populations, such as all
American adults, but not for others, such
as specific groups of athletes for whom it is
completely inappropriate.

1.6.2 Fat-Free Mass Index (FFMI)
and Fat Mass Index (FMI)

The major limitation of the BMI is that the
actual composition of body weight is not
taken into account. A high BMI may be due to
excess adipose tissue or muscle hypertrophy,
both of which will be judged as ‘excess mass’
(Schutz et al. 2002). A low BMI may be due
to a deficit in FFM (sarcopenia). The original
idea of calculating the FFMI and FMI in
analogy to the BMI was proposed by Van
Itallie et al. (1990) as a means of indicating
nutritional status in patients. The potential
advantage of this technique is that only one
component of body mass, i.e. FFM or FM, is
related to Ht?. Consequently, a preliminary
attempt to derive FFMI and FMI reference
standards has been conducted by Schutz et
al. (2002) for Caucasian men and women,
varying in age from 24 to 98 years. They used
BIA to assess FFM and FM. They concluded
that reference intervals of FMI vs FFMI
could be used as indicative values for the
evaluation of nutritional status (overnutrition
and undernutrition) of apparently healthy
subjects and can provide complementary
information to the classical expression of
body composition reference values (Pichard
et al. 2000). Schutz et al. (2002) inferred
that with reference to such values the FFMI
is able to identify individuals with elevated
BMI but without excess FM. Conversely, FMI
can identify subjects with ‘normal” BMI but
who are at potential risk because of elevated
FM. The percentile values for the men and
women aged 18-54 years from their study
are presented in Table 1.2

A modification of the FFMI was suggested
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Table 1.2 Percentile values for FFM and FM index in men and women aged 18-54 years. Values taken from

Schutz et al. (2002)

P5 P10 P25 P50 P75 P20 P95
FFMI
Men*
18-34y 16.8 17.2 18.0 18.9 19.8 20.5 21.1
35-54y 17.2 17.6 18.3 19.2 20.1 21.1 21.7
Women*
18-34y 13.8 14.1 14.7 15.4 16.2 17.1 17.6
35-54y 14.4 14.7 15.3 15.9 16.7 17.5 18.0
FMI
Men
18-34y 2.2 2.5 3.2 4.0 5.0 6.1 7.0
35-54y 2.5 2.9 3.7 4.8 6.0 7.2 7.9
Women
18-34y 3.5 3.9 4.6 55 6.6 7.8 8.7
35-54y 3.4 3.9 4.8 5.9 7.3 8.8 9.9

* (N = 1,088 and 1,323 for 18-34 years and 35-54 years, respectively) * (N = 1,019 and 1,033 for 18-34 years

and 35-54 years, respectively).

by Kouri et al. (1995) in a study of 157 male
athletes. It was designed to assess whether
an athlete’s muscularity was within the
naturally attainable range or was beyond that
which could reasonably be expected without
pharmacological assistance. The formula is:

Mass (kg) x [(100 — %fat/100))

FEMI -+ 6:1% (1.8 Height (m)]

Height?

The correctional factor ((6.1 x (1.8 —Height) is
used only in calculations for males. According
to Gruber ez al. (2000) an FFMI of 18 kg.m?
indicates a slight build with low musculature;
20 - average musculature; 22 - distinctly
muscular; above 22 — not normally achieved
without weighlifting or similar activity; 25
— the upper limit of muscularity that can
be attained without use of pharmacological
agents, whereby the FFMI could increase
to 40! For women, a FFMI of 13 indicates
low musculature; 15 — average; 17 — rather
muscular; 22 — rarely achieved without using
pharmacological agents (Gruber et al. 2000).

Similar FFMI techniques are applied in clinical
populations to determine the extent of muscle
wasting through disease.

1.6.3 Waist-to-hip ratio

The relationship between increasing body fat
and health risk is generally accepted, even
though two people with the same per cent
fat may have very different risks for the car-
diovascular-related diseases. This anomaly
was addressed over 60 years ago by Vague
(1947), who noted two general patterns
of fat distribution on the body, which he
designated as android and gynoid because
of their predominance in males and females
respectively. Greater health risk is associated
with the android pattern of trunk deposition
than the gynoid pattern of gluteofemoral
deposition. The use of medical imaging tech-
niques to quantify abdominal adiposity has
demonstrated that it is the intra-abdominal
adipose tissue that is associated with the
highest health risk (Matsuzawa et al. 1995).
Both magnetic resonance imaging (MRI)
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and computerised tomography (CT) have
been used successfully to measure adipose
compartments of the abdomen. The full pro-
cedure is to take a series of consecutive scans
that cover the whole abdominal region. Areas
of subcutaneous and internal adipose tissue
are determined from each scan and the cor-
responding volumes are generated since the
distance between scans is known. However, a
single scan at the level of the umbilicus shows
a very high correlation (r > 0.9) with intra-
abdominal adipose tissue volume (Abate et al.
1997). These methods are very expensive and
are more use in research than in screening or
individual evaluation.

The simplest approach to quantifying fat
distribution is the use of waist circumference
and the ratio of waist circumference to hip
circumference (WHR). A waist circumference
value of approximately 95 cm in both men
and women, and WHR values of 0.94 for
men and 0.88 for women have been found
to correspond to a critical accumulation of
visceral adipose tissue (130 cm?) (Lemieux
et al. 1996). Waist circumference is variously
taken at the waist narrowing, the umbilicus,
or other skeletally-determined locations, while
hip circumference is taken at the maximum
gluteal girth. Bjorntorp (1984) suggested
that a ratio of = 1.0 in men is indicative of a
significant elevation in the risk of ischaemic
heart and cerebro-vascular disease. The cor-
responding value representing increased
risk for women is = 0.8. The robustness of
the association of WHR with health risk
factors in large-scale epidemiological stud-
ies has been underscored by a substantial
body of research that demonstrates important
metabolic differences between abdominal
and gluteofemoral adipose tissue. A tentative
explanation for why women of reproductive
age have great difficulty in reducing gynoid
fat deposits is that gluteofemoral adiposity
is an evolutionary adaptation to store fat
for the energy-demanding lactational
phase of childbearing; studies show that
lipolysis in this region is facilitated by the
endocrine environment of lactation. Though

some women may want to reduce excess
gluteofemoral fat, its presence is often more
of an aesthetic issue than a health issue. As a
general summary, this ratio appears to have
some utility in the assessment of health risk
although it should be used with caution.

1.7 THE ANATOMICAL MODEL

The anatomical model has been largely
neglected since the rise of densitometry as
the criterion method gave dominance to the
chemical model. This is unfortunate since, for
many applications, anatomical components
are of major interest. Elite male athletes will
show fat values that are typically in the range
6-12%, regardless of sport. However, meas-
ures of total and regional muscularity are
considerably better at discriminating between
athletes in different sports. Similarly, skeletal
mass has been neglected and the chemical
component, bone mineral content, has been
the common measure of bone status. A strong
argument can be made for the use of adipose
tissue as a fatness measure since in lean people
the amount of total body fat has almost no
anatomical or physiological meaning. Despite
the fact that, by their very nature, anatomical
components have both anatomical and physi-
ological significance, there are few proven
techniques for estimating them.

1.7.1 Adipose Tissue

Surprisingly, there are no equations to esti-
mate adipose tissue mass from skinfolds,
BIA or any other level III method. The only
current approach is the use of the medical
imaging techniques such as CT, MRI or
ultrasound. Though these methods depend
on very different physical principles, from
the viewpoint of body composition analysis,
they are very similar. Each gives a cross-
sectional view at a selected level of the body,
from which areas of different tissues can be
quantified. This quantification can be done
with scan analysis software, or by scanning
the resulting radiograph into a microcomputer



for subsequent image analysis. A single scan
is unable to yield adipose or any other tissue
mass, however. It is at best an indicator of
fatness in that region of the body. Adipose
tissue volumes of a selected region, or of the
whole body, can be calculated by geometric
modelling of areas from a series of contiguous
scans. A plot of adipose tissue area from each
scan against the distance of the scan from one
extremity of the body (foot) shows the distri-
bution of adipose tissue along the body, and
the area under this curve gives total adipose
tissue volume; multiplying this by adipose
tissue density gives adipose tissue mass. This
approach has also used ultrasound imaging
at measured points on the arm and thigh to
estimate segmental fat and lean mass volumes
(Eston et al. 1994). While medical imaging
techniques could be used as a criterion
measure against which level III methods
may be calibrated - particularly skinfolds
— this has yet to be done comprehensively as
only a small number of subjects have been
investigated in this manner. However, CT and
MRI have proved very useful in the study of
intra-abdominal adiposity, which is discussed
in a later section.

1.7.2 Muscle

The quantity and proportion of body fat have
remained a focal point in body composition
analysis because of the perceived negative
relationship of fatness to health, fitness and
sport performance. It is evident to many
working with high-performance athletes that
knowledge of the changing total and regional
masses of muscle in an athlete is an equal
or perhaps more significant factor in sport
performance. Estimation of total and regional
skeletal muscle mass (SM) has not received
the same attention as estimation of fat mass
although it could be argued that there is
more variability among athletes in muscle
mass than in body fat, and therefore a greater
need to know. Anatomical (tissue based)
models for estimating total muscle mass
have been proposed by Matiegka (1921),
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Heymsfield et al. (1982), Drinkwater et al.
(1986), and Martin et al. (1990). The early
approach of Matiegka (1921) was based on
the recognition that total muscle mass was in
large part reflected by the size of muscles on
the extremities. Thus, he proposed that muscle
mass could be predicted by using skinfold-
corrected diameters of muscle from the upper
arm, forearm, thigh and calf multiplied by
stature and an empirically derived constant.
Drinkwater et al. (1986) attempted to validate
Matiegka’s formula using the evidence of
the Brussels Cadaver Study and proposed
modifications to the original mathematical
constant. Martin et al. (1990) published
equations for the estimation of muscle mass
in men based on cadaver evidence. Data
from six unembalmed cadavers were used
to derive a regression equation to predict
total muscle mass. The proposed equation
was subsequently validated by predicting
the known muscle masses from a separate
cohort of five embalmed cadavers (R? =
0.93, SEE 1.58 kg, approximately 0.5%) and
comparing the results to estimates derived
from the equations of Matiegka (1921) and
Heymsfield et al. (1982). The equation recom-
mended by Martin et al. (1990) was much
better able to predict muscle mass than the
other two equations, which substantially
underestimated the muscle mass of what must
be regarded as a limited sample. Martin et al.
(1990) attempted to minimise the specificity
of their equation by ensuring that the upper
and lower body were both represented in the
three circumference terms.

Several of the above methods are based
on the geometric model of extremity girths
describing a circle and a single skinfold as
representative of a constant subcutaneous
layer overlying a circular muscle mass. A
simple formula predicts the skinfold corrected
geometric properties of the combined muscle
and bone tissue (Figure 1.8).

2
muscle and bone area = n(c - SF]

2 2
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where c is girth measure (cm) and SF is
skinfold (cm)

Further, the volume of the segments of the
limb have been predicted by use of the formula
for a cone. The anthropometric/geometric
model has been found consistently to over-
estimate muscle area when compared to areas
measured from computed tomography and
magnetic resonance images (de Koning et al.
1986; Baumgartner et al. 1992). Nevertheless,
the correlation between anthropometrically
derived areas and imaged areas has been
shown to be very high r > 0.9.

More recently, the validity of the type of
anthropometric procedures used in the above
studies has been assessed i vivo on 244 non-
obese adults ranging in age from 20 to 81
years (Lee et al. 2000). Using state-of-the-art
whole-body multislice magnetic resonance
imaging to measure skeletal mass, they
assessed the predictive accuracy of the upper
arm, calf and thigh circumferences (corrected
for skinfold thickness), with height, race and
gender as the other predictor variables. The
final derived equation explained 91% of the
variance in skeletal muscle mass with an
SEE of 2.2 kg (refer to Practical 5, Section
1.13.2b). It is notable that of all the limb

Skin and subcutaneous adipose

Figure 1.8 Schematic view of the derivation of
estimated muscle and bone area from a meas-
urement of external girth. There are inherent
assumptions that the perimeters are circular and
that a single skinfold measure is representative
of the entire subcutaneous layer of the section.
Muscle and bone area =7 ((c/2x) — (SF/2))?, where
¢ = girth measure (cm), SF = skinfold (cm).

circumferences, corrected arm girth (CAG)
had the highest correlation with total-body
skeletal muscle mass (R = 0.88), which
supports the frequent use of arm girth or
arm muscle area as a measure of total-body
SM and subject protein status.

The relationship of cross-sectional area
of muscle to force output is well established
(Ikai and Fukunaga 1968). Knowledge of the
changing size of muscle resulting from particu-
lar training regimens is therefore important
information for a coach evaluating the effect
of the programme and for the motivation of
the athlete (Hawes and Sovak, 1994). Size
of muscle relative to body mass may provide
information on a young athlete’s stage of
development and readiness for certain cate-
gories of skill development; changing size
of muscle may reflect the effectiveness of a
particular exercise or activity; diminished
size may reflect a lack of recovery time (over-
training) or in-season response to changing
patterns of training. In all instances regular
feedback of results to the coach may provide
early information for adjustment or enhance-
ment of the training regimens.

1.7.3 Bone

The skeleton is a dynamic tissue responding
to environmental and endocrine changes by
altering its shape and its density. Nevertheless
it is less volatile than either muscle or
adipose tissue and its influence upon human
performance has been largely neglected.
Matiegka (1921) proposed that skeletal mass
could be estimated from an equation that
included stature, the maximum diameter of
the humerus, wrist, femur and ankle and a
mathematical constant. Drinkwater et al.
(1986) attempted to validate the proposed
equation against recent cadaver data and
found that an adjustment to Matiegka’s
constant produced a more accurate estimate
in their sample of older, cadaveric persons.
Drinkwater et al. (1986) commented that
the true value of the coefficient probably lies
between the original and their calculated



value. An estimation of bone mass within a
prototypical model may provide insight into
structural factors which contribute to athletic
success. In a longitudinal study of high
performance synchronized swimmers, Hawes
and Sovak (1993) found that the world and
Olympic champion had disproportionally
narrow bony diameters compared with other
synchronized swimmers competing at the
international level. Since positive buoyancy
contributes to the ease of performing exercises
above water, a relatively small mass of the
most dense body tissue might be construed
as a morphological advantage in athletes of
otherwise equal abilities.

1.8 OTHER CONSIDERATIONS

In this chapter, an overview of the issues
surrounding the quantification of body com-
position in vivo has been presented. There are
several issues in body composition that must
be resolved before the field can advance to
maturity. The most important is the absence
of validation and the consequent lack of a true
criterion method. While DXA is well placed
to assume this role for per cent fat, some
methodological improvements are needed
before then. Considerable work has been
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done in recent years on multi-component
models that estimate body fat by equations
incorporating a number of measured vari-
ables, such as body density, total body water,
and bone mineral content. In this way it is
hoped that the improvement in prediction
is not offset by the increased error inherent
in the measurement of many variables. The
second problem is the traditional focus on
the chemical model, specifically fat. This
has meant that sport scientists and others
have few proven tools for quantifying body
constituents that have physiological and ana-
tomical meaning, particularly skeletal muscle.
The advances in medical imaging discussed
here may help to address this issue, but these
methods are expensive and difficult for many
to access.

In summary, care must be taken in apply-
ing body composition methods because of
their sample specificity and poor validation.
Because of this the best use of body compo-
sition techniques is probably for repeated
measures in the same individuals over a
period of time to investigate change due to
growth, ageing or some intervention. The
following laboratory exercises are designed to
provide an introduction to a variety of body
composition assessment procedures.

1.9.1 Purpose

1.9.2 Methods

Practical 3.
3 Determination of total body density.

an outline of the major procedures:

1.9 PRACTICAL 1: DENSITOMETRY

e To determine body composition by densitometry

1  The subject should report to the laboratory several hours postprandial. A form-
fitting swim suit is the most appropriate attire.
2 Height, body mass and age should be recorded using the methods specified in

Facilities will vary from custom-built tanks to swimming pools. The following is
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® Determine the tare weight of the suspended seat or platform together with
weight belt

e Record the water temperature and barometric pressure.

* The subject should enter the tank and ensure that all air bubbles (clinging to
hair or trapped in swim suit) are removed.

®  Subjects who may have difficulty in maintaining full submersion should attach
a weight belt of approximately 3 kg.

®  The subject quietly submerses while sitting or squatting on the freely suspended
platform and exhales to a maximum. Drawing the knees up to the chest will
facilitate complete evacuation of the lungs. The subject remains as still as
possible and the scale reading is recorded.

e This procedure is repeated 4-5 times with the most consistent highest value
accepted as the underwater weight.

4 Determination of residual volume (RV)

e RV is the volume of air remaining in the lungs following a maximal
exhalation.

* RV may be measured by the O, dilution method or estimated from age and
height.

e If the RV is to be measured, there is evidence to suggest that the procedure
should be completed with the subject submersed to the neck in order to
approximate the pressure acting on the lungs in a fully submersed position.

*  The equipment used to determine RV will vary from laboratory to laboratory.
The fundamental procedure is as follows:

e The gas analyzer should be calibrated according to manufacturer’s
specifications.

e A three-way T valve is connected to a five-litre anaesthetic bag, a pure oxygen
tank and a spirometer. The system (spirometer, bag, valve and tubing) should
be flushed with oxygen three times. On the fourth occasion a measured quantity
(approximately 5 1) of oxygen is introduced into the spirometer bell, the O, valve
is closed and the T valve opened to permit the O, to pass into the anaesthetic
bag. The bag is closed off with a spring clip and is removed from the system
together with the T valve. A mouthpiece hose is attached to the T valve.

®  The subject prepares by attaching a nose clip and immersing to the neck in the
tank. The mouthpiece is inserted and the valve opened so that the subject is
breathing room air. When comfortable the subject exhales maximally, drawing
the knees to the chest in a similar posture to that adopted during underwater
weighing, since RV is affected by posture (see Dangerfield, Chapter 4). At
maximum exhalation the T valve is opened to the pure O, anaesthetic bag
and the subject completes 5-6 regular inhalation-exhalation cycles. On the
signal the subject again exhales maximally and the T valve to the anaesthetic
bag is closed. The subject removes the mouthpiece and breathes normally. The
anaesthetic bag is attached to the gas analyzers and values for the CO, and
O, are recorded.
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®  Measurement of RV should be repeated several times to ensure consistent
results.

1.9.3 Calculation of residual volume and density
(a) Measured residual volume (Wilmore et al. 1980)

RV =V02 (ml) X FEN2
0.798 — FzN,

— DS (ml) x BTPS

where:

VO, is the volume of O, measured into the anaesthetic bag (~35 litres)

FN, is the fraction of N, at the point where equilibrium of the gas analyzer occurred
calculated as:

[100% — (%O, + %CO,)]/100

DS is the dead space of mouthpiece and breathing valve (calculated from specific
situation)

BTPS, the body temperature pressure saturated, is the correction factor which cor-
rects the volume of measured gas to ambient conditions of the lung according to the
following Table 1.3

Table 1.3 Correction factors for gas volumes at BTPS

Gas temp. (°C) Correction Factor Gas temp. (°C) Correction Factor
20.0 1.102 24.0 1.079
20.5 1.099 24.5 1.077
21.0 1.096 25.0 1.074
21.5 1.093 25.5 1.071
22.0 1.091 26.0 1.069
22.5 1.089 26.5 1.065
23.0 1.085 27.0 1.062
23.5 1.082 27.5 1.060

b) Predicted residual volume
Using the equations of Quanjer et al. (1993).
Substitute 25 y in the equations for any adult under 25 y.

Men: RV = (1.31 x height (m)) - (0.022 x age (y)) - 1.23
Women: RV = (1.81 x height (m)) + (0.016 x age (y)) - 2.00

1.9.4 Body density calculations

Total body volume (I) = (Mass in air — mass in water)/Density of water corrected for
water temperature
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Total body density (kg 1) = (Mass in air)/(Total body volume (L) — trapped air)
where: trapped air = residual lung volume + tubing dead space + 100 ml

(100 ml is the conventional allowance for gastro-intestinal gases) and correction for
water temperature is according to Table 1.5:

Table 1.4 Water Temperature Correction

Water temp (°C) Density of water
25.0 0.997
28.0 0.996
31.0 0.995
35.0 0.994
38.0 0.993

% Fat according to Siri (1956) = [(4.95 / body density) — 4.50] x 100
% Fat according to Brozek et al. (1963) = [(4.57/ body density) — 4.142] x 100

Effect of changes in assumed density of the fat-free body

You can compare the estimations of per cent body fat in the following hypothetical
pairs of individuals (who have identical hydrodensitometric values) when the %fat is
calculated by the Siri equation and when it is calculated from an equation which is
derived from respective assumed population-specific densities of the fat free body (FFB)
(see Table 1.5). Assume the temperature of the water is 35 degrees C.

It can be noted from these values, that when the density of the fat free body is above
the assumed value of 1.10 kg.I", the per cent fat is underestimated when calculated using
the Siri equation. When the density of the fat free body is below the assumed value of
1.10 kg.I"', the per cent fat is overestimated when calculated using the Siri equation.

Table 1.5 Effects of changes in the assumed density of the fat-free body on per cent body fat

Adult Adult Adult Adult Male Female

male A male B female A female B child A child A
Age (years) 30 30 30 30 15 15
Height (m) 1.80 1.80 1.70 1.70 1.70 1.60
Mass (kg) 90.0 90.0 63.0 63.0 70.0 55.0
RV (L) 1.80 1.80 1.10 1.10 1.10 1.05
Assumed GIG 0.10 0.10 0.10 0.10 0.08 0.06
Mass in water (kg) 4.4 4.4 2.3 2.3 3.0 2.0
Body volume () 86.1 86.1 59.9 59.9 65.8 51.9
Body density (kg.I"") 1.0689 1.0689 1.0517 1.0517 1.0638 1.059
Density of FFB (kg.|"") 1.100 1.113 1.097 1.106 1.094 1.093
% Fat (Siri) 13.1 13.1 20.6 20.6 15.3 17.4

% Fat from FFB density 13.1 17.7 19.4 22.2 12.6 15.6
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1.10 PRACTICAL 2: MEASUREMENT OF SKINFOLDS
1.10.1 Purpose

e To develop the technique of measuring skinfolds.
e To compare various methods of computing estimates of proportionate fatness.

1.10.2 Methods

A well-organized and established set of procedures will ensure that test sessions go
smoothly and that there can be no implication of impropriety when measuring subjects.
The procedures should include:

® prior preparation of equipment and recording forms;

® arrangements for a suitable space which is clean, warm and quiet;

e securing the assistance of an individual who will record values;

e forewarning the subjects that testing will occur at a given time and place;

* ensuring that females bring a bikini-style swim suit to facilitate measurement in the
abdominal region and that males wear loose-fitting shorts or speed swim suit;

® ensuring that the measurer’s technique includes recognition and respect for the
notion of personal space and sensitive areas;

e takinggreat care in the consistent location of measurement sites as defined in Figures
1.10-1.15 and section 1.10.3;

e recognition that the data are very powerful in both a positive and negative sense.
Young adolescents in particular are very sensitive about their body image and
making public specific or implied information on body composition values may
have a negative effect on an individual.

(a) Skinfold measurements — general technique

* During measurement the subject should stand erect but relaxed through the
shoulders and arms. A warm room and easy atmosphere will help the subject to
relax, which will help the measurer to manipulate the skinfold.

e Ideally, but not essentially, the site should be marked with a washable felt pen.

® The objective is to raise a double fold of skin and subcutaneous adipose leaving the
underlying muscle undisturbed.

e All skinfolds are measured on the right side of the body.

Measurements should be made in series — moving from one site to the next until the
entire protocol is complete.

®  The measurer takes the fold between thumb and forefinger of the left hand following
the natural cleavage lines of the skin.

® The calliper is held in the right hand and the pressure plates of the calliper are
applied perpendicular to the fold and 1 cm below or to the right of the fingers,
depending on the direction of the raised skinfold. (see Figure 1.9 for examples at
various sites).
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Figure 1.9 Skinfold calliper technique showing correct two-handed method and with calliper
aligned to natural cleavage lines of the skin. Sites shown are supraspinale, pectoral, thigh, calf,
triceps and subscapular.

e The calliper is held in position for 2 s prior to recording the measurement to the
nearest 0.2 mm. The grasp is maintained throughout the measurement. In the case
of large skinfolds, the needle is likely to be moving at this time, but the value is
recorded nevertheless (Stewart and Eston 2006).

e The mean of duplicate or the median of triplicate measures (when the first two
measures differ by more than 5%) is recommended.

(b) Secondary computation of fatness

There are over 100 equations for predicting fatness from skinfold measurements. The
fact that these equations sometimes predict quite different values for the same individual
leads to the conclusion that the equations are population-specific, i.e. the equation
only accurately predicts the criterion value (usually densitometrically determined) for
the specific population in the validation study. When applied to other populations the
equation loses its validity. This diversity will be illustrated if estimates of per cent fat
are computed from the following frequently used equations. It should be observed that
while inter-individual comparisons of per cent fat may not be valid for many of the
reasons previously discussed, intra-individual comparisons of repeated measurements
may provide useful information. The summation of skinfold values will also provide
comparative values avoiding some of the assumptions associated with estimates of
proportionate fatness.
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(c) Per cent fat equations (skinfold sites shown in Table 1.6)
Parizkova (1978) — ten sites

%Fat = 39.572 log £10 - 61.25 (females 17-45 vy.)
%Fat = 22.320 log £10 - 29.00 (males 17-45 vy.)

where X = 210 skinfolds as specified (mm)

Durnin and Womersley (1974) — four sites
body density = 1.1610 — 0.0632 LogZ4  (men)
body density = 1.1581 - 0.0720 LogZ4  (women)
body density = 1.1533 - 0.0643 LogZ4  (boys)
body density = 1.1369 — 0.0598 LogZ4  (girls)
%F (Siri, 1956) = [(4.95 / Body Density) — 4.5] x 100

where 34 = ¥4 skinfolds as specified (mm)

Jackson and Pollock (1978) — three sites (males)

body density of males = 1.1093800 — 0.0008267 (£3,,) + 0.0000016 (£3,,)*
—0.0002574 (age y)

Jackson et al. (1980) — three sites (females)

body density of females = 1.099421 — 0.0009929 (£3;) + 0.0000023 (£3;)
—0.0001392 (age y)

%F (Siri, 1956) = [(4.95 / Body Density) — 4.5]x100

where X3,, = 3 skinfolds (mm) as specified for males
23, = X3 skinfolds (mm) as specified for females

Jackson and Pollock (1978) — seven sites

body density of males = 1.112 — 0.00043499 (£7) + 0.00000055 (X7)?
—0.00028826 (age y)

Jackson et al. (1980) — seven sites
body density of females = 1.097 — 0.00046971 (£7) + 0.00000056 (X7)*
~0.00012828 (age y)
%F (Siri, 1956) = [(4.95 / Body Density) — 4.5]x100

where X7 = X7 skinfolds as specified (mm)
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Peterson et al. (2003) — four sites

For men:
%Fat = 20.94878 + (age x 0.1166) — (Ht x 0.11666) + (X4 x 0.42696)
- (Z4? x 0.00159)

For women:
%Fat = 22.18945 + (age x 0.06368) + (BMI x 0.60404) — (Ht x 0.14520)
+ (24 x 0.30919) — (242 x 0.00099562)

Where Ht is in cm and 24 = the sum of skinfolds as specified

Table 1.6 Summary of skinfold sites used in selected equations for prediction of per cent fat

Reference Parizkova Jackson Jackson Jackson Jackson Durnin and Peterson Peterson
(1978) etal and etal. and Womersley etal.  etal.
(1980)  Pollock (1980) Pollock ~ (1974) (2003)  (2003)
(1978) (1978)
Sum of skinfolds =10 =3 =3 =7 =7 x4 x4 =4
Population M&F female  male female  male M&F male female
BMI *
Age (y) * * * * * *
Height (cm) * *
Skinfold Site
Cheek *
Chin *
Pectoral (chest 1) * * * *
Axilla (midaxillary) * *
Chest 2 *
lliocristale *
Abdomen *
Abdominal * * *
lliac Crest* * * *
Suprailium * * *
Subscapular * * * * * *
Triceps * * * * * * *
Biceps *
Patella *
Mid-thigh * * * * * *

Proximal calf *

*Referred to as ‘suprailiac’ by Durnin and Womersley (1974) and ‘iliocristale’ by Parizkova (1978).
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1.10.3 Locations of skinfold sites

All measurements are taken on the right side of the body.

Cheek: horizontal skinfold raised at the
midpoint of the line connecting the tragus
(cartilaginous projection anterior to the
external opening of the ear) and the nostrils
(Figure 1.10).

Chin: wvertical skinfold raised above the
hyoid bone: the head is slightly lifted
but the skin of the neck must stay loose
(Figure 1.10).

Pectoral (chest 1): oblique skinfold raised
along the borderline of the m. pectoralis
major between the anterior axillary fold
and the nipple (Figure 1.9b and 1.11).

Females: measurement is taken at 1/3
of the distance between anterior axillary
fold and nipple.

Males: measurement is taken at one-half
of the distance between anterior axillary
fold and nipple (Figure 1.9a and 1.11).

Axilla: vertical skinfold raised at the level
of the xipho-sternal junction (midaxillary)
on the mid-axillary line (Figure 1.12).

Chest 2: horizontal skinfold raised on the
chest above the 10th rib at the point of
intersection with the anterior axillary line —
slight angle along the ribs (Figure 1.12).

Abdomen: horizontal fold raised 3 cm
lateral and 1 cm inferior to the umbilicus
(Figure 1.13).

Abdominal: vertical fold raised at a lateral
distance of approximately 2 cm from the
umbilicus (Figure 1.13).

Iliac crest: diagonal fold raised immediately
above the crest of the ilium on a vertical
line from the mid-axilla. This skinfold was

X

Chin SF

Figure 1.10 Location of the cheek and chin
skinfold sites.
Pectoral SF

;ecmral SF
e 5, ﬁ
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Figure 1.11 Location of the pectoral skinfold
sites.
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Xiphostemal
Junetlon
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]
Chest2 5F | 9 i
\ Tenth Rib
Midaxillary Line

Figure 1.12 Location of the axilla and chest 2
skinfold sites.

— m——
<_J L‘/
Abdominal SF

Abdomen SF

Figure 1.13 Location of the abdominal skinfold
sites.
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referred to as the ‘suprailiac’ by Durnin
and Womersley (1974) and “iliocristale’ by
Parizkova (1978) (Figure 1.14).

Supraspinale: diagonal fold raised immedi-
ately above the crest of the ilium on a
vertical line from the anterior axillary

fold.

Subscapular: oblique skinfold raised 1 cm
below the inferior angle of the scapula at
approximately 45° to the horizontal plane
following the natural cleavage lines of the
skin (Figure 1.9f and 1.15).

Triceps: vertical skinfold raised on the
posterior aspect of the m. triceps, exactly
halfway between the olecranon process
and the acromion process when the hand
is supinated (Figure 1.9¢ and 1.15).

Biceps: vertical skinfold raised on the
anterior aspect of the biceps, at the same
horizontal level as the triceps skinfold
(Figure 1.15).

Patella: vertical skinfold in the mid sagittal
plane raised 2 cm above the proximal edge
of the patella. The subject should bend the
knee slightly (Figure 1.16).

Mid-thigh: vertical skinfold raised on
the anterior aspect of the thigh midway
between the inguinal crease and the proxi-
mal border of the patella (Figure 1.9¢c and
1.16).

A preferred method is to flex the knee
slightly with the subject in the standing
position with the heel of the foot resting
on the other foot (as shown in Figure 1.8).
An alternative method is to flex the knee at
an angle of 90 degrees with the subjectin a
seated position, or the subject could stand
with the foot placed on a box.

Mld——AXllIary Line
Supralhum

Supraspmale
fliospinale

lllac Ci rest
))wmsra)e

Figure 1.14 Location of the skinfold sites in the
iliac crest region only.
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Figure 1.15 Location of the biceps, triceps and
subscapular skinfold sites.
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Figure 1.16 Location of the anterior thigh
skinfold sites.
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Proximal calf: vertical skinfold raised on

the posterior aspect of the calf in the mid- - = | Fossa popitea
saggital plane 5 c¢cm inferior to the fossa X | Proximal cait s¢
poplitea (Figure 1.17). Medial calf SF

Medial calf: vertical skinfold raised on the
medial aspect of the calf at the level of the H ”
maximal circumference. The subject may

be sitting or have the foot placed ona box  Fieure 1.17 Location of the proximal and
(Figure 1.9d and 1.17). medial calf skinfold site.

1.11 PRACTICAL 3: SIMPLE INDICES OF BODY FAT DISTRIBUTION
1.11.1 Purpose

® to evaluate body mass index;
® to evaluate the fat-free mass index;
* to evaluate waist to hip ratio as a measure of fat patterning.

1.11.2 Method: body mass index (BMI)

e  BMI = body mass (kg) / stature? (m);

e describes weight for height;

e often used in epidemiological studies as a measure of obesity;
®  a high BMI means proportionately high weight for height.

(a) Stature

®  As height is variable throughout the day the measurement should be performed at
the same time for each test session. (Height may still vary due to activities causing
compression of the intervertebral discs, i.e. running.)

e  All stature measurements should be taken with the subject barefoot.

® The Frankfort Plane refers to the position of the head when the line joining the
orbitale (lower margin of eye socket) to the tragion (notch above tragus of the ear)
is horizontal.

® There are several techniques for measuring height which yield slightly different
values.

The following technique is recommended:

(b) Stature against a wall

®  The subject stands erect, feet together against a wall on a flat surface at a right angle
to the wall mounted stadiometer.

e The stadiometer consists of a vertical board with an attached metric rule and a
horizontal headboard that slides to contact the vertex.
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The heels, buttocks, upper back and (if possible) cranium should touch the wall.
The subject’s head should be in the Frankfort Plane; arms relaxed at sides.

The subject is instructed to inhale and stretch up.

The measurer slides the headboard of the stadiometer down to the vertex and
records the measurement to the nearest 0.1 cm.

(c) Body mass

e Use a calibrated beam-type balance.

®  The subject should be weighed without shoes and in minimal clothing.

*  For best results, repeated measurements should be taken at the same time of day,
in the same state of hydration and nourishment after voiding (preferably first thing
in the morning — 12 hours after ingesting food).

®  The measurement should be recorded to the nearest 0.1 kg.

(d) Interpretation
Values should be interpreted according to previous discussion (Section 1.6.1).

1.11.3 Method: fat free mass index (FFMI)

The FFMI has been used to assess whether an athlete’s muscularity is within the naturally
attainable range or is beyond that which could reasonably be expected without pharma-
cological assistance.

The correctional factor [6.1 x(1.8 — height (m) ] is based on data from the study of
Kouri et al. (19935) and is used only in calculations for males.

Insert the height, mass and per cent fat values into the following equation:

Mass (kg) x [(100 — %£at)/100)) + 6.1 x (1.8 — Height (m)]
Height?

FFMI =

Interpretation: Refer to Table 1.2 for percentile values.

MEN
18 =slight build low musculature; 20 = young man of average muscularity; 22 = distinctly
muscular; 25 = upper limit that can be attained without use of anabolic steroids.

WOMEN
13 = low musculature; 15 = young woman of average muscularity; 17 = muscular
woman; 22 = upper limit than can be used without use of anabolic steroids.

1.11.3 Method: waist-to-hip ratio (WHR)

e  WHR = waist girth / hip girth.

* WHR may be used in conjunction with trunk skinfolds to determine whether excess
fat is being carried in the trunk region.

* A high WHR combined with high trunk skinfolds has been shown to be associated
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with increased morbidity; glucose intolerance, hyperinsulinaemia, blood lipid
disorders and mortality.

* A high WHR with low skinfolds may be associated with high trunk muscle
development.

(a) Tape technique (cross-handed technique)

®  The metal case is held in the right hand and the stub end is controlled by the left
hand.

®  Girths are measured with the tape at right angles to the long axis of the bone.

® The tape is pulled out of its case and around the body segment by the left hand; the
two hands are crossed intersecting the tape at the zero mark.

® The aim is to obtain the circumference of the part with the tape in contact with,
but not depressing, the fleshy contour.

(b) Waist girth
The subject stands erect with abdomen relaxed, arms at sides and feet together.

® The measurer stands facing subject and places a steel tape measure around the
subject’s natural waist (the obvious narrowing between the rib and the iliac
crest).

e If there is no obvious waist, find the smallest horizontal circumference in this
region.

®  Measurement is taken at the end of a normal expiration to the nearest 0.1 cm.

(c) Hip girth
The subject stands erect with buttocks relaxed, feet together and preferably wearing
underwear or a swimsuit.

®  The measurer stands to one side of the subject and places steel tape measure around
the hips at the horizontal level of greatest gluteal protuberance (usually at the level
of the symphysis pubis).

e Check that the tape is not compressing the skin and record to the nearest 0.1 cm.

(d) Interpretation

®  Values of = 0.90 (males) and = 0.80 (females) are considered to place an individual
in health risk zones according to morbidity and mortality data for males and females
aged 20-70 years. These values should be considered within the context of the
discussion presented previously.

1.12 PRACTICAL 4: BIOELECTRICAL IMPEDANCE ANALYSIS (BIA)

® BIA is based on the electrical conductance characteristics of hydrous (fat free) and
anhydrous (fat component) tissues.

* The impedance to the flow of an electrical current is a function of resistance and
reactance and is related to length and cross-sectional area of the conductor (the
hydrous or fat free tissue).

e Electrical resistance (Q) is most commonly used to represent impedance.




38 R.G. ESTON ET AL

1.12.1 Test conditions

Prior to testing the subject should:

not have had anything to eat or drink in the previous 4 hours;
not have exercised within the previous 12 hours;

not have consumed alcohol within the previous 48 hours;

not have used diuretics within the previous 7 days;

have urinated within the previous 30 minutes.

1.12.2 Anthropometric procedures

as defined by the manufacturer (if using the pre-programmed function of the unit)
or according to the equation of choice;

subject should lie supine on a table with the legs slightly apart and the right hand
and foot bare;

four electrodes are prepared with electro-conducting gel and attached at the
following sites (or as per manufacturer’s instructions):

just proximal to the dorsal surface of the 3rd metacarpal-phalangeal joint on the
right hand

on the dorsal surface of the right wrist adjacent to the head of the ulna

on the dorsal surface of the right foot just proximal to the 2nd metatarsal-phalangeal
joint

on the anterior surface of the right ankle between the medial and lateral malleoli
the subject should lie quietly while the analyzer is turned on and off;

the subject should lie quietly for 5 minutes before repeating the procedure.

1.12.3 Calculations

as per manufacturer instructions, or

For prediction of fat-free mass in adults:

i)

ii)

Kyle et al. (2001) (derived from 343 healthy adults aged 18-94 years using DXA
as the criterion)

FFM (kg) = (0.518 x Ht*/R) + (0.231 x body mass) + (0.130 x Xc) + (4.229 x
gender) — 4.104
R?=0.97; SEE = 1.8 kg

Deurenburg et al. (1991) (derived from 661 healthy adults using a multicomponent
model and hydrodensitometry as the criterion)

FFM (kg) = (0.34 x Ht*/R) + (0.1534 x Ht) + (0.273 x body mass) — (0.127 x age)
+ (4.56 x gender) — 12.44
R2 =0.93 SEE =2.6 kg




HUMAN BODY COMPOSITION 39

where Ht = height (cm); R = resistance (Q); Xc = Reactance, age = years, gender for
males = 1, females = 0

For prediction of fat-free mass in children:

i)  Houtkooper et al. (1989) (derived from 94 North American children aged 10-14
years using a multicomponent model using hydrodensitometry and TBW as the
criterion)

FFM (kg) = 2.69 + (0.58 x Ht/R) + (0.24 x body mass)
R? = 0.96 SEE = 2.00 kg

ii) Estonetal. (1993) (derived from 94 Hong Kong Chinese children aged 11-17 years
using a children’s skinfold equation as the criterion)

FFM (kg) = 3.25 + (0.52 x Ht*¥R) + (0.28 x body mass)
R? = 0.93 SEE = 2.20 kg

For prediction of skeletal muscle (SM) mass in adults:

SM mass (kg) = (Ht%/R x 0.401) + (gender x 3.825) + (age x 0.071) + 5.102
(Janssen et al. 2000)

where ht = height (cm); R = resistance (Q); M = mass (kg); gender for males = 1,
females = 0; age in years

1.13 PRACTICAL 5: ESTIMATION OF MUSCLE MASS AND
REGIONAL MUSCULARITY USING IN VITRO- AND IN VIVO-
DERIVED EQUATIONS

1.13.1 Purpose

* to develop the technique required to estimate total and regional muscularity

1.13.2 Methods

a) In vitro-derived equations
Matiegka (1921) — males and females

M (kg) = [(CDU + CDF + CDT + CDC)/SJ* x ht (cm) x 6.5 x 0.001
M % = (M kg / body mass) x 100

where:

(max upper arm girth)
T

CDhU = — triceps SF (cm)
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CDF - (max forearm girth) B forearm SF 1(cm) + forearm SF 2(cm)
N T 2
CDT = (mid thigh girth) — mid thigh skinfold (cm)
i
CDT = (maLlfglrth) — mid calf skinfold (cm)

T

ht is stature in cm;

variables for computing corrected diameters are defined on the following pages;
CD is corrected diameter of U = upper arm, F = forearm, T = thigh, C = calf;
note that skinfolds should be expressed in cm, i.e. caliper reading/10.

Martin et al. (1990) — males only

M (kg) = [ht x (0.0553CTG? + 0.0987FG? + 0.0331CCG?) — 2445] x 0.001
M % = (M kg /body mass) x 100

where:

R?=0.97, SEE = 1.53 kg

ht is stature in cm
CTG s corrected thigh girth = thigh girth — &t (front thigh SF/10)
FG is maximum forearm girth

CCG s corrected calf girth = calf girth — © (medial calf SF/10)

b) In vivo-derived equations
Lee et al. (2000) males and females (derived from 244 men and women aged 20-81
years using MRI as the criterion)

i) Skinfold-circumference model

SM (kg) = Ht (cm) x (0.00744 x CAG?) + (0.00088 x CTG?)+ (0.00441 x CCG?)
+ (2.4 x gender) x (0.048 x age) + race + 7.8,

where

R?=0.91, P < 0.0001, and SEE = 2.2 kg;
CAG = corrected arm girth (cm) using the triceps skinfold
Corrected circumference = limb circumference — (1 x skinfold)

CTG = corrected thigh girth (cm) using the mid-thigh skinfold

CCG = corrected calf girth (cm) using medial calf skinfold

gender = 0 for female and 1 for male,

race = —2.0 for Asian, 1.1 for African American, and 0 for white and Hispanic
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i) Body weight and height model

SM (kg) = (0.244 x body mass (kg)) + (7.80 x Ht (cm)) — (0.098 x age) + (6.6 x
gender) + race — 3.3

where

R?=0.86, P < 0.0001, and SEE = 2.8 kg;
gender = 0 for female and 1 for male,
race = —1.2 for Asian, 1.4 for African American, and 0 for white and Hispanic

1.13.3 Determination of variables related to estimation of muscle
mass

Stature (ht) as before (Practical 3)

Maximum upper arm girth (cm)

e the girth measurement of the upper arm at the insertion of the deltoid muscle;

e subject stands erect with the arm abducted to the horizontal, measurer stands behind
the arm of the subjects, marks the insertion of the deltoid muscle and measures the
girth perpendicular to the long axis of the arm.

Maximum forearm girth (cm)

* the maximum circumference at the proximal part of the forearm (usually within
5 cm of the elbow);

® subject stands erect with the arm extended in the horizontal plane with the hand
supinated; measurer stands behind the subject’s arm and moves the tape up and
down the forearm (perpendicular to the long axis) until the maximum circumference
of the forearm is located.

Mid-thigh girth (cm)

e the girth taken at the midpoint between the trochanterion and the tibiale laterale;

e subject stands erect, feet 10 cm apart and weight evenly distributed, measurer
crouches to the right side, palpates and marks the trochanterion and the tibiale
laterale. The midpoint is found using a tape or anthropometer;

o the girth is taken at this level, perpendicular to the long axis of the thigh.

Maximum calf girth (cm)

® subject stands erect, feet 10 cm apart and weight evenly distributed; measurer
crouches to the right side and moves the tape up and down the calf perpendicular
to the long axis until the greatest circumference is located.

Triceps skinfold (cm)
® as before (Practical 2)

Mid-thigh skinfold (cm)
® as before (Practical 2)
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Mid-calf skinfold (cm)
®  as before (Practical 2)

Medial calf skinfold (cm)

* A vertical skinfold is taken on the medial aspect of the calf at the level of maximum
calf girth; the subject stands with the right foot on a platform, flexing the knee and
hip to 90°.

Forearm 1 (lateralis) (cm)
* A vertical skinfold is taken at the level of maximum forearm girth on the lateral
aspect of the forearm with the hand supinated.

Forearm 2 (volaris) (cm)
* A vertical skinfold is taken at the level of maximum forearm girth taken on the
anterior aspect of the forearm with the hand supinated.

1.14 PRACTICAL 6: ESTIMATION OF SKELETAL MASS

* anindication of skeletal robustness that correlates highly with bone breadths at the
elbow, wrist, knee and ankle

1.14.1 Purpose

e to develop the technique required to estimate skeletal mass by anthropometry
1.14.2 Methods
Matiegka (1921) — males and females.

S (kg) = [(HB + WB + FB + AB)/4]> x ht x 1.2 kg x 0.001
S % = (S kg / body mass) x 100

where: HB is biepicondylar humerus, WB is bistyloideus, FB is biepicondylar femur, AB
is bimalleolar, ht is height in cm.

Drinkwater et al. (1986) — males and females

S (kg) = [(HB + WB + FB + AB)/4]> x ht x 0.92 kg x 0.001
S % = (kg S / body mass) x 100

where variables are as defined previously.
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1.14.3 Determination of variables related to estimation of skeletal
mass

® Landmarks for bone breadth measurements should be palpated with the fingers,
and then the anthropometer is applied firmly to the bone, compressing soft tissue
when necessary.

Stature (ht) as before (Practical 3)

Biepicondylar humerus breadth

* the distance between medial and lateral epicondyles of the humerus when the
shoulder and elbow are flexed;

® the measurer palpates the epicondyles and applies the blades of an anthropometer
or small spreading calliper at a slight upward angle while firmly pressing the blades
to the bone.

Bistyloideus breadth

® the distance between the most prominent aspects of the styloid processes of the
ulna and radius;

* the subject flexes the elbow and the hand is pronated so that the wrist is
horizontal;

e the styloid processes are palpated and the anthropometer is applied firmly to the
bone.

Biepicondylar femur breadth

e This is the distance between the most medial and lateral aspects of the femoral
condyles (epicondyles).

e The subject stands with the weight on the left leg and the right knee flexed (the foot
may rest on a raised surface or the subject may sit with the leg hanging).

e The measurer crouches in front of the subject, palpates the femoral condyles and
applies the anthropometer at a slight downward angle while firmly pressing to the
bone.

Bimalleolar breadth

e This is the maximum distance between the most medial and lateral extensions of
the malleoli.

e  The subject stands erect with the weight evenly distributed over both feet.

e The measurer palpates the malleoli and applies the anthropometer firmly to the
bone.

® A horizontal distance is measured, but the plane between the malleoli is oblique.
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1.15 PRACTICAL 7: EXAMPLE OF A MULTICOMPONENT (4C)
MODEL OF BODY COMPOSITION ASSESSMENT USING THE
MEAN DATA FROM WITHERS ET AL. (1998)

Withers et al. (1998) compared the accuracy of predicting per cent body fat from the
two-component model of hydrodensitometry against a four-component model of body
composition. The following practical uses the mean data from the group of 12 trained
men in that study to exemplify how the prediction of per cent fat from hydrodensitometry
tends to underestimate the true value when this is calculated from a model that can
account for the various components of the fat-free body.

The mean values for the trained men in their study are:

Age = 22.3 = 5.1 years, height = 175.2 = 5.7, mass = 67.87 = 5.30 kg, body
density(D) = 1.0767 = 0.0083 kg.I"!, total body water (TBW) = 43.23 = 3.59 L,
total body bone mineral mass (BMM) = 3.40 = 0.33 kg

The 4C Model used in the study was:
%fat = (251.3/D) — 73.9 (TBW/Mass) + 94.7 (BMM/mass) -179

Insertion of the average values into the above formula provides a close approximation
of the reported mean %fat value for the trained group:

Y%fat = (251.3/1.0767) — 73.9 (43.23/67.87) + 94.7 (3.40/67.87) -179

The above 4C model prediction of %fat = 12.1%. The reported mean value was 12.1
x 2.8 %fat.

The prediction of %fat using the Siri equation with the whole-body density value
(1.0767) = 9.7% (P<0.01). Using these techniques, the density of the fat-free body was
calculated to be greater (1.106360.005 (range 1.0974-1.1137) than the assumed value
of 1.100 in the equation of Siri. When this value is used it underestimates %fat in the

trained men.

1.16 ANTHROPOMETRIC
LANDMARKS AND
MEASUREMENT DEFINITIONS

These definitions are aligned with those of the
International Society for the Advancement
of Kinanthropometry, and are used here by
permission of Turnpike Electronic Publications
from whose CD-ROM, Anthropometry
Hlustrated, they are abridged.

1.16.1 Landmark definitions

Vertex (V): The vertex is the most superior

point in the mid-sagittal plane on the skull
when the head is held in the Frankfort Plane.

Gnathion (GN): The gnathion is the most
inferior border of the mandible in the mid-
sagittal plane.

Suprasternale (SST): The suprasternal
notch is located at the superior border of the
sternal notch (or incisura jugularis) in the
mid-sagittal plane.

Mesosternale (MST): The mesosternale is
the point located on the corpus sterni at the
intersection of the mid-sagittal plane and the
transverse plane at the mid-level of the 4th
chondrosternal articulation.



Epigastrale (EG): The epigastrale is the
point on the anterior surface of the trunk at
the intersection of the mid-sagittal plane and
the transverse plane through the most inferior
point of the 10th rib.

Thelion (TH): The thelion is the breast
nipple.

Omphalion (OM): The omphalion is the
mid-point of the navel or umbilicus.

Symphysion (SY): The symphysion forms
the superior border of the symphysis pubis at
the mid-sagittal plane.

Acromiale (A): The acromiale is the point
located at the superior and external border
of the acromion process when the subject is
standing erect with relaxed arms.

Radiale (R): The radiale is the point at
the proximal and lateral border of the head
of the radius.

Stylion (STY): The stylion is the most
distal point on the styloid process of the
radius. The stylion radiale is located in the
so-called anatomical snuffbox (the triangular
area formed when the thumb is extended at
the 1st carpal-metacarpal joint, the area being
defined by the raised tendons of the abductor
pollicus longus, the external pollicus brevis
and the extensor pollicus longus). It is the
most distal point of the styloid process of
the radius.

Dactylion (DA): The dactylion is the tip
of the middle finger (3rd digit). It is the most
distal point on the hand. The tips of the
other digits are designated as the 1st, 2nd,
4th and Sth dactylions (the thumb being the
1st digit).

Metacarpale Radiale (MR): The meta-
carpale radiale is the most lateral point on
the distal head of the 2nd metacarpal of the
hand (located either on the outstretched hand
or when gripping a dowel or pencil).

Metacarpale Ulnare (MU): The metacarpale
ulnare is the most medial point on the distal
head of the Sth metacarpal of the hand
(located either on the outstretched hand or
when gripping a dowel or pencil).

Hiocristale (IC): The iliocristale (or supra-
cristale) is the most lateral point on the iliac

HUMAN BODY COMPOSITION = 45

crest. This is the site for locating the iliac crest
skinfold that is immediately superior.

Iliospinale (IS): The iliospinale is the
inferior aspect of the anterior superior iliac
spine. The iliospinale is the undermost tip of
the anterior superior iliac spine, not the most
anterior curved aspect.

Spinale (SPI): The spinale is a less exact
term for the iliospinale.

Trochanterion (TRO): The trochanterion
is the most superior point on the greater
trochanter of the femur, zot the most lateral
point.

Tibiale Mediale (TM): The tibiale mediale
(or tibiale internum) is the most superior
point on the margo glenoidalis of the medial
border of the head of the tibia.

Tibiale Laterale (TL): The tibiale laterale
(or tibiale externum) corresponds to the
previously defined tibiale mediale, but is
located on the lateral border of the head of
the tibia (not to be confused with the more
inferior capitum fibulare).

Sphyrion Laterale (SPH): The sphyrion
laterale is on the malleolare mediale (or inter-
num). It is the most distal tip of the malleolare
mediale (or tibiale). It can be palpated most
easily from beneath and dorsally (it is the
distal tip, not the outermost point of the
malleolare).

Sphyrion Fibulare (SPH F): The sphyrion
fibulare is the most distal tip of the malleolare
laterale (or externum) of the fibula. It is more
distal than the sphyrion tibiale.

Pternion (PTE): The pternion is the most
posterior point on the heel of the foot when
the subject is standing.

Acropodion (AP): The acropodion is the
most anterior, distal point on the longest
phalange of the foot when the subject is
standing. The subject’s toenail may be clipped
to locate this landmark when measuring.

Metatarsale Tibiale (MT T): The meta-
tarsale tibiale is the most medial point on the
head of the 1st metatarsal of the foot when
the subject is standing.

Metatarsale Fibulare (MT F): The meta-
tarsale fibulare is the most lateral point on the
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head of the 5th metatarsal of the foot when
the subject is standing.

Cervicale (C): The cervicale is the most
posterior point on the spinous process of the
7th cervical vertebra.

Gluteale (GA): The gluteale is the distal
point in the mid-sagittal plane at the arch of
the sacro-coccygeal fusion.

Measurement definitions

Stretch Stature: The maximum distance from
the floor to the vertex of the head, when the
head is held in the Frankfort Plane and a
gentle traction force is applied.

Sitting Height: Stretch Sitting Height is the
distance form the vertex of the head to the
base of the sitting surface when the seated
subject is instructed to sit tall and when gentle
traction is applied to the mandible.

Body Weight: The force of gravity acting
on the mass of the body.

Armspan: The distance from the left to
the right dactylion of the hands when the
palms are facing forward on the wall and
the outstretched arms are abducted to the
horizontal with the shoulders.

Lengths
Acromiale-Radiale Length (arm): The distance
from the acromiale to the radiale.

Radiale-Stylion Length (forearm): The
distance from the radiale to the stylion.

Mid-stylion-Dactylion Length (hand): The
shortest distance from the mid-stylion line to
the dactylion III.

Iliospinale Height (obtained height plus
box height): Projected height from the box or
tabletop to the iliospinale landmark.

Trochanterion Height (obtained height
plus box height): Projected height from
the box or tabletop to the trochanterion
landmark.

Trochanterion-Tibiale Laterale Length
(thigh): The distance from the trochanterion
to the tibiale laterale.

Tibiale Laterale Height (leg): Distance from
the box to the tibiale laterale landmark.

Tibiale Mediale-Sphyrion Tibiale (tibia

length): Direct length from tibiale mediale to
sphyrion tibiale.

Foot length: The distance between the
acropodion and pternion (i.e. the most distal
toe and posterior surface of the heel).

Breadths

Biacromial Breadth: The distance between the
most lateral points on the acromion processes
when the subject stands erect with the arms
hanging loosely at the sides.

Biiliocristal Breadth: The distance between
the most lateral points on the superior border
of the iliac crest.

Transverse Chest Breadth: The distance
between the most lateral aspects of the thorax
at the mesosternale level.

Anterior-Posterior Chest Depth: The depth
of the chest at the mesosternale level obtained
with spreading calliper or anthropometer
with recurved branches used as a sliding
calliper.

Biepicondylar Humerus Breadth: Distance
between medial and lateral epicondyles of the
humerus when the arm is raised forward to
the horizontal and the forearm is flexed to a
right angle at the elbow.

Wrist Breadth: The bistyloid breadth when
the right forearm is resting on a table or the
subject’s thigh and the hand flexed at the wrist
to an angle of about 90°.

Hand Breadth: The distance between the
metacarpale laterale and metacarpale mediale
when the subject firmly grasps a pencil.

Biepicondylar Femur Breadth: The distance
between medial and lateral epicondyles of the
femur when the subject is seated and the leg
is flexed at the knee to form a right angle
with the thigh.

Ankle Breadth: The distance between the
maximum protrusions of the medial tibial
malleolus and the lateral fibular malleolus.

Foot Breadth: The distance between the
metatarsale fibulare and the metatarsale
tibiale.

Girths

Head Girth: The maximum perimeter of the



head when the tape is located immediately
superior to the glabellar point (mid-point
between brow ridges).

Neck Girth: The perimeter of the neck
taken immediately superior to the larynx
(Adam’s apple).

Arm Girth (relaxed): The perimeter dis-
tance of the right arm parallel to the long axis
of the humerus when the subject is standing
erect and the relaxed arm is hanging by the
sides.

Arm Girth (flexed and tensed): The maxi-
mum circumference of the flexed and tensed
right arm raised to the horizontal position.

Forearm Girth: The maximal girth of the
right forearm when the hand is held palm up
and relaxed.

Wrist Girth: The perimeter of the right
wrist taken distal to the styloid processes.

Chest Girth: The end-tidal perimeter of the
chest at mesosternale level.

Waist Girth: The perimeter at the level
of the noticeable waist narrowing located
approximately half way between the costal
border and iliac crest.

Omphalion Girth (abdominal): The perim-
eter distance at the level of the omphalion or
mid-point of the umbilicus or navel.

Gluteal Girth (hip): The perimeter at the
level of the greatest posterior protuberance
and at approximately the symphysion pubis
level anteriorly.

Thigh Girth (upper): The perimeter of the
right thigh which is measured when the subject
stands erect, weight equally distributed on
both feet, and assisting by holding clothing
out of the way.

Mid-Thigh Girth: The perimeter distance
of the right thigh perpendicular to the
long axis of the femur at the marked mid-
trochanterion-tibiale level.

Calf Girth: The maximum perimeter of
the calf when the subject stands with weight
equally distributed on both feet.

Ankle Girth: The perimeter of the nar-
rowest part of the lower leg superior to the
sphyrion tibiale.
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Skinfold Thicknesses

See descriptions in Practical 2.
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Human Kinetics; Champaign, IL.

Ross W. D., Carr R. V. and Carter J. E. L.
(2000) Anthropometry Illustrated, Turnpike
Electronic Publications (now Rosscraft),
Canada.
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http://www.nutrition.uvm.edu/bodycomp/
Department of Nutrition and Food Sciences,
University of Vermont, USA. This website
provides very useful interactive tutorials on
hydrodensitometry, dual energy x-ray absorp-
tiometry and bioelectrical impedance analysis
techniques described in this chapter.

http://www.isakonline.com/

International Society for the Advancement of
Kinanthropometry. This site contains a great deal
of useful information and lots of useful links.

http://www.rosscraft.ca/

Rosscraft Incorporated (publishers of
Anthropometry Illustrated) is a Canadian-based
anthropometric instrument design, manufacturing
and marketing company. This website contains a
range of useful resources.
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http://www.preventdisease.com/healthtools/
tools.html#roc

The health tools page of the Canadian-based
Preventdisease.com is an excellent website, which
includes dedicated programmes to calculate body
fat from skinfolds, BMI, waist to hip ratios, etc.
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CHAPTER 2
|

SOMATOTYPING

William Duquet” and J. E. Lindsay Carter

2.1 AIMS

The aims in this chapter are to:

define the meaning of the terms ‘endomor-
phy,” ‘mesomorphy’ and ‘ectomorphy’;
provide an understanding of the soma-
totype rating so that the student can
visualise the body type of a subject with
a given somatotype;

explain how to calculate an anthropo-
metric somatotype;

distinguish the dominance of a certain
component within a person, and to relate
this to a certain somatotype category;
describe how to plot and interpret soma-
totypes on a somatochart;

highlight possible stabilities or insta-
bilities of the individual phenotypical
appearance;

compare global somatotypes between
subjects and between samples;
understand the specific advantages of
using a somatotype method over single
trait or index methods.

2.2 HISTORY

Somatotyping is a method for describing
the human physique in terms of a number
of traits that relate to body shape and com-
position. The definition of the traits, and the
form of the scales that are used to describe
the relative importance of the traits, vary
from one body-type method to the other.
Attempts to establish such methods date from
Hippocrates, and continue to the present
time. Excellent reviews of these early methods
were published by Tucker and Lessa (1940a,
1940b) and by Albonico (1970).

A classic approach that led to today’s
commonly used method, was introduced by
Sheldon et al. (1940). Their most important
contribution to the field lies in the combina-
tion of the basic ideas of two other methods.
The first was Kretschmer’s (1921) classifi-
cation, with three empirically determined
and visually rated extremes of body build,
with each subject being an amalgam of the
three ‘poles.” The second was the analytical,
anthropometrically determined body-build

* Sadly, William Duquet died unexpectedly in Brussels on 4 February 2008. We will miss his presence and

contributions to Kinanthropometry.



assessment of Viola (1933), in which the
ratio of trunk and limb measures and thoracic
and abdominal trunk values are expressed
proportionate to a ‘normotype.’ In Sheldon’s
method an attempt is made to describe the
genotypical morphological traits of a person
in terms of three components, each on a
7-point scale. This genotypic approach, the
rigidity of the closed 7-point ratings and a
lack of objectivity of the ratings, made the
method unattractive to most researchers,
especially in the field of kinanthropometry.
From these three principal criticisms, and
in addition those of Heath (1963), emerged
a new method, created by Heath and Carter
(1967). It was partly influenced by ideas
from Parnell (1954, 1958). They proposed a
phenotypic approach, with open rating scales
for three components and ratings that can
be estimated from objective anthropometric
measurements. The Heath-Carter somatotype
method is the most universally applied, and
will be used in this laboratory manual. The
most extensive description of the method, its
development and applications, can be found
in Carter and Heath (1990). Two other origi-
nal methods were introduced by Lindegard
(1953) and by Conrad (1963), but are used
less often than the Heath-Carter method.

2.3 THE HEATH-CARTER
SOMATOTYPE METHOD

2.3.1 Definitions
a) Somatotype

A somatotype is a quantified expression or
description of the present morphological
conformation of a person. It consists of a
three-numeral rating, for example, 3.5-5-1.
The three numerals are always recorded in
the same order, each describing the value of
a particular component of physique.

b) Anthropometric and photoscopic
somatotypes

The principal rating of the component
values is based on a visual inspection of the
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subject, or his or her photograph — preferably
a front, a side and a back view - taken in
minimal clothing. This rating is called the
photoscopic (or anthroposcopic) somatotype
rating. If the investigator cannot perform a
photoscopic rating, the component values
can be estimated from a combination of an-
thropometric measurements. The calculated
three-numeral rating is then called the an-
thropometric somatotype. The recommended
somatotyping procedure is a combination of
an anthropometric followed by a photoscopic
evaluation.

c¢) Components

A component is an empirically defined
descriptor of a particular aspect or trait of
the human body build. It is expressed as a
numeral on a continuous scale, which theo-
retically starts at zero and has no upper limit.
The ratings are rounded to the half-unit. In
practice, no ratings lower than one-half are
given (as a particular body build trait can
never be absolutely absent), and a rating of
more than seven is extremely high.

d) Endomorphy

The first component, called endomorphy,
describes the relative degree of adiposity of
the body, regardless of where or how it is
distributed. It also describes corresponding
physical aspects, such as roundness of the
body, softness of the contours, relative volume
of the abdominal trunk, and distally tapering
of the limbs.

e) Mesomorphy
The second component, called mesomor-
phy, describes the relative musculo-skeletal
development of the body. It also describes
corresponding physical aspects, such as the
apparent robustness of the body in terms
of muscle or bone, the relative volume of
the thoracic trunk and the possibly hidden
muscle bulk.

The definitions of endomorphy and meso-
morphy reflect the anatomical model of body
composition.
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f) Ectomorphy

The third component, called ectomorphy,
describes the relative slenderness of the body.
It also describes corresponding physical
aspects, such as the relative ‘stretched-out-
ness,” the apparent linearity of the body or
fragility of the limbs, in absence of any bulk,
be it muscle, fat or other tissues.

g) Somatotype category

Category is the more qualitative description
of the individual somatotype, in terms of
the dominant component or components.
For example, a subject with a high rating on
mesomorphy and an equally low rating on
endomorphy and ectomorphy, will be called
a mesomorph or a balanced mesomorph. The
complete list with possible categories and
corresponding dominance variations is given
in Practical 2 of this chapter.

2.3.2 Assessment

a) Anthropometric somatotype

The anthropometric somatotype can be
calculated from a set of 10 measurements:
height, weight, four skinfolds (triceps, sub-
scapular, supraspinale and medial calf), two
biepicondylar breadths (humerus and femur)
and two girths (upper arm flexed and tensed
and calf). Descriptions of measurement tech-
niques are given later.

b) Photoscopic somatotype
The photoscopic somatotype can only be
rated objectively by persons who have trained
to attain the necessary skill, and whose rating
validity and reliability is established against
the evaluations of an experienced rater. This
part of the procedure is therefore not included
in the present text. It is, however, generally
accepted that the anthropometric evaluation
gives a fair estimate of the photoscopic pro-
cedure. Important deviations are only found
in subjects with a high degree of dysplasia in
fat or muscle tissue.

Many researchers, who do not use photo-
graphs or visual inspection, or who lack

experience in rating photoscopically, report
the anthropometric somatotype only. In
reporting a somatotype, researchers should
therefore always mention the method used.

2.3.3 Measurement techniques

The descriptions are essentially the same as
in Carter and Heath (1990).

The following techniques ideally should
be used for subsequent calculation of the
Heath-Carter anthropometric somatotype.
Where the choice is possible, measures should
be taken both on left and right sides and the
largest measure should be reported. In large-
scale surveys, measuring on the right side is
preferable.

The anthropometric equipment needed
includes a weighing scale, a stadiometer (a
height scale attached on a wall) and a Broca
plane, or an anthropometer for measuring
the height, a skinfold calliper, a small sliding
calliper for the breadths and a flexible steel
or fibreglass tape for the girths.

a) Weight

The subject, in minimal clothing, stands in
the centre of the scale platform. Body mass
should be recorded to the nearest tenth of a
kilogram, if possible. A correction is made
for clothing so that nude weight is used in
subsequent calculations. Avoid measuring
body mass shortly after a meal.

b) Height

The subject is standing straight, against an
upright wall with a stadiometer or against
an anthropometer, touching the wall or the
anthropometer with back, buttocks and both
heels. The head is oriented in the Frankfort
Plane (i.e. the lower border of the eye socket
and the upper border of the ear opening
should be on a horizontal line). The subject
is instructed to stretch upward and take and
hold a full breath. The measurer should lower
the Broca plane or the ruler until it touches the
vertex firmly, but without exerting extreme
pressure.



c) Skinfolds

Raise a fold of skin and subcutaneous tissue
at the marked site firmly between thumb and
forefinger of the left hand, and pull the fold
gently away from the underlying muscle.
Hold the calliper in the right hand and apply
the edge of the plates on the calliper branches
1 cm below the fingers, and allow them to
exert their full pressure before reading the
thickness of the fold after about two seconds.
The Harpenden or Holtain callipers are recom-
mended. The four skinfold sites are illustrated
in Chapter 1 (Eston et al. 2009).

i) Triceps skinfold

The subject stands relaxed, with the arm
hanging loosely. Raise the triceps skinfold
at the midline on the back of the arm at a
level halfway between the acromion and the
olecranon processes (Figure 1.9¢ and 1.15).

ii) Subscapular skinfold

The subject stands relaxed. Raise the sub-
scapular skinfold adjacent to the inferior
angle of the scapula in a direction which
is obliquely downwards and outwards at
45 degrees (Figure 1.9f and 1.15).

iii) Supraspinale skinfold

The subject stands relaxed. Raise the fold
5-7 cm above the anterior superior iliac spine
on a line to the anterior axillary border and
in a direction downwards and inwards at
45 degrees (Figure 1.9a and 1.14). (This skin-
fold was called suprailiac in some former
texts.)

iv) Medial calf skinfold

The subject is seated, with the legs slightly
spread. The leg that is not being measured
can be bent backwards to facilitate the meas-
urement. Alternatively, the foot may be placed
on a box with the knee flexed. Raise a vertical
skinfold on the medial side (aspect) of the leg
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at the level of the maximum girth of the calf
(Figure 1.9d and 1.17).

d) Breadths
i) Biepicondylar humerus breadth

The subject holds the shoulder and elbow
flexed to 90 degrees. Measure the width
between the medial and lateral epicondyles
of the humerus. In this position, the medial
epicondyle is always somewhat lower than
the lateral. Apply the calliper at an angle
approximately bisecting the angle of the
elbow. Place firm pressure on the cross-
branches of the calliper in order to compress
the subcutaneous tissue.

ii) Biepicondylar femur breadth

The subject is seated, or standing upright
with one foot on a pedestal, with knee bent
ataright angle. Measure the greatest distance
between the lateral and medial epicondyles
of the femur. Place firm pressure on the
cross-branches in order to compress the
subcutaneous tissue.

f) Girths
i) Upper arm girth, flexed and tensed

The subject holds the upper arm horizontally
and flexes the elbow 45 degrees, clenches the
hand and maximally contracts the elbow
flexors and extensors. Take the measurement
at the greatest girth of the arm. The tape
should not be too loose, but should not indent
the soft tissue either.

ii) Standing calf girth

The subject stands with feet slightly apart.
Place the tape horizontally around the calf
and measure the maximum circumference.
The tape should not be too loose, but should
not indent the soft tissue either.

2.3.4 Further elaboration

The differences or similarities in somato-
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types of subjects or groups of subjects can be
visualised by plotting them on a somatochart
(see Practical 1). A somatotype rating can be
thought of as being a vector or a point in a
three-coordinate system in which each axis
carries a somatotype component scale. The
somatochart is the orthogonal projection
of this three-coordinate system, parallel to
the bisector of the three axes, on a two-
dimensional plane.

The somatotype is an entity and should
be treated as such. One possible qualitative
technique is the use of somatotype categories.
A quantitative technique is the use of the
Somatotype Attitudinal Distance (SAD),
which is the difference in component units
between two somatotypes, or in terms of the
somatochart, the three-dimensional distance
between two points.

In time series of somatotypes of the same
subject, the ongoing changes in somatotype
can be expressed by adding the consecutive
SADs. This sum is called the Migratory
Distance (MD).

These further elaborations will be covered
in the Practicals.

2.4 RELEVANCE OF
SOMATOTYPING

Why should you use somatotyping? Of what
value is it in exercise and sports science?
These are important questions that are often
asked.

The somatotype gives an overall summary
of the physique as a unified whole. Its utility
is in the combination of three aspects of phy-
sique into a somatotype rating. It combines the
appraisal of adiposity, musculo-skeletal robust-
ness and linearity into the three-numbered
rating and conjures up a visual image of the
three aspects of the physique. The adiposity is
related to the relative fatness or endomorphy;
the relative muscle and bony robustness is
related to the fat-free body or mesomorphys;
and the linearity or ectomorphy gives an
indication of the bulkiness or mass relative
to stature in the physique. From a few simple

measurements, the somatotype gives a useful
summary of a variety of possible measures or
observations that can be made on the body.

The somatotype tells you what kind of
physique you have and how it looks. It has been
used to describe and compare the physiques
of athletes at all levels of competition and in
a variety of sports. Somatotypes of athletes
in selected sports are quite different from
each other, whereas somatotypes are similar
in other sports. Somatotyping has also
been used to describe changes in physique
during growth, ageing and training, as
well as in relation to physical performance.
The somatotype is a general descriptor of
physique. If more precise questions are asked,
such as “What is the growth rate in upper
extremity bone segments?’ then different and
specific measures need to be taken.

Two examples illustrate how the soma-
totype gives more information than some
typical measures of body composition. First,
the somatotype indicates the difference
between individuals with the same level of
fatness. An elite male body-builder, gymnast
and long distance runner may each have
the same estimate of per cent body fat at
5%. All three are low in percentage body
fat, but this fact alone does not tell you the
important differences between the physiques
of these athletes. They differ considerably in
their muscle, bone and linearity. The body-
builder may be a 1-9-1, the gymnast a 1-6-2,
and the runner a 1-3-5 somatotype. They are
all rated ‘1’ in endomorphy, but they have
completely different ratings on mesomorphy
and ectomorphy. The somatotype describes
these differences.

As a second example, two males with the
same height and body mass, and therefore
the same body mass index (BMI), can have
physiques that look completely different. If
they are both 175 c¢m tall and weigh 78 kg,
they will have a BMI value of 25.5, and a
somatotype height-weight ratio of 41.0. Their
somatotypes are 6-3-1 and 3-6-1. They are
completely different-looking physiques. Both
have low linearity (1 in ectomorphy), but



the BMI does not tell you anything about
their specific differences in body composition
as inferred from their opposite ratings of
6 (high) and 3 (low) in endomorphy or in
mesomorphy.

In both the examples above, the potential
performance characteristics for the subjects
would be quite different because of the
differences in mesomorphy and ectomorphy
in the first example, and in endomorphy and
mesomorphy in the second example.

For further details about and applications
of somatotyping the following references are

SOMATOTYPING 59

useful. History, methods and bibliographies
are available in the website: www.somatoype.
org. A complete somatotype calculation and
analysis program is available (Goulding
2002). For examples of studies on athletes in
different sports refer to Amusa et al. (2003),
Carter (2003), Carter and Ackland (2008),
Carter et al. (2005), Claessens et al. (2001),
and Underhay et al. (2005). The following are
examples of studies on different populations:
Buffa et al. (2005), Chaouachi (2005), Peeters
etal. (2007), Stewart et al. (2003), and Vieira
et al. (2003).

SOMATOTYPES
2.5.1 Introduction

plot the results on a somatochart.

2.5.2 Methods

2.5 PRACTICAL 1: CALCULATION OF ANTHROPOMETRIC

The aim in this practical is to learn how to calculate anthropometric somatotypes, using
the classical approach and using some fast calculation formulae, and to learn how to

Endomorphy is estimated from the relation between the component value and the sum
of three skinfold measures, relative to the subject’s height.

Mesomorphy is estimated from the deviation of two girths and two breadths from
their expected values, relative to the subject’s height.

Ectomorphy is estimated from the relation between the component value and the
reciprocal of the ponderal index, or height over cube root of weight ratio.

a) Steps for the manual calculation of the anthropometric somatotype

The following is a guide in 16 steps for calculating the anthropometric somatotype by
means of the Heath-Carter somatotype rating form (Figures 2.1 and 2.2). Endomorphy
is calculated in steps 2 to 5, mesomorphy in steps 6 to 10, and ectomorphy in steps 11
to 14. A worked example, in which these steps were followed, is given in Figure 2.1.

The measurements for subject B171 were: body mass: 59.5 kg; height: 165.6 cm;
triceps skinfold: 11.3 mm; subscapular skinfold: 10.0 mm; supraspinale skinfold: 6.5
mm; calf skinfold: 12.0 mm; humerus breadth: 6.4 cm; femur breadth: 8.8 cm; biceps
girth: 27.2 cmy; calf girth: 37.1 cm.

Step 1: Record the identification data in the top section of the rating form.
Step 2: Record the values obtained from each of the four skinfold measurements.

Step 3: Sum the values of the triceps, subscapular and supraspinale skinfolds; record
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HEATH-CARTER SOMATOTYPE RATING FORM

NAME .ocrccncnae s s st w @ no LBIF
occuPATION ... ST s d g, ETHRIC GROUP. siem. vate J2.DEC, (969
PROJECT: P.E.D. : MEASURED anzc'
Skinfoids nvn SUM 3 SKINFOLDS (ma)
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Supsosptuate = 65| 1OV 20110150 19,0 220QTED3L3 165 408 6.3 52.3 588 65.8 733 813 898 $9.0 103.0 119.8 1313 L3 123 1720 1889
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*Biceps pireh 1a ca corvacted for fac by subtracting triceps akinfold valus sxpressed in cu.
4Calf girth 1a cn corsectad for fat by sudtracting medisl calf skinfold velus expresssd in ca.

Figure 2.1 Example of a completed anthropometric somatotype rating.

this sum in the box opposite ‘Sum 3 skinfolds.” Correct for height by multiplying this
sum by 170.18/height(cm).

Step 4: Circle the closest value in the ‘Sum 3 skinfolds’ scale to the right. The scale reads
vertically from low to high in columns and horizontally from left to right in rows. ‘Lower
limit” and ‘upper limit” on the rows provide exact boundaries for each column. These
values are circled if Sum 3 skinfolds is closer to the limit than to the midpoint.

Step 5: In the row ‘Endomorphy’ circle the value directly under the column circled in
step 4.

Step 6: Record height and diameters of humerus and femur in the appropriate boxes.
Make the corrections for skinfolds before recording girths of biceps and calf. (Skinfold
corrections are as follows: convert triceps and calf skinfold to cm by dividing them by
10. Subtract converted triceps skinfold from the biceps girth. Subtract converted calf
skinfold from calf girth.)

Step 7: On the height scale directly to the right, circle the height nearest to the measured
height of the subject.

Step 8: For each bone diameter and girth, circle the figure nearest the measured value in
the appropriate row. (If the measurement falls midway between the two values, circle
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HEATH-CARTER SOMATOTYPE RATING FORM
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Figure 2.2 The Heath-Carter somatotype rating form.

the lower value. This conservative procedure is used because the largest girths and
diameters are recorded.)

Step 9: In this step, deal only with columns as units, not with numerical values.
Check the circled deviations of the values for diameters and girths from the circled value
in the height column. Count the column deviations to the right of the height column as
positive deviations, with columns as units. Deviations to the left are negative deviations.
Calculate the algebraic sum of the deviations (D). Use this formula: Mesomorphy = (D/8)
+ 4. Round the obtained value of mesomorphy to the nearest one-half rating unit.

Step 10: In the row ‘Mesomorphy,’ circle the closest value for the mesomorphy calculated
in step 9. (If the point is exactly midway between two rating points, circle the value
closest to 4 on the scale. This conservative regression toward 4 guards against spuriously
extreme ratings.)

Step 11: Record body mass (kg).

Step 12: Obtain height divided by cube root of weight (HWR) from a nomograph or
by calculation. Record HWR in the appropriate box. Note: the HWR can be calculated
easily with the help of a hand calculator. A calculator with a y to the x power (y*) key
is needed. To get the cube root, enter the base (y), press the ‘y** key, enter 0.3333, and
press the ‘= key. If there is an ‘INV y* function, or ‘root of y’ function (*vy), either may
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be used by entering the base, then 3 and the ‘=’ key for the cube root. A nomogram can
be found in Carter and Heath (1990), p. 273.

Step 13: Circle the closest value in the HWR scale. Proceed with upper and lower limits
as with endomorphy in step 4.

Step 14: In the row ‘Ectomorphy’ circle the ectomorphy value directly under the circled
HWR.

Step 15: Record the circled values for each component in the row ‘Anthropometric
somatotype’. (If a photoscopic rating is available, the rater should record the final
decision in the row ‘Anthropometric and photoscopic somatotype’.)

Step 16: The investigator signs his/her name to the right of the recorded rating.

Note: If in step 7 the recorded height is closer to the midpoint than to the two adjacent
column values, place a vertical arrow between the two values. Continue to work with
this half column, calculating half units for the deviations in step 9.

b) Formulae for the calculation of the anthropometric somatotype by computer
The formulae in Table 2.1 were derived from the scales of the somatochart.

Table 2.1 Formulae for the calculation of the anthropometric Heath-Carter somatotype by calculator or
computer

Endomorphy  =-0.7182 + 0.1451X - 0.00068X? + 0.0000014X?
Mesomorphy = 0.858HB + 0.601FB + 0.188AG + 0.161CG

-0.131SH + 4.5
Ectomorphy = 0.732HWR - 28.58 (if HWR > 40.74)
= 0.463HWR - 17.615 (if 39.65 < HWR = 40.74)
=05 (if HWR = 39.65)

Where: X = ¥.3 skinfolds, corrected for height; HB = humerus breadth; FB = femur
breadth;

AG = corrected arm girth; CG = corrected calf girth; SH = standing height; HWR =
height over cube root of mass.

c) Formulae for plotting somatotypes on the somatochart
The exact location of a somatotype on the somatochart (Figure 2.3) can be calculated
using the formulae:

X = ectomorphy — endomorphy
Y = 2 x mesomorphy — (endomorphy + ectomorphy)

In our example, a subject with somatotype 3.0-4.0-2.5 is plotted with the following
coordinates:

X=25-3.0=-0.5
Y=2x4.0-(3.0+2.5)=2.5
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2.5.3 Tasks

A group of six adult subjects was measured. The results are shown in 2.2.

Table 2.2 Anthropometric measurements of six adult male subjects

Subject: 1 2 3 4 5 6
Mass (kg): 82.0 67.7 60.5 64.4 82.4 80.8
Height (cm): 191.7 175.3 160.0 171.5 180.6 188.3
Triceps skinfold (mm): 7.0 5.0 3.0 4.2 11.2 17.1
Subscapular skinfold (mm): 6.0 7.0 5.0 57 8.8 12.1
Supraspinale skinfold (mm): 4.0 3.0 3.0 3.6 7.1 11.5
Medial calf skinfold (mm): 9.0 4.0 3.0 3.0 9.9 12.0
Humerus breadth (cm): 7.3 7.0 6.5 6.6 7.4 6.5
Femur breadth (cm): 10.1 9.4 8.9 9.7 9.2 9.1
Upper arm girth (cm): 33.2 35.7 34.4 29.5 36.1 36.5
(Flexed and tensed)
Standing calf girth (cm): 36.0 34.4 36.4 34.5 40.6 38.6
X = ECTO - ENDO
1 v 17 I 17T 17 17T 1T 17T 17T 17717 1]
— -—+18
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k=l N
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Figure 2.3 Somatochart for plotting somatotypes (from Carter 1980).
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1 Calculate the anthropometric somatotype for each subject. Use copies of the
somatotype rating form (Figure 2.2), and follow the example of Figure 2.1.

2 Calculate the anthropometric somatotype for each subject, using the formulae given
in Table 2.1.

3 Check all calculations by rounding the second series of results to the half unit, and
comparing the results with the first calculations.

4 Find the location of each subject on the somatochart, by calculating the XY-
coordinates by means of the formulae above. Plot the somatotypes on a copy of
the somatochart (Figure 2.2).

2.6 PRACTICAL 2: COMPARISON OF SOMATOTYPES OF
DIFFERENT GROUPS

2.6.1 Introduction

The aim in this practical is to learn how to compare anthropometric somatotypes using
the somatotype category approach and using SAD techniques.
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Figure 2.4 A somatochart showing the regions of the somatotype categories (from
Carter.1980).
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2.6.2 Methods

There are many ways to analyze somatotype data. The easiest way is to consider each
component separately, and to treat it like any other biological variable, using descriptive
and inferential statistics.

However, the somatotype is more than three separate component values. Two subjects
with an identical value for one of the components can nevertheless have completely
different physiques, depending on the values of the two other components. For example,
a somatotype 2-6-2 is completely different from a somatotype 2-2-6, but they both have
the same endomorphy value. It is precisely the combination of all three component values
into one expression that is the strength of the somatotype concept. Hence, techniques
were developed to analyze the somatotype as a whole, two of which are somatotype
categories and SAD techniques (see Duquet and Hebbelink 1977; Duquet 1980; Carter
etal 1983)

a) Somatotype categories
Carter and Heath (1990) defined 13 somatotype categories, shown as areas in

Figure 2.4.

The exact definitions are as follows:

Central type: No component differs by more than one unit from the
other two.
Balanced endomorph: Endomorphy is dominantand mesomorphy and ectomorphy

are equal (or do not differ by more than one-half unit).

Mesomorphic endomorph: Endomorphy is dominant and mesomorphy is greater than
ectomorphy.

Mesomorph-endomorph: ~ Endomorphy and mesomorphy are equal (or do not differ
by more than one-half unit), and ectomorphy is smaller.

Endomorphic mesomorph: Mesomorphy is dominant and endomorphy is greater than
ectomorphy.

Balanced mesomorph: Mesomorphy is dominantand endomorphy and ectomorphy
are equal (or do not differ by more than one-half unit).

Ectomorphic mesomorph: Mesomorphy is dominant and ectomorphy is greater than
endomorphy.

Mesomorph-ectomorph: Mesomorphy and ectomorphy are equal (or do not differ
by more than one-half unit), and endomorphy is smaller.

Mesomorphic ectomorph:  Ectomorphy is dominant and mesomorphy is greater than
endomorphy.

Balanced ectomorph: Ectomorphy isdominantand endomorphy and mesomorphy
are equal (or do not differ by more than one-half unit).

Endomorphic ectomorph:  Ectomorphy is dominant and endomorphy is greater than
mesomorphy.

Endomorph-ectomorph: Endomorphy and ectomorphy are equal (or do not differ
by more than one-half unit), and mesomorphy is lower.

Ectomorphic endomorph: Endomorphy is dominant and ectomorphy is greater than
mesomorphy.
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This classification can be simplified into seven larger groupings:

Central type: No component differs by more than one unit from the
other two.
Endomorph: Endomorphy is dominant; mesomorphy and ectomorphy

are more than one-half unit lower.
Endomorph-mesomorph:  Endomorphy and mesomorphy are equal (or do not differ
by more than one-half unit), and ectomorphy is smaller.

Mesomorph: Mesomorphy is dominant; endomorphy and ectomorphy
are more than one-half unit lower.
Mesomorph-ectomorph: Mesomorphy and ectomorphy are equal (or do not differ
by more than one-half unit), and endomorphy is smaller.
Ectomorph: Ectomorphy is dominant; endomorphy and mesomorphy
are more than one-half unit lower.
Ectomorph-endomorph: Endomorphy and ectomorphy are equal (or do not differ

by more than one-half unit), and mesomorphy is lower.

b) Somatotype attitudinal distance
The formulae for calculating the SAD are given in Table 2.3.

Table 2.3 Formulae for calculation of SAD parameters

SAD(A;B)= \/(end(A) —end(B))? + (mes(A) — mes(B))? + (ect{A) — ect(B))?

SAMI(X) = ZLD,{;( ~ 4
i X

SAV(X) = ZLD(,)\(,_ i
i X

Where: SAD = Somatotype Attitudinal Distance; SAM = Somatotype Attitudinal Mean;
SAV = Somatotype Attitudinal Variance; end = endomorpy rating; mes = mesomorpy
rating; ect = ectomorpy rating; A = an individual or a group; B = an individual or a
group; X = a group; X, = an individual member of group X; X = somatotype mean of
group X; Ny = number of subjects in group X.

The SAD is the exact difference, in component units, between two somatotypes (if
A and B are subjects), or between two somatotype group means (if A and B are group
means), or between the group mean and an individual somatotype (if A and B are a
group mean and a subject, respectively).

Like other parametric statistics, the SAD can be used to calculate differences, hence
mean deviations and variances. Table 2.3 also gives formulae for calculating the
Somatotype Attitudinal Mean (SAM) and the Somatotype Attitudinal Variance (SAV).
The SAM and the SAV describe the magnitude of the absolute scatter of a group of
somatotypes around the group mean. The SAD can lead to relatively simple parametric
statistical treatment for calculating differences and correlations of whole somatotypes.

Multivariate techniques may be more appropriate, but are also more complicated
(Cressie et al. 1986).
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2.6.3 Tasks

Two groups of female middle distance runners were measured comprising international
level runners and national level runners. The calculated somatotypes are shown in
Table 2.4.

a) Separate component analysis
Calculate the means and standard deviations of each separate component for each
group.

Calculate the significance of the differences between the two groups for each
component separately. Use three t-tests for independent means.

Discuss the difference between the two groups in terms of their component
differences.

Table 2.4 Somatotypes of 6 national level and 10 international level female middle distance runners (data
from Day et al. 1977)

International National
1.5-3.03.5 2.0-3.54.0
1.0-3.0-5.0 2.0-4.0-4.0
1.5-3.04.5 3.54.52.0
1.0-2.0-6.0 2.5-3.5-3.0
2.0-3.0-4.0 1.5-3.5-4.5
1.5-3.0-4.0 2.5-4.0-3.0
2.5-2.0-4.0

1.0-4.0-3.0

2.0-3.0-4.0

b) Global somatotype analysis: location on the somatochart
Locate and plot each somatotype on a copy of Figure 2.3 by means of the XY-coordinates.
Do the same for the two somatotype means.

Discuss this visual impression of the difference between the two samples. Is there a
difference in location of the means? Is there a difference in dispersion of the individual
somatotypes between the two groups?

c) Global somatotype analysis: somatotype categories
Determine the somatotype category for each subject of the two groups.

Construct a cross tabulation with the two groups as rows, and the different
somatotype categories as columns. Discuss the difference in somatotype category
frequencies between the two groups.

Use chi-square to calculate the significance of the difference between the two groups
with regard to the somatotype categories. (Note that larger cell frequencies are necessary
for a meaningful interpretation of chi square.)

d) Global somatotype analysis: SAD-techniques
Calculate the SAV for each group, using the formulae in Table 2.3.
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Check the difference in scatter between the two groups by describing the SAM of
each group, and by means of an F-test on their SAVs.

Calculate the difference in location between the two groups by means of the SAD
between the mean somatotypes (use the formula in Table 2.3).

§.7 PI§ACTICAL 3: ANALYSIS OF LONGITUDINAL SOMATOTYPE
ERIE

2.7.1 Introduction

The aim in this practical is to learn how to perform an analysis of a longitudinal series
of somatotypes, using the somatochart approach and using SAD techniques.

2.7.2 Methods

Analysis of time series in biological sciences must take into account the specific fact
that the measurement series are within-subject factors. This can be achieved for
illustrative purposes by connecting the consecutive plots of a particular measurement
with time for the same subject. The classic way would be the evolution with time of the
separate component values. The somatotype entity can be preserved by connecting the
consecutive plots on the somatochart. Quantitative analysis of the changes is possible
with multivariate analysis of variance (MANOVA) techniques with a within-subject
design.

A simple quantitative way to describe the total change in somatotype with time is
the Migratory Distance (MD). The MD is the sum of the SAD values, calculated from
each consecutive pair of somatotypes of the subject:

MD(a;z) = SAD(a;b) + SAD(bsc) + ... + SAD(y;z)

where: a = first observation; b = second observation; ...; z = last observation; SAD(p;q)
= change from somatotype p to somatotype q.

2.7.3 Tasks

A group of 6-year-old children was measured annually until their 17th birthdays. The
anthropometric somatotypes were calculated using the formulae in Table 2.1. The results
are given in Table 2.5.

1  Plot the changes of each component with time. Construct diagrams with age on the
horizontal axis, and the component value on the vertical axis. Prepare one complete
line diagram per child, on which the evolution of each component is shown. Discuss
the change in individual component values for each child with age, and also the
dominance situations from age to age.

2 Calculate the XY-coordinates of each somatotype. Locate the consecutive somatotypes
of each child on a copy of Figure 2.3, using the formulae given in Practical 1. Use
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one somatochart per child. Discuss the change in global somatotype and the change
in component dominances with age for each child.

3 Calculate the MD for each child using the formulae given above. Also calculate
the mean MD per child. Discuss the differences in MD between the children, and
compare with the somatochart profiles.

Table 2.5 Consecutive somatotypes of 6 children from their 6th to their 17th birthday (data from Duquet et
al., 1993)

Subjects: age 1 2 3 4 5 6
6 275325 205716 323935 274822 173633 294721
7 3.45.220 244721 263443 1.64.43.1 1.73.244 3.64523
8 4.2521.6 234523 232353 1.64.135 1.63.242 4647-1.8
9 485613 234.624 212053 183843 132942 6251-1.0
10 535812 224726 212155 153443 1.62844 695107
11 6.0-6.0-1.3 2.0472.4 181.856 163345 182548 775407
12 725713 195024 151161 133.048 222741 835605
13 7.5:5905 155228 241255 1.12.850 292834 845805
14 6.3-5.90.8 1.1-523.1 221.16.0 1.22.551 352935 865905
15 3.85.3-1.7 135328 201.255 162549 373029 805905
16 3.054-1.6 1.85526 241054 172346 3.83227 796205
17 295516 155427 180.86.0 192645 282935 8.36.40.5

2.8 PRACTICAL 4: VISUAL INSPECTION OF SOMATOTYPE
PHOTOGRAPHS: AN INTRODUCTION TO PHOTOSCOPIC
SOMATOTYPING

2.8.1 Introduction

The aim of this practical to demonstrate how to perform a visual evaluation of the degree
of presence or absence of each component in an individual by means of a somatotype
photograph, and to learn to evaluate the somatotype dominance situation within this
individual.

2.8.2 Methods

A visual evaluation of the somatotype should be based on careful reading of the
descriptions of the components in definitions 2.3.1 (¢), (d), (e) and (f) or on the more
detailed descriptions in Carter and Heath (1990). This practical should be seen as an
introduction; a way to obtain a first impression of the technique. Expertise should be
gained by comparing your own ratings with those of an experienced rater. The steps to
follow in this first approach are given in the following tasks.
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Figure 2.5 Somatotype photographs of the same child taken at ages 7.4, 10.0, 12.5, 14.5 and
17.0.

2.8.3 Tasks

Figure 2.5 shows somatotype photographs of the same child taken at ages 7.4, 10.0,
12.5,14.5 and 17.0.

1

Read the definition of endomorphy, and try to decide through visual inspection at
which age the child has the lowest level of endomorphy; at which age the second
lowest level, degree, and so on.

Next, draw an XY-coordinate graph, in which the horizontal axis represents the
age points, and the vertical axis represents the level of endomorphy. Do not yet try
to attach a scale to the ordinate. Try to draw a broken line that indicates, to your
best impression, the way endomorphy eventually changes with age in the child.
Proceed in the same way with the component mesomorphy, and construct the
polygon for mesomorphy on a separate page.

Proceed in the same way with the component ectomorphy, and construct the polygon
for ectomorphy on a third page.

On the first photograph visually compare the level of each component at the lowest
age, and try to decide if one or two components are less or more dominant than
the other, or if they are of equal importance. Give your visual impression of the
somatotype category at this age, using the definitions given in Practical 2.

Now superimpose the three polygons. Shift one or more lines up or downwards
if necessary, according to your photoscopic impression of the relative dominance
of the components at this age.

Continue in the same way for each age.

Compare the diagram obtained with the ones that resulted from task 1 of Practical
3. Try to find out which of the six subjects in Table 2.5 corresponds to the child in
Figure 2.5.

Check if your visual impressions correspond to the anthropometric somatotype
assessment at each age. Make the necessary corrections, and try to fit the scale of
the vertical axis.
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CHAPTER 3

PHYSICAL GROWTH, MATURATION AND

PERFORMANCE

Gaston Beunen

3.1 AIMS

This chapter aims to familiarize the students
with growth evaluation, the assessment
of sexual and skeletal maturation and the
evaluation of physical performance as
assessed with the Eurofit test battery. Some
methodological considerations as well as
practical applications are provided.

3.2 INTRODUCTION

Growth, maturation and development are
three concepts that are often used together
and sometimes considered as synonymous.
Growth is a dominant biological activity
during the first two decades of life. It starts at
conception and continues until the late teens
or even the early twenties for a number of
individuals. Growth refers to the increase in
size of the body as a whole or the size attained
by the specific parts of the body. The changes
in size are outcomes of: (a) an increase in cell
number or hyperplasia; (b) an increase in cell
size or cell hypertrophy; and (c) an increase
in intercellular material, or accretion. These
processes occur during growth, but the
predominance of one or other process varies
with age. For example, the number of muscle

cells (fibres), is already established shortly
after birth. The growth of the whole body
is traditionally assessed by the changes in
stature measured in a standing position, or
for infants, in supine position (recumbent
length). To assess the growth of specific parts
of the body, appropriate anthropometric
techniques have been described (Weiner and
Lourie 1969; Carter 1982; Cameron 1984;
2004a; Lohman et al. 1988; Norton and Olds
1996; Simons et al. 1990).

3.2.1 Definition of concepts

Maturation refers to the process of becom-
ing fully mature. It gives an indication of the
distance that is travelled along the road to
adulthood. In other words, it refers to the
tempo and timing in the progress towards
the mature biological state. Biological matu-
ration varies with the biological system that
is considered. Most often the following
biological systems are examined: sexual matu-
ration, morphological maturation, dental
maturation and skeletal maturation.

Sexual maturation refers to the process
of becoming fully sexually mature, i.e.
reaching functional reproductive capability.
Morphological maturation can be estimated
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through the percentage of adult stature that
is already attained at a given age, or by
using the timing of the characteristics of the
adolescent growth curve, namely age at onset
and age at peak height velocity of the growth
curve. Skeletal and dental maturation refers
respectively to a fully ossified adult skeleton
or dentition (Tanner 1962;1989; Malina et al.
2004; Beunen et al. 2006). It should be noted
that both the growth of somatic dimensions
and the biological maturation are under the
control of hormonal and biochemical axes
and their interactions (Beunen et al. 2006).

Development is a broader concept, encom-
passing growth, maturation, learning, and
experience (training). It relates to becoming
competent in a variety of tasks. Thus one
can speak of cognitive development, motor
development and emotional development
as the child’s personality emerges within the
context of the particular culture in which
the child was born and reared. Motor devel-
opment is the process by which the child
acquires movement patterns and skills. It is
characterized by continuous modification
based upon neuromuscular maturation,
growth and maturation of the body, residual
effects of prior experience and new motor
experiences per se (Malina et al. 2004).

Postnatal motor development is char-
acterized by a shift from primitive reflex
mechanisms towards postural reflexes and
definite motor actions. It further refers to the
acquisition of independent walking and com-
petence in a variety of manipulative tasks and
fundamental motor skills; such as running,
skipping, throwing, catching, jumping, climb-
ing and hopping (Keogh and Sugden 1985).
From school age onwards, the focus shifts
towards the development of physical per-
formance capacities traditionally studied in
the context of physical fitness or motor fitness
projects. Motor fitness includes cardiorespira-
tory endurance, anaerobic power, muscular
strength and power, local muscular endurance
(sometimes called functional strength), speed,
flexibility and balance (Pate and Shephard
1989; Simons et al. 1969, 1990).

3.2.2 Historical perspective

According to Tanner (1981) the earliest surviv-
ing statement about human growth appears
in a Greek elegy of the sixth century BC.
Solon the Athenian divided the growth period
into hebdomads, that is, successive periods of
seven years each. The infant (literally, while
unable to speak) acquires deciduous teeth and
sheds them before the age of seven. At the end
of the next hebdomad the boy shows the signs
of puberty (beginning of pubic hair), and in
the last period the body enlarges and the skin
becomes bearded (Tanner 1981).

Anthropometry was not born of medicine
or science but of the arts. Painters and sculp-
tors needed instructions about the relative
proportions of legs and trunks, shoulders
and hips, eyes and forehead and other parts
of the body. The inventor of the term anthro-
pometry was a German physician, Johann
Sigismund Elsholtz (1623-1688). It is inter-
esting to note that at this time there was not
very much attention given to absolute size,
but much more to proportions. Note also that
the introduction of the ‘métre’ occurred only
in 1795 and even then other scales continued
to be used.

The first published longitudinal growth
study of which we have record was made by
Count Philibert de Montbeillard (1720-1785)
on request of his close friend Buffon (Tanner
1981). The growth and the growth velocity
curves of Montbeillard’s son are probably
the best known curves in auxology (study
of human growth). They describe growth
and its velocity from birth to adulthood,
which have been widely studied since then in
various populations (see for example, Eveleth
and Tanner 1990). Growth velocity refers to
the growth over a period of time. Very often
velocity is used to indicate changes in stature
over a period of 1 year.

Another significant impetus in the study
of growth was given by the Belgian mathe-
matician Adolphe Quetelet (1796-1874).
He was, in many ways, the founder of
modern statistics and was instrumental in
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the foundation of the Statistical Society of
London. Quetelet collected data on height
and weight and fitted a curve to the succession
of means. According to his mathematical
function, the growth velocity declines from
birth to maturity and shows no adolescent
growth spurt. This confused a number of
investigators until the 1940s (Tanner 1981).
At the beginning of the nineteenth century
there was an increased interest in the growing
child, due to the appalling conditions of the
poor and their children. A new direction
was given by the anthropologist Franz Boas
(1858-1942). He was the first to realize the
individual variation in tempo of growth and
was responsible for the introduction of the
concept of physiological age or biological
maturation. A number of longitudinal studies
were then initiated in the 1920s in the USA
and later in Europe. These studies served
largely as the basis of our present knowledge
on physical growth and maturation (Tanner
1981; Malina et al. 2004).

3.2.3 Fitness and performance

In several nations there is great interest in
developing and maintaining the physical
fitness levels of the citizens of all age levels, but
special concern goes to the fitness of youth.
Physical fitness has been defined in many
ways. According to the American Academy
of Physical Education, ‘Physical fitness is the
ability to carry out daily tasks with vigor
and alertness, without undue fatigue and
with ample energy to engage in leisure-time
pursuits and to meet the above average
physical stresses encountered in emergency
situations’ (Clarke 1979: 1).

Often the distinction is made between an
organic component and a motor component.
The organic component is defined as the
capacity to adapt to and recover from stren-
uous exercise, and relates to energy production
and work output. The motor component
relates to the development and performance
of gross motor abilities. Since the beginning
of the eighties the distinction between health-

related and performance-related physical
fitness has come into common use (Pate and
Shephard 1989). Health-related fitness is then
viewed as a state characterized by an ability
to perform daily activities with vigour, and
traits and capacities that are associated with
low risk of premature development of the
hypokinetic diseases (i.e. those associated
with physical inactivity) (Pate and Shephard
1989). Health-related physical fitness
includes cardiorespiratory endurance, body
composition, muscular strength and flexibility.
Performance-related fitness refers to the
abilities associated with adequate athletic
performance, and encompasses components
such as isometric strength, power, speed-
agility, balance and hand-eye coordination.
Since Sargent (1921) proposed the vertical
jump as a physical performance test for
men, considerable change has taken place
both in the conceptualisation of physical
performance and physical fitness and also
about measurement. In the early days the
expression ‘general motor ability” was used
to indicate one’s ‘general’ skill. The term was
similar to the general intelligence factor used
at that time. Primarily under the influence
of Brace (1927) and McCloy (1934) a fairly
large number of studies were undertaken and
a multiple motor ability concept replaced
the general ability concept. There is now
considerable agreement among authors and
experts that the fitness concept is multi-
dimensional and several abilities can be
identified. Ability refers to a more general
trait of the individual, which can be inferred
from response consistencies on a number of
related tasks, whereas skill refers to the level
of proficiency on a specific task or limited
group of tasks. A child possesses isometric
strength since he or she performs well on a
variety of isometric strength tests.
Considerable attention has been devoted
to fitness testing and research in the USA
and Canada. The President’s Council on
Youth Fitness; the American Alliance for
Health, Physical Education, Recreation and
Dance (AAHPER 1958, 1965; AAHPERD
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1988); and the Canadian sister organization
(CAHPER 1965) have done an outstanding
job in constructing and promoting fitness
testing in schools. Internationally, the
fundamental works of Fleishman (1964)
and the International Committee for the
Standardization of Physical Fitness Tests
(now the International Council for Physical
Activity and Fitness Research) (Larson, 1974)
have received considerable attention. These
works served for example as the basis for
nationwide studies in Belgium (Hebbelinck
and Borms 1975; Ostyn et al. 1980; Simons et
al. 1990). Furthermore, the fitness test battery
constructed by Simons et al. (1969) served
as the basis for studies in The Netherlands
(Bovend’eerdt et al. 1980; Kemper et al.
1979) and for the construction of the Eurofit
test battery (Adam et al. 1988).

In the following section, three laboratory
practicals will be outlined focusing on stand-
ards of normal growth, biological maturity
status and evaluation of physical fitness.

3.3 REFERENCE VALUES FOR
NORMAL GROWTH

3.3.1 Methodological

considerations

Growth data may be used in three distinct
ways: (1) to serve as a screening device in
order to identify individuals who might
benefit from special medical or educational
care; (2) to serve as control in the treatment
of ill children (the paediatric use); and (3) as
an index of the general health and nutritional
status of the population or sub-population
(Tanner 1989). A distinction must be made
between growth standards and growth
references. Standards refer to how growth,
maturation and development should proceed
under optimal environmental conditions for
health. References are statistical indicators
observed at a certain period in time for a
certain population. A new International
Growth Standard for infants and preschool
children has been recently released by the
WHO-Multicentre Growth Reference Group,

and planning is underway to complement
these International Growth Standards with
Growth Standards for preadolescents and
adolescents (Butte et al. 2006).

Normal growth is usually considered in
terms of attained stature or any other anthro-
pometric dimension and, where available,
also reference values for growth velocity.
Reference values for attained stature are
useful for assessing the present status to
answer the question: ‘Is the child’s growth
normal for his/her age and gender?” Growth
velocity reference values are constructed to
verify the growth process.

Reference charts of attained height, usually
referred to as growth curves, are constructed
on the basis of cross-sectional studies. In such
studies, representative samples of girls and
boys stemming from different birth cohorts
and consequently different age groups are
measured once.

It has to be remembered that the outer
percentiles such as the 3rd and 97th are subject
to considerably greater sample error than the
mean or the 50th percentile (Goldstein 1986;
Healy 1986). The precision of estimates of
population parameters, such as the mean
and median, depends on the sample size and
the variability in the population. If Me is
the sample mean, then the 95% confidence
values, a and b, are two values such that the
probability that the true population mean
lies between them is 0.95. If the distribution
of the measurement is Gaussian, then for a
simple random sample @ and b are given by:

a = Me +1.96SE mean
b = Me -1.96SE mean

SD

n—1

in which SE mean =

From these formulae it can be easily seen that
for a given population variance the confi-
dence intervals decrease when the sample size
increases. Major standardizing studies use
samples of about 1,000 subjects in each gender
and age group, but 500 subjects normally
produce useful percentiles (Eveleth and Tanner
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1990). Recently, Cole (2006) argued, based on
a simulation study, that a sample size of about
200 subjects for each gender group covering
the age range between birth and 20 years
should be sufficient. Representative samples
can be obtained in several ways — the most
commonly used being simple random samples
and stratified samples. In a simple random
sample each subject has an equal chance
of being selected in the sample and each
subject in the population must be identifiable.
In a stratified sample, significant strata are
identified and in each stratum a sample is
selected. A stratification factor is one that
serves for dividing the population into strata
or subdivisions of the population, such as
ethnic groups or degree of urbanization. The
stratification factor is selected because there is
evidence that this factor affects, or is related
to, the growth process.

Growth velocity standards or reference
values can be obtained only from longitudinal
studies. In a longitudinal study a representative
sample of boys and/or girls from one birth
cohort is measured repeatedly at regular
intervals. The frequency of the measurements
depends on the growth velocity and also on
the measurement error. During periods of
rapid growth it is necessary to increase the
frequency of the measurements. For stature,
for example, it is recommended to carry out
monthly measurements during the first year
of life and to measure every three months
during the adolescent growth spurt. Although
some recent evidence (Lampl et al. 1992)
suggests that there is much more variation in
growth velocity, with periods of rapid change
(stepwise or saltatory increase) followed by
periods of no change (stasis) when growth
is monitored over very short periods of time
(days or weeks).

Cross-sectional references for growth are
most often presented as growth charts. Such
charts are constructed from the means and
standard deviations or from the percentiles
of the different gender and age groups.
Conventionally, the 3rd, 10th, 25th, 50th,
75th, 90th and 97th are displayed. The 3rd and

97th percentiles delineate the outer borders of
what is considered as ‘normal’ growth. This
does not imply that on a single measurement
one can decide about the ‘abnormality’ of
the growth process. Children with statures
outside the 3rd and 97th percentile need to
be further examined.

Since growth is considered as a regular
process over larger (years) time intervals,
a smooth continuous curve is fitted to the
sample statistics (means, means = 1(2).SD,
different percentiles P3, P10, P25, P50, P75,
P90, P97). The series of sample statistics can
be graphically smoothed by eye or a math-
ematical function can be fitted to the data.
This mathematical function is selected so
that it is simple and corresponds closely to
the observations. In a common procedure a
smooth curve is drawn through the medians
(means). This can be done by fitting non-linear
regressions to narrow age groups and estimate
the centre of the group. The age groups are
then shifted to the next age interval, resulting
in a number of overlapping intervals in which
corrected (estimated) medians are identified.
The next step is to estimate the other per-
centiles taking into account the corrections
that have been made to the medians in the
first step. This can be done by using the
residuals from the fitted 50th percentile curve
within each age group to estimate the other
percentiles. This procedure can be improved
by setting up a general relationship between
the percentiles we want to estimate and
the 50th percentile (Goldstein 1984). The
LMS-method (lambda-mu-sigma) developed
by Cole and Green (1992) permits the con-
struction of distance curves. This method
estimates the age-changing distribution of
the measurements in terms of their median,
coefficient of variation and skewness.

3.3.2 Mathematical basis of velocity
curves

Longitudinal growth velocity reference values
are obtained from the analysis of individual
growth data. Individual growth curves are
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fitted to the serial measurements of each child.
For many purposes graphical fits (Tanner et
al. 1966) are sufficient, but mathematical
curves may also be employed (Goldstein 1979;
Marubini and Milani 1986; Jolicoeur et al.
1992). Most mathematical curves or models
presently in use are developed for growth in
stature. Some models have also been applied
for a few body dimensions, such as body mass
and diameters. The mathematical functions
can be divided into two classes: structural
models and non-structural models.

3.3.3 Structural models

In the structural models the mathematical
function, usually a family of functions or
mathematical model, imposes a well-defined
pre-selected shape to the growth curves that
are fitted to the data. If the function reflects
underlying processes, then the parameters of
the function may have biological meaning
(Bock and Thissen 1980). Jenss and Bayley
(1937) proposed a model to describe the
growth process from birth to 8 years. This
model includes a linear and an exponential
term in which the linear part describes the
growth velocity and the exponential part
describes growth deceleration. Several other
functions have been used to describe the
growth during the adolescent period (Deming
1957; Marubini et al. 1972; Hauspie et al.
1980). More recently, various models have
also been proposed to describe the whole
growth period from birth to adulthood
(Preece and Baines 1978; Bock and Thissen
1980; Jolicoeur et al. 1992). Preece and Baines
(1978) have derived a family of mathematical
models to describe the human growth curve
from the differential equation:

dh

e s(t)(hy = h)

In which: h: height

h,: is adult height
s(t): is a function of time

(eq. 1)

Model 1, in which s(t) was defined by

ds _
dr

.2
(s, =9)(s—s,) (eq. 2)

was especially accurate and robust, containing
only five parameters. The function is:

2(hy = hy)
expl[S, (£ —0]+exp[S, (t - 0]

(eq. 3)

h=h, -

In which: h® (h6 is height at t=0) and h,
(adult height) are two height parameters

0 is a time parameter
S,and S, are rate constants having dimen-
sions inverse of time

From eq. 3 the velocity and acceleration
function can be calculated. The position of the
maximum and minimum growth velocity can
be calculated from the acceleration curve and
subsequently age at ‘take-off,” age at ‘peak
height velocity’ and height velocity at these
points can be obtained. In Table 3.1 mean
values are given for British adolescents.
This model proves to be reasonably
accurate to describe the adolescent growth
period (Hauspie et al. 1980). If, however, the
whole growth period from birth to adulthood
is considered, more complex models, using
more than five parameters, are needed (Bock
and Thissen 1980; Jolicoeur et al. 1992).

3.3.4 Non-structural models

For the non-structural approach, polynomials
using various fitting techniques have been
applied, such as spline functions and Kernel
estimations (van’t Hof et al. 1976; Largo et
al. 1978; Gasser et al. 1984, 2004). Gasser
et al. (2004) argued that most of the present
parametric models are purely descriptive
and often fail to capture the true shape of
the regression function underlying the data.
They demonstrate the applicability of the
non-parametric Kernel estimation and shape-
invariant modelling. As a rule they advise first
to use Kernel estimations of the individual
growth curves; if needed or desirable, shape-
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Table 3.1 Mean values for parameters in model 1 (from Preece and Baines 1978)

Boys (n = 35) Girls (n = 23)
Mean SD Mean SD
h, 174.6 6.0 163.4 5.1
ho 162.9 5.6 152.7 52
So 0.1124 0.0126 0.1320 0.0181
S, 1.2397 0.1683 1.1785 0.1553
14.60 0.93 12.49 0.74

Key:

h,: adult height

So: rate constant related to prepubertal velocity

S,: rate constant related to peak height velocity

2: time parameter, near to age at peak height velocity

Exact values of the growth characteristics (take-off, peak velocity) can be mathematically derived.

invariant modelling could be applied in a
later stage of the research project. The use
of increments or difference scores between
observations of adjacent intervals is often not
indicated. The regularity of the growth process
is overlooked; two measurement errors are
involved in each increment; and successive
increments are negatively related (van’t Hof et
al. 1976). The individual growth parameters
obtained from the graphical or mathematical
curve-fitting are then combined to form the
so-called mean constant growth curve and
by differentiation the mean constant growth
velocity curve.

For most growth studies cross-sectional
references have been published. Tanner
(1989) has argued that ‘tempo-conditional’
standards, meaning standards that allow for
differences in the tempo of growth between
children, are much finer instruments to
evaluate normality of growth. Such condi-
tional standards combine information from
longitudinal and cross-sectional studies.
Other conditional standards can be used,
such as standards for height that allow for
height of parents (Tanner 1989).

3.3.5 Growth evaluation

Depending on the number of students in the
class, 30-50 secondary school girls and/or
boys from the local school can be measured.

Exact identification, including birth date and
date of measurement, name and address and
parents’ heights should be asked in a small
inquiry addressed to the parents. Informed
consent to conduct the study can be obtained
at the same time. Furthermore, consent has
to be obtained from the school administra-
tion. It is also advisable to obtain approval
for the project by the ethics committee of the
institution.

Included here are reference data for British
children (Figures 3.1 and 3.2) (Tanner 1989).
If these standards are used for the evaluation
of the school children, then height should
be measured according to the procedures
described by Tanner (1989, pp.182-6). Often
reference data from USA are used (available
at: http://'www.cdc.gov/growthcharts/). When
available, local and national reference data
can also be used (for references see Eveleth
and Tanner 1990, or more recently, Haas
and Campirano 2006). When local references
are used, it is obvious that the measurement
techniques used in constructing these refer-
ences should be adopted. The measuring
techniques are all important and each student
needs to get experienced with them, prefer-
ably by conducting a preliminary intra- and
inter-observer study with an experienced
anthropometrist.

Once the data are collected, each individual
measurement is plotted against the reference
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Figure 3.1 References for height for British boys, with normal boy plotted. (In North and South America,
reprinted by permission of the publisher from Fetus into Man: Physical Growth from Conception
to Maturity by J. M. Tanner, pp. 180-1, Cambridge, MA: Harvard University Press, Copyright ©
1978, 1989 by J. M. Tanner. In the rest of the world reprinted by permission of the copyright holders,

Castlemead publications.)

standards. Chronological age should be
converted to decimal age expressed in years
and tenths of a year. To calculate the decimal
age, the year is divided into 10 not 12. Using
Table 3.2, the child’s birth date is recorded;
e.g. a child born on June 26 1985 has the
birthday 85.482. The date of the observation
is, e.g. October 15, 1999, recorded as 99.786.
Age at examination is obtained by simple
subtraction, e.g.

99.786 — 85.482 = 14.304 rounded to
14.30 years.

Table 3.3 presents data from two boys
followed at annual intervals (data from the
Leuven Longitudinal Study of Belgian Boys,

Beunen et al. 1992). To assess the growth
process of these boys their data can be plotted
against the British reference data (ignoring
small differences between Belgian and British
populations) (Figure 3.1).

3.3.6 Interpretation of the results

As expected the heights of the children are
scattered over the growth chart. In order to
evaluate the growth status, it is advisable to
calculate the mid-parent percentile. This is
the average of the percentile that corresponds
to the height of the parents. (The gender
specific growth charts are, of course, used
to define these percentiles.) If one takes the
mid-parent height percentile as the ‘target’ a
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Table 3.2 Decimals of year

1 2 3 4 5 6
Jan Feb  Mar Apr  May Jun

7 8 9 10 11 12
Jul Aug  Sep  Oct  Nov  Dec

1 000 085 162 247 329 414
2 003 088 164 249 332 416
3 005 090 167 252 334 419
4 008 093 170 255 337 422
5 011 096 173 258 340 425
6 014 099 175 260 342 427
7 016 101 178 263 345 430
8 019 104 181 266 348 433
9 022 107 184 268 351 436
10 025 110 186 271 353 438
11 027 112 189 274 356 441
12 030 115 192 277 359 444
13 033 118 195 279 362 447
14 036 121 197 282 364 449
15 038 123 200 285 367 452
16 041 126 203 288 370 455
17 044 129 205 290 373 458
18 047 132 208 293 375 460
19 049 134 211 206 378 463
20 052 137 214 299 381 466
21 055 140 216 301 384 468
22 058 142 219 304 386 471
23 060 145 222 307 389 474
24 063 148 225 310 392 477
25 066 151 227 312 395 479
26 068 153 230 315 397 482
27 071 156 233 318 400 485
28 074 159 236 321 403 488
29 077 238 323 405 490
30 079 241 326 408 493
31 082 244 411

496 581 666 748 833 915
499 584 668 751 836 918
501 586 671 753 838 921
504 589 674 756 841 923
507 592 677 759 844 926
510 595 679 762 847 929
512 597 682 764 849 932
515 600 685 767 852 934
518 603 688 770 855 937
521 605 690 773 858 940
523 608 693 775 860 942
526 611 696 778 863 945
529 614 699 781 866 948
532 616 701 784 868 951
534 619 704 786 871 953
537 622 707 789 874 956
540 625 710 792 877 959
542 627 712 795 879 962
545 630 715 797 882 964
548 633 718 800 885 967
551 636 721 803 888 970
553 638 723 805 890 973
556 641 726 808 893 975
559 644 729 811 896 978
562 647 731 814 899 981
564 649 734 816 901 984
567 652 737 819 904 986
570 655 740 822 907 989
573 658 742 825 910 992
575 660 745 827 Q12 995
578 663 830 997

From Tanner and Whitehouse (1984). Reproduced with the permission of the copyright holders, Castlemead

publications.

band of = 10 ¢cm for boys and = 9 ¢m for girls
can be plotted (use copies of the reference
chart) for each child and the observed height
should fall within this band. It is unlikely
that a child with two small parents, at 25th

percentile, will have a stature above the 75th
percentile — the upper limit of the previously
mentioned growth band. On the other hand
it is to be expected that a child from two
tall parents, at the 75th percentile, will have
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Figure 3.2 References for height for British girls, with normal girl plotted. (In North and South America,
reprinted by permission of the publisher from Fetus into Man: Physical Growth from Conception to
Maturity by J. M. Tanner, pp. 180-181, Cambridge, Mass.: Harvard University Press, Copyright ©
1978, 1989 by J. M. Tanner. In the rest of the world reprinted by permission of the copyright holders,
Castlemead publications.)

Table 3.3 Growth characteristics of two ‘normal boys’ (Beunen et al. 1992)

Age (y) Height (cm) Body mass (kg) Skinfolds subscapular (mm) Triceps
CASE1 13 149.6 40.0 4.1 10.2
14 154.2 43.0 5.1 9.6
15 162.9 50.0 7.1 9.0
16 169.8 55.0 5.6 8.4
17 173.4 63.0 7.9 6.2
18 175.3 65.0 7.3 7.2
CASE 2 13 158.5 48.5 7.6 10.8
14 166.2 53.0 7.0 10.9
15 172.3 57.5 6.2 8.6
16 176.6 64.0 11.6 8.4
17 177.8 67.0 10.2 8.0

18 178.1 68.5 8.8 7.5
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a stature at or even somewhat above the
75th percentile.

For the interpretation of the individual
data it is important to know that the mean
age at peak height velocity is about 14 years
with a standard deviation of 1 year for boys
in both the British and Belgian population.

The following questions can be considered:
(1) Are these two boys small, average or tall
for their age? (2) Are they early, average or
late maturing children? (3) Do they have
adequate body mass for their size? To answer
these questions, reference data are needed for
body mass, body mass index and/or skinfolds
(for boys 14 years of age see Table 3.5).

3.3.7 Further recommendations

It should be remembered that the reported
parents’ heights are much more subject to
error than when measured. In a growth clinic
it is common practice that the parents’ heights
are measured.

If the height of only one parent is available,
the height of the other parent can be
estimated by adding (for the father’s height)
or subtracting (for the mother’s height) 13 cm
to or from the height reported by the mother
or father, respectively.

If the British reference curves are used,
it should be kept in mind that there are
large interpopulation differences and that,
even within a population, differences may
occur due to ethnicity, social status or degree
of urbanization to name a few (see, for
example Eveleth and Tanner 1990; Haas
and Campirano 2006).

3.4 BIOLOGICAL MATURATION:
SEXUAL, MORPHOLOGICAL,
DENTAL MATURATION AND
SKELETAL AGE

3.4.1 Methodological

considerations

It is well documented that somatic charac-
teristics, biological maturation and physical

performance are interrelated, and that
young elite athletes exhibit specific maturity
characteristics (Beunen 1989; Malina et al.
2004). Young elite male athletes are gen-
erally advanced in their maturity status,
whereas young female athletes show late
maturity status, especially in gymnastics,
figure skating and ballet dancing. The assess-
ment of biological maturity is thus a very
important indicator of the growing child.
It is therefore a valuable tool in the hands
of experienced kinanthropometrists and all
other professionals involved in the evaluation
of the growth and development of children.

3.4.2 Assessment of sexual
maturation

As mentioned already, several biological sys-
tems can be used to assess biological maturity
status. In assessing sexual maturation the
criteria described by Reynolds and Wines
(1948, 1951) synthesized and popularized
by Tanner (1962) are most often used. They
should not be referred to as Tanner’s stages
since they were in use long before Tanner
described them in Growth at Adolescence.
Furthermore, there is considerable difference
in the stages for breast, genital or pubic hair
development. Five discrete stages for each
area are described by Tanner (1962).

The breast development stages, which fol-
low Reynolds and Wines (1948) are illustrated
in Figure 3.3.

Stage 1: pre-adolescent: elevation of
papilla only.

Stage 2: breast bud stage: elevation
of breast and papilla as small mound,
enlargement of the areola diameter.

Stage 3: further enlargement and elevation
of breast and areola, with no separation
of their contours.

Stage 4: projection of areola and papilla
to form a secondary mound above the
level of the breast.
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Figure 3.3 Breast stages (From Tanner, 1962, with
permission).

=

3%53

Stage 5: mature stage: projection of
papilla only due to recession of the areola
to the general contour of the breast.

(reprinted from Tanner 1962, with
permission)

The genital development stages are illustrated
in Figure 3.4.

Stage 1: pre-adolescent. Testes, scrotum
and penis are of about the same size and
proportion as in early childhood.

Stage 2: enlargement of scrotum and of
testes. The skin of the scrotum reddens
and changes in texture. Little or no
enlargement of the penis at this stage
(which therefore comprises the time
between points T1 and P1 of the Stolz’s
terminology).

Stage 3: enlargement of penis, which
occurs at first mainly in length. Further
growth of the testes and scrotum.

Stage 4: increased size of penis with

\\ l

Figure 3.4 Genital stages (From Tanner, 1962,
with permission).

growth in breadth and development of
glands. Further enlargement of testes and
scrotum; increased darkening of scrotal
skin.

Stage 5: genitalia adult in size and shape.
No further enlargement takes place
after stage 5 is reached; it seems, on the
contrary, that the penis size decreases
slightly from the immediately post-
adolescent peak (Reynolds and Wines,
1951).

(reprinted from Tanner 1962, with
permission)

The pubic hair stages are illustrated in Figure
3.5 for boys and girls.

Stage 1: pre-adolescent. The vellus over
the pubes is not further developed than
that over the abdominal wall, i.e. no
pubic hair.

Stage 2: sparse growth of long, slightly
pigmented downy hair, straight or only
slightly curled, appearing chiefly at the
base of the penis or along the labia.

Stage 3: considerably darker, coarser and
more curled. The hair spreads sparsely
over the junction of the pubes. It is at this
stage that pubic hair is first seen in the
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Figure 3.5 Pubic hair stages: (a) boys; (b) girls
(from Tanner, 1962, with permission).

usual type of black and white photograph
of the entire body; special arrangements
are necessary to photograph stage 3
hair.

Stage 4: hair now resembles adult in
type, but the area covered by it is still
considerably smaller than in the adult.

No spread to the medial surface of the
thighs.

Stage 5: adult in quantity and type
with distribution of the horizontal (or
classically ‘feminine’) pattern. Spread to
medial surface of thighs but not up to
linea alba or elsewhere above the base
of the inverse triangle.

(reprinted from Tanner 1962, with
permission)

These stages must be assigned by visual
inspection of the nude subject or from soma-
totype photographs from which the specific
areas are enlarged. Given the invasiveness
of the technique, self-inspection has been
proposed as an alternative. The results of
the validation studies of self-reported sexual
maturity vary considerably depending on the
age of the participants, gender, ethnicity, group

characteristics (e.g. socially disadvantaged
children), and the settings in which the assess-
ments were made (Cameron 2004b). Younger
children tend to overestimate and older
children underestimate. Boys overestimate
and girls are more consistent with experts
(Cameron 2004b).

Age at menarche, defined as the first
menstrual flow, can be obtained retrospectively
by interrogating a representative sample of
sexually mature women. Note, however, that
the error of recall has an influence on the
reported age at menarche. Considerable errors
have been documented for the individual age
at menarche, but the recall data are reason-
ably accurate for group comparisons (Beunen
1989; Malina et al. 2004). The information
obtained in longitudinal or prospective
studies is of course much more accurate, but
here other problems inherent to longitudinal
studies interfere. In the status quo technique,
representative samples of girls expected to
experience menarche are interrogated. The
investigator records whether or not menstrual
periods have started at the time of investi-
gation. References can be constructed using
probits or logits for which the percentage
of menstruating girls at each age level is
plotted against chronological age, where
after a probit or logit is fitted through the
observed data. Note that the retrospective
and prospective methods provide ages at
menarche for individuals, whereas the status
quo method provides an estimated age at
menarche for a sample and does not apply
for an individual.

3.4.3 Morphological maturation:
Prediction of adult height and
maturity offset.

When percentage of predicted adult height
is used as an indicator of morphological
maturity, the actual measured height is
expressed as a percentage of predicted adult
height. The problem here is to estimate
or predict adult height. Several prediction
techniques have been developed, and those
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by Bayley (1946), Roche et al. (1975a) and
Tanner et al. (1983, 2001) seem to be the
most accurate and most commonly used.
The predictors in these techniques are actual
height, chronological age, skeletal age and,
in some techniques, parental height and/or
age at menarche for girls. Based on data
of the Fels Longitudinal Study, Wainer et
al. (1978) demonstrated that in American
white children reasonable accuracy can be
obtained in predicting adult stature when
skeletal age is replaced by chronological age.
Khamis and Roche (1994) also showed that
when current stature, current weight, and
mid-parent stature are used as predictors, the
errors of prediction are only slightly larger
then those for the Roche-Wainer-Thissen
method (1975a) which requires skeletal age.
More recently, based on data of the Leuven
Longitudinal Study on Belgian Boys, Beunen
et al. (1997) proposed the Beunen-Malina
method for predicting adult stature. In this
method adult stature is predicted from four
somatic dimensions: current stature, sitting
height, subscapular skinfold, triceps skinfold,
and chronological age. In the age range of
13-16 years, the accuracy of the Beunen-
Malina method compares favourably with
the original Tanner-Whitehouse-II method
(Tanner et al. 1983). For boys 12.5-13.5
years, for example, adult stature can be
predicted using the following regression
equation (Beunen et al. 1997)

adult stature = 147.99 cm + 0.87 stature
(cm) — 0.77 sitting height (cm) + 0.54
triceps skinfold (mm) — 0.64 subscapular
skinfold (mm) — 3.39 chronological age
(years)

The main advantage of the Beunen-Malina
method is that it is non-invasive and does
not require the assessment of skeletal age
based on radiographs. However, it is clear
that the original Tanner-Whitehouse-II or the
more recent Tanner-Whitehouse-III method
(Tanner et al. 1983, 2001) is to be preferred
when radiographs of the hand and wrist are

available. It should also be noted that the
Beunen-Malina method is only for boys.

In this respect it is of interest to note that
at 2 years of age, boys attain nearly 50% of
their adult stature, whereas girls reach this
landmark already at 1.5 years. Boys reach
75% of adult stature at about 9 years and
girls at 7.5 years. Finally, 90% is reached at
about 13.5 years in boys and at 11.5 years
in girls (Tanner, 1989). This clearly demon-
strates that already at 2 years of age girls
are biologically more mature than boys and
that this advancement increases with age
to reach a difference of about 2 years at
adolescence.

Another non-invasive estimate of morpho-
logical or somatic maturity utilizes time
before or after peak height velocity (PHV),
labelled as maturity offset, as a maturity
indicator (Mirwald et al. 2002). The protocol
requires age, height, weight, sitting height
and estimated leg length in gender-specific
equations. The method has been validated
in a sample of elite female gymnasts. Mean
predicted age at PHV deviated linearly from
the criterion age at PHV. There also was a
systematic bias between the prediction and
criterion; correlations between the two varied
between —0.13 and +0.76. Care is therefore
warranted in utilizing maturity offset per se
and predicted age at PHV based on maturity
offset as an indicator of biological maturity
timing in female gymnasts and probably also
in short, late-maturing females in general
(Malina et al. 2006). Until now, no practical
useful technique has been developed to assess
‘shape age’ as another indicator of morpho-
logical maturity.

3.4.4 Dental and skeletal techniques

Dental maturity can be estimated from the
age of eruption of deciduous or permanent
teeth or from the number of teeth present
at a certain age (Demirjian 1978). However,
eruption is only one event in the calcification
process and has no real biological meaning.
For this reason, Demirjian et al. (1973)
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constructed scales for the assessment of dental
maturity, based on the principles that Tanner
et al. (1983) developed for the estimation of
skeletal age.

Skeletal maturity is the most commonly
used indicator of biological maturation. It is
widely recognized as the best single biological
maturity indicator (Tanner 1962). Three
main techniques are presently in use: the
atlas technique, first introduced by Todd
(1937) and later revised by Greulich and Pyle
(1950, 1959), the bone-specific approach
developed by Tanner et al. (1983, 2001), the
bone-specific approach developed by Roche
et al. for the knee (1975b), and for the hand
(1988).

3.4.5 Skeletal age assessment:
TWIII system

In this section the assessment of skeletal age
according to the Tanner-Whitehouse method
(TWIII, Tanner et al. 2001) will be introduced.
The TWIII method is a further adaptation to
the TWII method (Tanner et al. 1983). The
differences between TWII and TWIII are the
20-bone score (radius, ulna, short bones of
the first, third and fifth fingers, and round
bones) and corresponding skeletal age have
been abolished in the TWIII method; the
TWIII-reference charts have been updated
using more recent samples from Argentina,
Belgium, Italy, Japan, Spain, UK, and USA
(Texas); and the other two modifications
relate to the height prediction rather than
the assessment of skeletal maturity per se.
However, it is of importance to note that the
stages and description of the stages of the
bones have not been changed. They remain
the same so that the ratings and calculations
of the bone maturity scores in TWII are still
valid for TWIIL

The TWIII is a bone-specific approach,
which means that all the bones of a region
of the body are graded on a scale and then
combined to give an estimate of the skeletal
maturation status of that area. The TWIII
system is developed for the hand and wrist.

In this area, 28 ossification centres of long,
short and round bones are found, including
primary ossification centres (round bones)
and secondary ossification centres (epiphyses
of the short and long bones). The primary
ossification centres of the short and long
bones develop before birth and form the
diaphyses. The secondary centres of the short
and long bones generally develop after birth
and form the epiphyses. For each centre
a sequence of developmental milestones
is defined. Such a milestone indicates the
distance that has been travelled along the
road to full maturity, meaning the adult
shape and fusion between epiphysis and
diaphysis for short and long bones. Such a
sequence of milestones is invariant, meaning
that the second milestone occurs after the
first, but before the third. Based on careful
examination of longitudinal series of normal
boys and girls, stages of skeletal maturity
were defined for all the bones in the hand and
wrist. The stages are described in a handbook
for the assessment of skeletal age (Tanner et
al. 2001). Each stage is indicated by a letter
and stages are converted to weighted maturity
scores. These scores are defined in such a
way as to minimize the overall disagreement
between the scores assigned to the different
bones over the total standardizing sample.
Furthermore, a biological weight was assigned
to the scores so that, for example, the distal
epiphysis of the radius and ulna are given four
times more weight than the metacarpals or
phalanges of the third and fifth finger. Two
scales are available in the TWIII method: one
for the 13 short and long bones (RUS scale,
Radius, Ulna and Short bones), and one for
the carpal bones (CARP scale). Although 28
bone centres develop postnatally in the hand
and wrist, only 20 bones are assessed in the
total TWIII system. Since the metacarpals
and phalanges, considered row-wise, show
considerable agreement in their maturity
status, only the first, third, and fifth fingers
are estimated. Once the maturity stages are
assigned to the bones, the stages are converted
to maturity scores using one of the two
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scales. The scores are then simply added to
form the overall maturity score for the long
and short bones (RUS scale) or the carpals
(CARP scale). For these overall maturity
scores reference data are then constructed
for a population (see, for example, Tanner et
al. 2001; Beunen et al. 1990). Very often the
maturity score is converted into skeletal age,
which is the corresponding chronological age
at which, on the average, an overall maturity
score is reached.

3.4.6 Practical exercise

In assessing skeletal age, radiographs have to be
taken in a standard position and with standard
equipment (for instructions see Tanner ef al.
2001). The descriptions and directions of the
authors should also be carefully followed. This
implies that the written criteria for the stages
should be carefully studied and followed.
The illustrations are only a guide for the
identification of the stages. They represent the
upper and lower limit of a given stage. For
the assignment of stages the first criterion of
the previous stage must be clearly visible and
in the case of only one criterion this must be
present; if there are two criteria one of the
two must be present; and when three criteria
are described two of the three must be visible.
Depending on the scale (RUS, CARP) the
corresponding scores for each gender must
be given, then summed and compared to
references for the population.

In order to familiarize students with the
system, three radiographs (Figures 3.6, 3.7
and 3.8) are included for which the three
maturity scores can be obtained. A scoring
sheet is shown in Figure 3.9. As described
above, the instructions in the handbook
(Tanner et al. 2001) should be carefully
followed and the bones are rated in the same
order as indicated on the scoring sheet.

The scores obtained should then be com-
pared with those of an experienced observer.
In this case the ratings can be compared
with those of the author (see Appendix).
His ratings show considerable agreement

Figure 3.6 Radiograph of the hand and wrist of
a Belgian boy (I).

Figure 3.7 Radiograph of the hand and wrist of
a Belgian boy (II).

Figure 3.8 Radiograph of the hand and wrist of
a Belgian boy (III).
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Name of 85568807 1 .....ovvvviriiininiineniiinininins
Christian Name : ....ccevviviiiviniiiiiiiniiiieiiiieen

Dateotbith [ | I L I | ]
Date of x—ray D:‘D:‘D:]

Total TW2~score [ [ | | |

Name : .......ccccceeeeen.

SOX ! i
bone stage score RUS
Rads  [] [IT] [T
Uina 0 o o
Metacarpatl [ | [ | T
Metacarpall | [ ] 1]
Metacarpal V [:] [:D [D
Prox. Phal.l [ [T] T
Prox.Phal. it [] [ 1] 11
Prox. Phal. V D ED I:l:'
Mid. Phal [ []] 1
Mid. Phal. v [ []] 1
Dist. Phal.il [ | [T] M
pist. Phalml [ [ 1]
Dist.Phal.v [ [ 1] 1]

Total RUS—-score [ | | | |
RUS--skel. age l:]:ﬂ:]

In each D one digit is filled in ; do not note 9 for 9 years but note 09

day month year

bone stage score CARP
Capitate O 1]
Hamato O O Om
Triquetral [:] EI:] EED
wee [ [0 [T0O
spnid [ [0 [T
Trapezium O I (11
Trapezoid D [:]::l D:D

Tot. Carp—score [ [ | | ]
cARP-skel.age [ | |

Tw2-skel.age [ | |[_|
1

Chronological age

Figure 3.9 Scoring sheet for skeletal age assessment.

with those of the originators of the method
(Beunen and Cameron 1980). The differences
between the students’ ratings and those of
the expert need to be discussed and, if time
permits, a second rating can be done with a
minimum one-week interval.

In most cases the student will experience
that he/she is able to obtain fairly close
agreement between his/her ratings and those
of the expert. This does not at all imply
that the student is now experienced. From
intra- and inter-observer studies conducted
in our laboratory, it appears that before one
becomes experienced, about 500 radiographs
have to be assessed. The assessor also needs
to verify his/her own intra-observer reliability
and has to compare his/her ratings with those
of an expert.

As previously mentioned, skeletal age

is an important variable in the regression
equations for predicting adult height. Given
the characteristic physical structure of athletes
and the role of stature in this respect it can be
easily understood that the estimation of adult
stature can be a useful factor in an efficient
guidance of young athletes.

Finally, it should be mentioned that skeletal
age correlates moderately to highly with other
indicators of biological maturity, such as
sexual maturity and morphological maturity.
The association with dental maturity is
considerably lower. However, the associations
are never strong enough to allow individual
prediction, but they are strong enough to
indicate the maturation status of a group
of children or populations. This means that
when a group of female gymnasts is markedly
delayed in sexual maturity, the group is also
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likely to be delayed in skeletal maturity
(Beunen 1989; Malina et al. 2004).

3.5 PHYSICAL FITNESS
3.5.1 Methodo|ogicq|

considerations

As mentioned earlier the physical fitness con-
cept and its measurement have evolved over
time and recently the distinction between
health- and performance-related fitness has
been introduced. Furthermore, Bouchard
and Shephard (1994) broadened the concept
to include: (1) a morphological component
(body mass for height, body composition,
subcutaneous fat distribution, abdominal
visceral fat, bone density, flexibility); (2)
a muscular component (power, strength,
endurance); (3) a motor component (agility,
balance, coordination, speed of movement);
(4) a cardiorespiratory component (sub-
maximal exercise capacity, maximal aerobic
power, heart functions, lung functions, blood
pressure); and (5) a metabolic component
(glucose tolerance, insulin sensitivity, lipid
and lipoprotein metabolism, substrate oxida-
tion characteristics). Table 3.4 gives an
overview of test batteries that have been
used and, more importantly, for which refer-
ence values have been constructed. For the
test batteries included in Table 3.4, attempts
were made to obtain tests that are objec-
tive, standardized, reliable and valid. (For
more information about test construction
see Safrit 1973 and Anastasi 1988). For
most of the batteries nationwide reference
values were constructed. Attempts have also
been made to construct criterion-referenced
norms or standards (Blair ez al. 1989). Within
the context of the health-related fitness
concept, standards of required fitness levels
were created by expert panels, for example
42 ml.kg".min"! for VO,max in young men
and 35 ml.kgt.min! for young women. Very
little empirical evidence is available to create
such criterion-related standards for the other
health-related fitness items.

From Table 3.4 it is clear that, in most bat-
teries, the same components are included and
that quite often the same tests are proposed.
Note, of course, that test batteries that are
intended to evaluate health-related fitness do
not incorporate performance-related items.
With increasing awareness about safety
and risks involved in testing, some testing
procedures have been adapted; for example,
sit ups were originally tested with straight
legs and hands crossed behind the neck
whereas in more recent procedures the arms
are crossed over the chest, the knees are bent
and the subject curls to a position in which
the elbows touch the knees or thighs. In the
latter procedure there is less risk of causing
low-back pain.

In order to construct reference values for
a population, large representative samples of
boys and girls from different age levels must
be examined. The same principles apply as
for the construction of growth standards
discussed previously. The data obtained must
be transferred into reference scales so that the
individual scores can be evaluated and test
results can be compared. Most often refer-
ence values are reported in percentile scales,
but raw scores can also be transformed into
standard scales (z-scores), normalized stand-
ard scales (transformed into a normalized
distribution) or age norms (motor age and
motor coefficient as in the original Oseretstky
motor development scale, Oseretsky, 1931).
Probably none of these scales can be consid-
ered as best, and much depends on the needs
of the test constructor and the needs of those
that intend to use the test.

3.5.2 Physical fitness testing

Similarly to what has been explained in the
growth evaluation section (Section 3.3.5), a
number of secondary school children can be
examined on a physical fitness test battery. In
selecting a test battery, it should be kept in
mind that appropriate and recent reference
values need to be available, and that the
battery selected has been constructed accord-
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Table 3.5 Profile chart of the Eurofit test for 14-year-old boys
ANTHROPOMETRY

P3 P10 P25 P50 P75 P90 P97
Height (cm) 1532 1577 1623 1674 1725 1769  181.0
Mass (kg) 38.6 42.5 47.0 52.9 60.1 68.0 77.5
Triceps skinfold (mm) 5.9 6.9 8.4 11.4 16.0
Biceps skinfold (mm) 3.2 3.6 4.3 5.1 9.5
Subscapular skinfold (mm) 5.1 57 6.3 7.9 10.9
Suprailiac skinfold (mm 3.8 4.2 4.8 6.9 11.2
Calf skinfold (mm) 5.9 7.2 8.9 12.1 17.2
Sum skinfolds (mm) 25.5 28.7 327 43.6 65.9
PHYSICAL PERFORMANCE

P10 P25 P50 P75 P90

Flamingo balance (n) 24.9 19.5 14.8 11.0 7.8
Plate tapping (s) 14.2 13.0 11.8 10.8 10.1
Sit-and-reach (cm) 11.2 16.0 21.0 25.7 29.5
Standing broad jump (cm) 164.5 179.6 194.2 208.0 221.0
Handgrip (N) 253 29.0 33.4 38.0 42.6
Situps (n) 20.0 22.8 254 27.8 29.9
Flexed arm hang (cm) 5.1 13.6 23.2 34.0 45.8
Shuttle run (s) 23.3 22.2 21.2 20.4 19.7
Endurance shuttle run (n) 4.9 6.3 7.8 9.3 10.6

ing to well-established scientific procedures
(see above). Furthermore, all the equipment
necessary for adequate testing must be
available.

The Eurofit test battery (Adam et al. 1988)
was selected for this purpose. Reference
values of the Belgian population are available
(Lefevre et al. 1993). Table 3.4 shows that this
battery includes health- and performance-
related fitness items. If the Eurofit tests are
examined and the reference values of 14-year-
old Belgian children (Table 3.5 and 3.6) are
used, then only 14-year-old children should
be tested. In the reference tables, 14 years
includes 14.00 to 14.99-year-old children.
It should be noted that we prefer to use the
1993 reference values instead of the values
collected in later fitness studies because it
has been demonstrated that in several fitness
components a decline is observed (Matton et

al. 2007). The 1993 references present values
of more fit adolescents.

Before the test session in the secondary
school all students should be familiarized with
the test procedure. It is advisable first to study
the test instructions and descriptions (Adam
et al. 1988), then to organize a demonstration
session during which the tests are correctly
demonstrated and then to practise the test
with peers of the same class as subjects. Once
the training period has finished, the session of
testing in the school can be planned. As for
the evaluation of growth, informed consent
is needed from the parents and school, and
for older children from the adolescents
themselves. Care should be taken that children
at risk are identified. The recommendations
of the American College of Sports Medicine
should be followed to identify individuals at
risk (American College of Sports Medicine
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Table 3.6 Profile chart of the Eurofit test for 14-year-old girls

ANTHROPOMETRY

P3 P10 P25 P50 P75 P90 P97
Height (cm) 149.2 153.5 157.6 162.2 166.6 170.6 174.4
Mass (kg) 39.7 43.5 47.6 52.9 59.4 66.7 75.4
Triceps skinfold (mm) 9.0 11.0 14.2 18.7 24.4
Biceps skinfold (mm) 4.6 5.9 8.1 1.7 16.9
Subscapular skinfold (mm) 7.0 8.2 10.0 13.7 19.7
Suprailiac skinfold (mm 55 7.1 9.4 13.6 19.7
Calf skinfold (mm) 9.7 12.4 16.4 22.0 29.0
Sum skinfolds (mm) 38.3 46.4 59.1 79.4 107.2
PHYSICAL PERFORMANCE

P10 P25 P50 P75 P90

Flamingo balance (n) 27.6 20.7 15.4 11.3 7.5
Plate tapping (s) 14.2 13.1 12.1 11.2 10.6
Sit-and-reach (cm) 16.9 21.9 26.9 314 34.8
Standing broad jump (cm) 140.0 152.5 166.0 179.4 191.6
Handgrip (N) 20.2 22.9 25.8 28.9 31.7
Sit-ups (n) 15.9 18.6 21.0 23.4 25.8
Flexed arm hang (cm) 0.0 2.8 7.5 14.4 23.1
Shuttle run (s) 24.2 23.3 22.3 214 20.7
Endurance shuttle run (n) 2.9 3.7 4.8 6.1 7.2

2006). Generally children that are allowed
to participate in physical education classes
can be tested, taking into account that some
are only allowed to participate in certain
exercise sessions.

Obviously the general recommendations
for administering the Eurofit tests should be
carefully followed. The individual scores are
recorded on a special sheet (Figure 3.10).
Once the tests are administered, the individual
scores are converted to reference scales. For
this purpose, reference scales of the Eurofit
test battery for 14-year-old boys and girls are
provided (Table 3.5 and 3.6 after Lefevre er
al. 1993).

3.5.3 Interpretation and discussion

Each individual test score is plotted against
the profiles given in Table 3.5 for boys and

Table 3.6 for girls. From this profile the fitness
level can be evaluated. As a guideline, the test
results of a Belgian 14-year-old boy (Jan) will
be discussed (Table 3.7).

Jan seems to perform above average in
two of the five health-related fitness items
(endurance and flexibility). His skinfolds
are quite high, and he performs below
the median for muscular endurance and
strength of the upper body and abdomen
(bent arm hang and sit-ups). For his health-
related condition it can be concluded that
his cardiorespiratory endurance is above
average for his gender and age, but that given
the rather high skinfolds his performance
can probably be improved. To do this, Jan
needs to be sufficiently active (endurance
type activities) and control his energy intake
(most probably excessive amounts of fat,
or carbohydrates from soft drinks, sweets,
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Date of birth

Test date

Test Procedure
Triceps skinfold® -
Biceps skinfold* -
Subscapular skinfold* -

Suprailiac skinfold* -

Calf skinfold* -
Flamingo balance 1 trial
Plate tapping 1 trial
Sit and reach 2 trials
Standing long jump 2 trials
Handgrip 2 trials
Bentarm hang 1 trial
Shuttle run 1 trial
Endurance shuttle run 1 trial
For i follow the

of the Eurofit manual. It is good practice to measure all the skinfolds
once, repeat the measurements and verify if the difference Is not larger than 10%. If so take another measurement and
average the results. The test order as given on this sheet should be respected

Christian name : ...
Class: .coevriuennenn

number min'!
time s 25 cycle™
o [T]
om LT
kg I:D

. [T
: [T

number

Figure 3.10 Proforma for recording the Eurofit test results.

snacks and so on). Furthermore, his muscular
endurance and strength are weak and need
to be improved. Note the negative influence
of fatness (adiposity) on these items. For
the performance-related items, quite large
variability among tests is observed. Balance
is excellent, and static strength is average.
Note the positive influence of fatness on
static strength. Jan scores poorly on tests that
require explosive actions and speed (standing
long jump, shuttle run and plate tapping).
Undoubtedly, these poor performance levels
will have an effect on Jan’s sport specific
skills. He will thus profit largely from an
improvement in these capacities. In con-
clusion, Jan needs a general conditioning
programme in which the weak performance
capacities are trained.

In interpreting the results, one should bear
in mind that all tests and measurements are

affected by measurement error. Therefore
small differences in test results should be
ignored. Furthermore, the selection of the
Eurofit tests were based on the factor analytic
studies of Simons et al. (1969, 1990). In these
studies it was shown that when fitness factors
are rotated to an oblique configuration the
factors showed only small inter-correlations;
consequently the interrelationship between
fitness items is low. This implies that it is very
unlikely that a boy or girl would perform
well on all items; generally there is some
variation between tests. Note, however,
that outstanding athletes perform above the
median for most or all items. Note also that
the tests correlate with somatic dimensions
and biological maturity status. Static strength
(handgrip) is positively correlated with height
and body mass. Tests in which the subject
performs against his own body mass or part
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Table 3.7 Individual profile of a 14-year-old Belgian boy (Jan)

ANTHROPOMETRY

P3 P10 P25 P50 P75 P20 P97
Height (cm) 153.2 157.7 162.3 167.4 172.5 176.9 181.0
Mass (kg) 38.6 42.5 47.0 52.9 60.1 68.0 77.5
Triceps skinfold (mm) 5.9 6.9 8.4 11.4 16.0
Biceps skinfold (mm) 3.2 3.6 4.3 5.1 9.5
Subscapular skinfold (mm) 5.1 57 6.3 7.9 10.9
Suprailiac skinfold (mm 3.8 4.2 4.8 6.9 11.2
Calf skinfold (mm) 5.9 7.2 8.9 12.1 17.2
Sum skinfolds (mm) 25.5 28.7 327 43.6 65.9
PHYSICAL PERFORMANCE

P10 P25 P50 P75 P20

Flamingo balance (n) 24.9 19.5 148 110 7.8
Plate tapping (s) 142 430118 108 101
Sit-and-reach (cm) 11.2 16.0 21:0— 25.7 29.5
Standing broad jump (cm) 164.5 179.6 ‘1]:9:4.2 208.0 221.0
Handgrip (N) 2523 290 334> 380  42.6
Situps (n) 200 228 (254 278 299
Flexed arm hang (cm) 5.1 13.6 1 232 34.0 45.8
Shuttle run (s) 23.3 22.2 \\2‘1‘.2 20.4 19.7
Endurance shuttle run (n) 4.9 6.3 7.8 7. 9.3 10.6

of it, for example, tests of muscular endur-
ance and power, are negatively correlated
with height and weight. From the above it is
also clear that in assessing the performance
capacities and especially in guiding and pre-
scribing exercise programmes, the assessment
of habitual physical activity and of nutritional
status add significantly to the advice and
guidance.

3.6 SUMMARY AND
CONCLUSIONS

e  After a few historical notes this chapter
considers growth evaluation, assessment
of biological maturation and physical
fitness evaluation.

e  Foreach of the three sections, the concept,
assessment and evaluation techniques are
explained and a detailed description is
given of a practical.

e  For the growth and physical fitness eval-
uation, a small project is described in
which data are collected and afterwards
evaluated.

e For skeletal age assessment, x-rays
are assessed according to the Tanner-
Whitehouse technique.

e Each section ends with a number of
recommendations and a short discussion
of the evaluation and techniques that
have been used.

e Additional details concerning the assess-
ment of growth, maturation and perfor-
mance are given by Barker, Boreham, Van
Praagh and Rowlands in Chapter 8.

APPENDIX

Estimation according to the author of this
chapter (for his intra- and inter-observer relia-
bility see Beunen and Cameron 1980):
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Estimations radiograph figure 3.6: Boy (1)

Radius: G, Ulna: E, MCI: F, MCIII: F,
MCV: E

PPIL: E, PPIIL: E, PPV: E, MPIIL: E MPV: E
DPI: E, DPIII: F; DPV: F

Capitate: G, Hamate: G, Triquetral: G,
Lunate: G, Schaphoid: G, Trapezium: G,
Trapezoid: H

Estimations radiograph figure 3.7: Boy (11)

Radius: H, Ulna: G, MCI: G, MCIIL: G,
MCV: G

PPI: G, PPIIL: G, PPV: G, MPIIL: G, MPV:
E DPI: G, DPIII: G; DPV: F

Capitate: H, Hamate: H, Triquetral: H,
Lunate: H, Schaphoid: H, Trapezium: H,
Trapezoid: H

Estimations radiograph figure 3.8: Boy (111)
All bones reached the adult stage
RUS-age: adult, CARP-age: adult.
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CHAPTER 4

ASSESSMENT OF POSTURE

Peter H. Dangerfield

4.1 AIMS

The aims of this chapter are to:

e review the nature and definition of
posture;

e examine various techniques of assessing
the upright position and normal status;

e consider abnormalities in posture and
their effects on performance with par-
ticular reference to the consequences for
sporting activities.

4.2 INTRODUCTION

Maintenance of the upright posture by humans
is unique among mammals and primates.
During human evolution, complex control
mechanisms in the brain were generally
recognised as being in the lateral occipital
cortex. A close link between balance and
spatial cognition developed in the cerebral
cortex leading to the accurate perception of
all body parts.

Alignment of the body in an upright posi-
tion is itself the key to human bipedalism
and has been associated in evolution with
decoupling of head and trunk movements.
This has allowed us to develop the capability

for endurance running. As the hindlimbs
progressively assumed the role of locomotion,
the vertebral column adapted from a hori-
zontal compressed structure to a vertical
weight-bearing rod and axial rotations and
counter-rotations of the trunk developed to
permit a wide range of activities unique to
man to evolve. The relationship between the
spine and the pelvic girdle distally and the
skull proximally also changed, and changes
occurred in the shape of the pelvis and
sacrum. The centre of gravity also evolved,
shifting backwards towards the hindlimbs as
their length and musculature increased. At the
same time, to reduce energy expenditure in
countering needless body rotation about the
centre of gravity, forces for forward propulsion
passed through the centre of gravity. Early
changes in body form also allowed the adop-
tion of sitting positions, allowing the forelimb
to be freed for manipulative functions.
Further changes in the angulations of the
lumbar vertebral column in females also
enabled them to carry babies, an evolutionary
trend that gave humans an advantage over
potential predators (Whitcombe et al. 2007).
Additionally, associated increases in flexibility
of the vertebral column were accompanied by
changes in size of the vertebrae in the lumbar
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region, which became more massive in order
to cope with increased compression forces
resulting from the upright stance. Further
changes in the role of the sternum and
abdominal muscles occurred which allowed
less truncal stiffness, resulting in the wider
shallow chest and reduced angulation of the
ribs of humans.

Posture is maintained by a number of
functions including an antigravity function,
balance, body segment orientation and the
adaptation of appropriate antigravity positions
for ongoing movement. These functions also
adapt as they develop sequentially during
postnatal growth and development.

Adopting an upright posture and acquiring
freedom to use the upper limb independently
of the legs has increased the dynamic demands
on the vertebral column. It developed the
capability to produce and accumulate
moments of force while transmitting and
concentrating forces from other parts of the
body. These forces include dynamic compres-
sive forces, in which the intervertebral disc
acts as a flexible link, lowering the resonant
frequency of the spine. This then allows the
spinal musculature and ligaments to dissipate
energy. As a consequence, changing to an
upright posture has resulted not only in specific
human functional abilities, but also unique
functional disabilities, which can have impli-
cations in sporting and physical activities.
Such conditions might include spinal curva-
tures of an acquired type, or the problems
sometimes developed by sports participants
and professional musicians due to degenera-
tive disease of the lumbar spine and other
joints or as a consequence of repetitive injury
or sprains. These may be accompanied by
body asymmetry, which itself might adversely
affect the normal posture and inertial proper-
ties of the body. This is a large subject in its
own right and more fully discussed elsewhere
(Dangerfield 1994; McManus 2002).

The study and definition of posture are pos-
sible from a number of different aspects. These
include the evolution of bipedalism and the
upright position, changes during development

in infancy and childhood, mechanisms of
physiological control and its role in health
and its importance in sport, exercise and
ergonomics. Thus, it is important to under-
stand the concept of posture and to examine
some of the methods that have been devel-
oped to assess it, allowing investigation of
the factors that influence it in different states,
such as rest and movement. Furthermore,
since human posture is a complex control
system, with constant correctional movements
taking place to enable standing upright, it will
inevitably change as the individual ages.

Posture may be defined in simple terms
as a particular position of the body. In the
context of the upright stance of the human,
it is generally accepted that it is possible to
define both static and dynamic posture. Static
posture is a consequence of a state of muscu-
lar and skeletal balance within the body and
this creates stability by an orientation of the
constituent parts of the body in space at any
moment in time. The least energy will be used
by the body to achieve this stable state and
any departure from it will lead to imbalance
and the development of bad posture. This
situation may be encountered in a range of
health-related circumstances and can also
be a problem for sports coaches and their
trainees.

It is very rare for a normal individual to
remain in a static position since the daily
routines of life are essentially dynamic and
involve movement. Dynamic posture is the
state the segments of the body adopt when
undertaking movement. Posture is always
the relative orientation of the constituent
parts of the body in space at any moment in
time. Thus, maintaining an upright position
requires constant dynamic adjustment by
muscles in the trunk and limbs, under the
automatic and conscious control of the
central nervous system to counter the effects
of gravity. Posture should therefore be
regarded as a position assumed by the body
before it makes its next move and relies on the
brain’s perceptions of position (Roaf 1977).
This perception is closely related to the visual



processing of information within the occipital
cortex (Astafiev et al. 2004).

Assessment of posture requires considera-
tion of the human body in an upright stance,
in readiness for the next movement. This is
easiest to measure using simple standard an-
thropometric equipment and methodologies.
For example, if the working day includes
sitting, sitting height should be measured.
Good posture has been developed in cultures
where sitting cross-legged leads to strong
back muscles (Roaf 1977).

4.3 CURVATURES AND
MOVEMENT OF THE VERTEBRAL
COLUMN

The normal vertebral column possesses well
marked curvatures in the sagittal plane in
the cervical, thoracic, lumbar and pelvic
regions. Three million years of evolution
have caused rounding of the thorax and pelvis
as an adaptation to bipedal gait. In infancy,
functional muscle development and growth
exert a major influence on the way the cur-
vatures in the column take shape and also on
changes in the proportional size of individual
vertebrae, in particular in the lumbar region.
The lumbar curvature becomes important for
maintaining the centre of gravity of the trunk
over the legs when walking commences. In
addition, changes in body proportions exert
a major influence on the subsequent shape of
the curvatures in the column.

The cervical curvature is lordotic (Greek,
meaning ‘I bend’); that is, the curvature is
convex in the anterior direction. It is the
least marked vertebral curvature and extends
from the atlas to the second thoracic verte-
bra. The thoracic curve is kyphotic (Greek,
meaning ‘bent forwards’). In other words the
curvature is concave in the anterior direction
(Figure 4.1). It extends from the second to the
twelfth thoracic vertebrae. This curvature is
caused by the increased posterior depth of
the thoracic vertebral bodies. It appears to be
at its minimum during the pubertal growth
spurt (Willner and Johnson 1983). It is not
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Figure 4.1 The curvatures of the vertebral
column.

clear, however, whether it is greater or less in
growing females (Fon et al. 1980; Mellin and
Poussa 1992). The lumbar curve is naturally
lordotic and has a greater magnitude in the
female. It extends from the twelfth thoracic
vertebra to the lumbo-sacral angle, with an
increased convexity of the last three segments
due to greater anterior depth of interverte-
bral discs and some anterior wedging of the
vertebral bodies. The curvature develops
in response to gravitational forces, which
arise as the child assumes the upright posi-
tion during sitting and standing; and to the
forces exerted betweeen the psoas major and
abdominal muscles and the erector spinae
muscle. Lordosis also increases steadily
during growth (Willner and Johnson, 1983).
Comparing the thoracic spine to the lumbar
spine, kyphosis in relationship to lordosis
decreases with age (Leroux et al. 2000).
Within the pelvis, the curve is concave antero-
inferior and involves the sacrum and coccygeal
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vertebrae, extending from the lumbosacral
joint to the apex of the coccyx.

The cervical and lumbar regions of the
vertebral column are the most mobile regions;
although, with the exception of the atlanto-
occipital and atlanto-axial joints, little
movement is possible between each adjacent
vertebra. It is a summation of movement
throughout the vertebral column that permits
the human to enjoy a wide range of mobility.
Anatomically, the movements are flexion and
extension; lateral flexion to the left or right;
and rotation. Anatomical circumduction
occurs only in the mid-thoracic region as
elsewhere any lateral flexion is always accom-
panied by some rotation.

When physical tasks are undertaken, the
body should normally be in a relaxed position
which evokes the least postural stress. This is
particularly important in adopting a relaxed
sitting position when working at a computer.
If forces are imposed on the body which
create stress, the risk of damage to biological
structures increases. This is referred to as
postural strain (Weiner 1982). Postural strain
causes prolonged static loading in affected
muscles.

The loading of the spine is localized in the
erector spinae muscles and prolonged loading
eventually leads to pain; for example, pain is
a common result of sitting uncomfortably in
a badly designed chair. The eventual result
of excessive strain will be an injury. In the
context of the spine, the more inappropriate
the strain on the vertebral column, the
greater the likelihood of back injury. For
example, there is evidence to suggest that
carriage of back-packs by children may lead
to spinal damage, since pain can develop
and immediate changes in the sagittal spinal
curvatures have also been found (Korovessis
et al. 2005; Chow et al. 2007). The lumbar
region of the spine is the most susceptible
to injury and low back pain is probably
the largest cause of sickness among the
working population, affecting three out of
four adults (Alexander 1985). Such injury is
often the result of arthritic changes affecting

the lumbar facet joints (Eubanks 2007).
Athletic injuries are usually of a minor nature
(Vinas 2006) although there is a real risk of
increased degeneration of the intervetebral
discs and back pain (Baranto 2005). The
reasons for the high risk of injury are due to
the fundamental weakness of the vertebral
structures; loading forces encountered in
everyday living such as body weight; obesity;
muscle contractions and external loading
such as lifting; and recreational and sporting
activities, particularly if the individual is
unfit. These all contribute to the development
of postural strain and injury.

Injury itself is caused by activities that
increase weight loading, rotational stresses
or back arching. The result is damage to the
intervertebral disc, ligaments or muscles,
and secondary consequences that affect
the facet joints, sciatic and other nerves.
Severe trauma might result in a fracture to
the vertebral column. Symptoms of damage
will include pain, stiffness and numbness or
paraesthesia. It is also important to identify
whether the pain was sudden in onset, such
as after lifting an object or more gradual
without any obvious antecedent. As such,
back pain is often difficult to quantify or
even prove to be a physical problem, rather
than one which is psychosomatic in nature.
Objective quantification still remains difficult
although it can be assessed using motion
analysis (D’Orazio 1993; Marras et al.
1999). Therefore, as the medical problems of
diagnosis, treatment and rehabilitation as well
as the extensive range of biomechanical and
other investigations possible in this field are
beyond the scope of this chapter, the reader
should consult the appropriate orthopaedic
and other literature.

4.4 DEFINING AND
QUANTIFICATION OF POSTURE

4.4.1 Inertial characteristics

When maintaining an erect and well-balanced
position, with little muscle activity, the line of



Figure 4.2 The line of centre of gravity of the
body.

gravity of the body extends in a line from the
level of the external auditory meatus, anterior
to the dens of the axis, anterior to the body
of the second thoracic vertebra and the body
of the twelfth thoracic vertebra and the fifth
lumber vertebra to lie anterior to the sacrum
(Klausen 1965) (Figure 4.2). As a result, the
vertebral bodies and intervertebral discs act
as a weight-bearing pillar from the base of the
skull to the sacrum. Furthermore, there is a
cephalo-caudal increase in the cross-sectional
surface area of the discs and vertebral bodies
(Pal and Routal 1986). There is also a sexual
dimorphism, with females having a lower
width-to-depth ratio than males, due to the
heavier body build of the male (Taylor and
Twomey 1984).

4.4.2 Anthropometry and posture

A number of different methods for the meas-
urement of a three-dimensional object such
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Figure 4.3 MRI image of the lumbar spine.

as the human body have been developed. All
methods have their advantages and disadvan-
tages. Extensive literature is available which
details anthropometric techniques, applied to
the field of biology, medicine and ergonomics
(Weiner and Lourie 1969; Hrdlicka 1972;
Pheasant 1986; Burwell and Dangerfield
2000; Cameron 2004). Such anthropometric
methods at their simplest use a tape measure
to acquire three-dimensional information
about the body, but this can often be viewed
as inefficient (Seitz et al. 2000).
Anthropometric techniques are similar in
spite of their inefficiency, but may vary in
the definition of the measured dimension.
Direct surface measurements employ devices
for measuring length, height and mass, such
as the stadiometer for height and sitting
height and the anthropometer for limb
segment and pelvic or shoulder width. In the
context of posture, anthropometry has been
extensively employed in medicine in the study
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of scoliosis (spinal curvature) (See Burwell
and Dangerfield 2000; Cole et al. 2000).
Indirect methods include ultrasound, x-rays
(conventional radiographs and computerised
tomography [CT]), magnetic resonance
imaging (MRI) (Figure 4.3) or light sources.
Structured light projection is highly effective
and low cost, but suffers from errors arising
from subject movement. Laser-scanners have
the advantage of speed in acquisition of data
and are less affected by subject movement
but are of much higher cost for researchers
to use. All these indirect methods acquire
data in different places in different planes
and thus reconstruction of three-dimensional
descriptions of body shape is possible.

Biostereometrics refers to the spatial and
spatiotemporal analysis of form and func-
tion based on analytical geometry. It deals
with three-dimensional measurements of
biological subjects, which vary with time
due to factors such as growth and movement.
Adapted to sport and movement science, bio-
stereometrics enables dynamic movement
and technical performance in any particular
sport to be studied. Problems do arise due
to the complexity of human movement, and
data collection still requires computer power.
However, recent advances in gait analysis
methods and other scanning processes have
allowed considerable development in this
field. It still needs to be remembered that
traditional assessment of body shape, par-
ticularly in biomechanics and medicine, was
governed by the need to examine the body
in the anatomical position, standing still
and maintaining this position like a shop
dummy. This is an unrealistic position and
contemporary analysis of movement has
overcome many of the shortcomings of earlier
investigations.

It still remains difficult, without a clear
definition of the term posture, to offer precise
and clear methods for measuring and thus
quantifying it. As a result, methods used to
quantify body shape and movement can by
inference be applied to the understanding of
posture.

4.5 ASSESSMENT OF POSTURE
AND BODY SHAPE

Assessment of body shape can be considered

as two groups:

i Measurements in a static phase of
posture;

ii  Measurements in dynamic and changing
posture.

4.5.1 Measurements in a static
phase of posture

These measurements involve quantification
of the normal physiological curves of the
vertebral column, usually in the erect position.
By the adoption of a standardized position
(usually an erect position), the measurement
can then tested for reproducibility (Ulijaszek
and Lourie 1994).

4.5.2 Subjective measurement of
static posture.

Static posture is usually assessed subjectively
using a rating chart (Bloomfield et al. 2003).
The subject stands in the upright position and
is observed against the chart.

4.5.3 Objective measurement of
sEina| length, curvature and spinal
shrinkage

Clinical and biological measurement of spinal
length, curvature and shrinkage is needed to
understand fully the effect of posture on the
human body. This applies in both sport and
medical contexts.

Various techniques are available to assess
posture. Simple and low-cost manual tech-
niques of assessing posture may be employed in
clinical or field environments. Other methods
can be more accurate, but costly. These range
from invasive criterion techniques such as
radiography or CT and MRI, which either
involve potential exposure to radiation or
to magnetic fields. Other techniques involve
light-based systems using structured light



beams or lasers which negate the risks of
radiation exposure. These techniques are
summarised below.

4.5.4 Non-invasive manual
techniques of assessing posture

Accurate measurement of heightand length can
be achieved using anthropometric equipment
such as goniometers or the range of Harpenden
Portable Stadiometers and Anthropometers
(Holtain Ltd, Crosswell, Crymych, Pembs.,
SA41 3UF www.anthropometer.com). Such
equipment is essentially portable allowing
it to be carried to field conditions. Lengths
such as height, biacromial diameter, tibial
length, or other parameters may be measured
accurately (Figure 4.4). These instruments
incorporate a manual counter recorder for
ease of reading, which reduces the likelihood
of recording error.

Profile measurements, which can be used
to assess body angles, such as that between the
spine and the vertical plan, may be recorded
digitally with a camera. Such records are
permanent; they can be computerised and
analyzed and allow the recording of changes
in posture and position over time, such as
before and after athletic events or surgical
interventions. Digital cameras are becoming
more accurate with increasing pixel counts,
commonly 10 million or more, permitting
a highly accurate record to be collected,
downloaded into a computer and examined
and analyzed as required using appropriate
software.

The most commonly assessed passive move-
ment is spinal flexion. This is frequently done
by visual inspection in the medical clinical
situation, and thus is often undertaken inac-
curately. Alternatively, it is feasible to measure
spinal flexion using a simple tape to measure
the increase in spinal length, in different
positions of flexion or extension, between skin
markings made over the spinous processes,
although this can be time-consuming in a
busy clinical environment.

In order to achieve accuracy in measure-
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Figure 4.4 Holtain anthopometer used to measure
tibial length. A counter recorder is employed, which
gives an instant and accurate read-out of length.

ments in spinal flexion, goniometers and
inclinometers are used. These simple instru-
ments can measure a wide range of spinal and
pelvic angles and positions to a high degree
of accuracy and reproducibility.

Such instruments may include pantographic
devices such as the kyphometer and simple
plastic goniometers.

a) The kyphometer

The kyphometer is a device which was
developed to measure the angles of kyphosis
and lordosis within the vertebral column
(Figures 4.5 and 4.6) (Protek AG, Bern,
Switzerland). A dial indicates the angle
between the feet placed on the spine. The angle
of thoracic kyphosis is estimated by placing
the feet over the T1 and T12 vertebra. This
measurement is both accurate and reproduc-
ible. The angle decreases with inspiration
and increases again with expiration and
so care should be taken to standardize the
measurement technique with the appropriate
stage of the respiratory cycle. Lumbar lordosis
is measured between T12 and L1 vertebrae
and is also affected by the respiration cycle.
It is likewise affected by sexual dimorphism
between the male and female subject, being
larger in post-pubertal females. However,
experience has found that lumbar kyphosis is
less easy to measure accurately than thoracic
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Figure 4.5 Using the kyphometer to measure
thoracic kyphosis on a subject. The angle is read
off the dial on the instrument.

Figure 4.6 Measuring lumbar lordosis using the
kyphometer.

kyphosis (Dangerfield ez al. 1987; Korovessis
et al. 2001). Both these measurements have
been experimentally correlated with the same
measurements undertaken on erect spinal
radiographs (Dangerfield et al. 1987; Kado et
al. 2006). Research employing this instrument
reports its application to cross country skiers,
scoliosis, back pain and other problems.

b) The goniometer

The goniometer is a device for measuring the
range of movement of a joint and is widely
used in clinical situations; for example, by
orthopaedic surgeons and physiotherapists
as well as in research programmes. The range
of such instruments includes plastic scale
devices and complex devices, all of which
allow movement measurement about a fixed
rotation point and all finding applications
in fields such as biology, physics and surface
science. Essentially simple tools, they can
measure limb and trunk joint angles and also
flexions within the spine. The goniometer
offers a rapid and low-cost method of quanti-
fying posture and spinal mobility by the
measurement of angles in the spine, such as
the proclive and declive angles (Figures 4.7,
4.8 and 4.9). These angles can be expanded
to measurements at each level of the vertebral
column and can thus give accurate indica-
tions of the shape of the entire vertebral
column. Ranges of spinal mobility may be
useful in studying athletic performance but
again due allowance should be made for age
and gender.

The same instrument may be used to
assess the lateral flexibility of the spine by
placing the dial over T1 vertebra and then
asking the subject to flex to the right and
to the left. This measurement is useful in
assessing spinal movement in patients with
deformity or arthritic diseases. Techniques
for skin marking may also facilitate simple
but accurate measurement of spinal flexion,
and offer a useful measure of physical
movement, although care must be taken to
avoid inevitable movement of the skin over
underlying bony landmarks.
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Figure 4.7 A goniometer used to measure the
proclive angle, the angle between the spine and
vertical at the level of the 7th cervical vertebra.

c) The scoliometer

Other specialist goniometers have been
devised for studying the spine in scoliosis
clinics. Scoliosis is an abnormal curvature
of the spine, in which the vertebrae are
rotated and laterally deflected, creating severe
structural deformity and an associated rib-
hump (Figure 4.10). Scoliotic curvatures may
be due to primary pathological conditions,
but can also result from leg length inequality
or muscle imbalance encountered in sports
such as tennis, or discus and javelin throwing
(Burwell and Dangerfield 2000; Stokes et
al. 2006). For example, the OSI scoliometer
is used to quantify the hump deformity of
scoliosis in the coronal plane (Orthopaedic
Systems Inc, Hayward, CA, USA). A ball-
bearing in a glass tube aligns itself to the
lowest point of the tube when placed across
the hump-deformity, permitting a reading of
the angle of trunk inclination (ATI) from a
scale on the instrument (Figure 4.11). This
angle is a measure of the magnitude of the

Figure 4.8 Measuring the angle at the thoraco-
lumbar junction.

Figure 4.9 Measuring the declive angle at the
lumbar-sacral junction.
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Figure 4.10 A patient with scoliosis: a condition
in which the vertical column develops a lateral
curvature and vertebral rotation, frequently
leading to severe physical deformity.

Figure 4.11 The OSI scoliometer used to measure
the ATI in the spine of a scoliosis subject lying
prone.

rib-cage or lumbar deformity, associated with
the lateral curvature of the spine.

d) Other methods
Another method for quantifying body shape is
toreproduce the outline of the structure under
consideration using a rod-matrix device or a
flexicurve. Contour outlines of the trunk and
spine, both in the horizontal and vertical plane,
can be measured using rod-matrix devices
(Dangerfield and Denton 1986) (Figure 4.12)
or a flexicurve (Tillotson and Burton, 1991;
Harrisonetal. 2005). Both these methods give
a permanent record of shape by tracing the
outline obtained onto paper but suffer from
the tedium of use if more than one tracing is
required. They are used in recording rib-cage
shape and thoracic and lumbar lordosis and,
in athletes, may be applied to assessment of
lumbar movements following exercise.
These techniques are simple to employ
but can be time-consuming and laborious in
practical use. Accuracy depends on experi-
ence of the observer and careful use of the
instrument. Furthermore, reproducibility of
data collection is essential. Unfortunately, in
assessing movement and posture related to
the spine, the technique used is often flawed,
due to practical difficulties in separating one
movement from another within a complex
anatomical structure.

4.6 OTHER CLINICAL METHODS
OF POSTURE ASSESSMENT

4.6.1 Photographic methods

Using the moiré effect to measure deformation
and shape is a mature field in experimental
mechanics and optical metrology. Moiré
photography employs optical interference
patterns to record the three-dimensional
shape of a surface. In biological fields, it was
used to evaluate pelvic and trunk rotation and
also trunk deformity (Willner 1979; Suzuki
et al. 1981; Asazuma et al. 1986).
Stereophotogrammetry, originally devel-
oped for cartography, has been adopted in the



Figure 4.12 Formulator Body Contour Tracer
used to record cross-sectional shape of the thorax
in a patient with scoliosis (a lateral curvature
of the spine causing a rib-hump deformity and
asymmetry of the thorax).

evaluation of facial shape, structural deformity
of the trunk and for posture measurement.
Two cameras are used to take overlapping
pairs of photographs. These can be analyzed
to produce a three-dimensional contour map
of the subject and can be described as points
in terms of x, y and z co-ordinates (Sarasate
and Ostman 1986, Enciso et al. 2004). This
technique has also found limited application
in the study of scoliosis.

Overlapping procedures use simultaneously
acquired photographs taken from different
angles and reconstruct the body in three-
dimensions from predefined specific points on
each image, with a fixed scale as the reference.
With conventional digital cameras providing
images, a computer program will allow rapid
analysis of the images and provide the three-
dimensional data required at relative low cost
and speed (Seitz 2000).

An extension of this technique is stereo-
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Figure 4.13 Grating projection system (SIPS:
Spinal Image Processing System) used for clinical
evaluation of trunk shape and scoliosis.

radiography where two x-ray images are used
instead of photographs, but this technique is
invasive and potentially hazardous due to the
use of ionising radiation. Consequently, it has
found only limited application.

Non-invasive methods of postural assess-
ment can employ the projection of structured
light patterns, scanning laser beams, or infra-
red projection techniques. All these techniques
are highly accurate and combined with a
computer and suitable program can output
results in real time. Such techniques have
been applied to the study of trunk shape, for
example, in scoliosis, in the clothing industry,
and to the movement of joints such as the
knee and shoulder.

4.6.2 3-D grating projection
methods

Three-dimensional (3-D) image sensing has
rapidly developed over the last 20 years open-
ing up a very wide variety of applications,
particularly those involving a need to know
the precise 3-D shape of the human body, for
example, e-commerce (clothing), medicine
(assessment, audit, diagnosis and planning),
anthropometry (vehicle design), postproduc-
tion (virtual actors) and industrial design
(workspace design). In short, 3-D assessment
has been applied when it is necessary to get the
3-D shape of a person into the computer.
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Simple grating projection techniques are
well suited to research into posture, applied
anatomy and body movement and can allow
outputting of three-dimensional reconstruc-
tions of the trunk (Dangerfield ez al. 1992). The
technique also allows automatic calculation
of parameters of posture similar to those
gathered using goniometers or flexicurves.

‘Phase measuring profilometry’ also uses
grating projection. This method employs
algorithms for the phase function, which are
defined by the geometry of the system and the
shape of the object (Halioua and Liu 1989;
Halioua et al. 1990; Merolli et al. 1999). The
object’s shape is converted into a phase distri-
bution as in interferometry and is analyzed by
digital phase measuring techniques: accuracy
to less than 1 mm is possible without the need
for reference plane images. This technique has
been used to measure the three-dimensional
shape of the trunk, face and breasts and has
obvious applications in plastic surgery. It is
presently expensive for routine practical use
as it employs precision optical components
and high-speed computer image processing.

The BioPrint® system employs a calibrated
wall grid and uses three digital photographs
for postural analysis. The three photographs
are a right lateral, an antero-posterior, and
a posterior—anterior view of the subject. A
complete postural profile of the subject is
defined by 37 dependent variables that are
primarily related to translations and rota-
tions of the head, thorax and pelvis in the
frontal and sagittal planes (BIOTONIX,
Boucherville, QC, Canada). This system has
found widespread commercial adoption by
health professionals in fitness evaluation and
research (Lafond et al. 2007)

The considerable advances in computer
power over the last couple of decades has
allowed considerable development in methods
for scanning of the human body, driven
in part by the clothing industry requiring
accurate and up-to-date size measurements
of populations. The Exyma whole-body
scanner series from Giscan precisely scans
the entire body in as little as 3 seconds (http://

eng.exyma.com/product/whole.htm). These
imaging systems have the advantage of very
accurate rapid mapping of the entire torso,
which is important if there is any indication of
anatomical deviations from normal that may
occur because of disease or injury.

Laser 3-D whole-body scanners have also
been developed, which use a range of land-
marks, allowing for feature recognition and
data acquisition. It is possible to employ
surface colour information as well as geo-
metric relationships in this process, resulting
in an algorithm that can achieve over 98%
accuracy (Wang et al. 2007).

The future of static measurements lies with
further developments of these light-based
systems, whereby more and more detailed and
accurate recording of the three-dimensional
shape of the trunk and legs is routine.

4.6.3 Radiographic and magnetic
resonance images

In order to understand the interaction of the
underlying internal components of skeletal
anatomy, invasive criterion techniques must
be employed. These include conventional
radiography, CT scans, MRI or other develop-
ing technologies. These methods are normally
employed for the medical investigation of
posture, especially if it is associated with
injuries or deformities.

The radiographic approach has its attrac-
tions; it is widely employed in medical
diagnostic investigations as it is relatively
easy to interpret. Digitally-based systems
have reduced the radiation dosage by a factor
of up to 10 times, with the images being
analyzed digitally on computers. However,
it must be remembered that for the purposes
of any research, the risks from ionising radia-
tion remain, raising major ethical issues for
anyone employing such methods as part of
their protocols.

With the employment of the latest genera-
tion of spiral CT scanners, MRI scanners
and other technologies, such as positron
emission tomography (PET) scanners, it is



relatively easy to create 3-D reconstructions
of the skeletal, vascular and other soft-tissue
structures of the body and limbs. There have
been important applications in medicine and
the study of sports-related injuries. However,
while the presence of ionising radiation
excludes the use of CT in research rather
than purely clinical medical investigations,
other techniques have been adopted.

MRI still offers a far wider range of pos-
sibilities as it can be used to obtain highly
detailed images of soft tissue such as muscles,
nerves and blood vessels (Figure 4.3),
although it is less useful for bony tissue. The
MRI method exploits the property of certain
atoms, particularly hydrogen, to perform
a precessing movement in a magnetic field
when they are disturbed from a stationary
state by application of a powerful magnetic
field.

While they remain expensive tools for use
in research, CT and MRI scanners are widely
available in hospitals for routine diagnostic
purposes. Scans are used in the investigation
of sports-related injury, studies on body com-
position (see Chapter 1 by Eston et al.) as well
as medical conditions ranging from soft tissue
injury to cardiovascular problems. Changes
in the shape and working of the scanners
themselves hold promise for their wider avail-
ability within the research community; thus
their use as research tools will increase. MRI
can today image vascular structures, and the
development of open ‘walk-in> MRI scan-
ners now allow the procuring of static and
dynamic images, particularly of limb joints,
which is important in sporting environments.
The development of advanced image process-
ing methods has led to the routine use of
3-D reconstruction of tissues in high detail.
The water and other ionic contents of such
tissue can be quantified using the decay
times of molecular movement activated by
the magnetic field (T1 and T2 images) and
these processes are now applied to many
different fields of application. This includes
the acquisition of geometric joint data from
the spine in functional motion studies.
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4.6.4 Ultrasound

Ultrasound has been applied to imaging sub-
surface bony and soft tissue structures. This
technique employs sound waves, which are
produced by a transducer and are reflected
back from tissues within the body. Most wide-
spread application has been in pregnancy, but
applications have been developed using real-
time equipment, which can reveal details of
the body structures of the vertebral column.
The images are often difficult to interpret, but
are constantly improving. The recent intro-
duction of 3-D ultrasound now enables clear
3-D images of organs, particularly develop-
ing foetuses, to be viewed. The advantage of
ultrasound is that it uses non-invasive sound
waves and has therefore negligible risk to
the subject. Ultrasound is used for routine
screening for spinal bifida during pregnancy
and has been applied to spinal assessments in
research into scoliosis.

4.7 MOVEMENT ANALYSIS:
MEASUREMENTS IN A DYNAMIC
PHASE OF POSTURE

In order to describe dynamic movement, con-
siderations of qualitative and quantitative
methods of biomechanical analysis are
required. The former requires a careful, sub-
jective description of movement, while the
latter requires detailed measurement and
evaluation of the collected data. The guide-
lines of the British Association of Sport and
Exercise Sciences still remain a useful resource
for the conduct of biomechanical analysis of
performance in sport (Bartlett 1992).

Since the human body rarely assumes static
posture for more than a few seconds, analysis
of dynamic posture will involve study of the
range of motion of the joints of the spine.
The relative position of the spine constantly
varies throughout any movement, such as
during gait or in a sporting activity. With the
rapid development of the PC over the last
decade, real-time recording of moving images
of sporting activities and other movements
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permits routine measurement of changes
in posture. Qualitative analysis of a move-
ment, or athletic technique within a sport,
is undertaken with high-speed video with no
disturbance to the subject performing their
movements. It is relatively easy with appropri-
ate software to quantify the captured images
and assess movements, such as spinal displace-
ment or stride length. Problems should be
recognised when it comes to accurate deter-
mination of body landmarks, which still need
to be marked on the subject for placement of
sensors or reflective devices. It is well known
that skin movements over underlying bony or
muscular structures can affect surface mark-
ers. Skin landmarks are located and a special
marker locator, which is sensitive to infra-red
light, is placed in the appropriate place. Such
locators are used in many movement analysis
systems found in standard gait laboratories
(see section 4.7.1).

It is not easy to adapt such laboratories
to the investigation of posture, but there is a
growing literature on the subject that should
be relatively easy to find on standard scientific
databases. Since the introduction of a time
dimension, longitudinal studies on movement
analysis can now be applied to assess the
efficacy of training regimens and performance
parameters. They also enable the sports bio-
mechanist and physiologist the opportunity
to identify events within a movement, which
can be compared between individuals. While
the results have been traditionally presented
as outline and stick ‘persons’ developments,
as a spin off from the cinema animation field,
they are allowing infilling and realistic images
to be presented. These are likely to develop
rapidly in the next few years.

Application of these techniques of quanti-
fication of movement in the lumbar spine
is important when examining patients with
low-back pain, a symptom frequently associ-
ated with sporting pastimes. Ranges of
spinal mobility may be useful in studying
athletic performance, but allowance for age
and gender should be made in interpreting
observations.

Simple techniques can be employed that
are frequently of low cost. Goniometers may
be used to assess spinal range of motion (refer
to the laboratory practical at the end of this
chapter and also Chapter 5, Van Roy and
Borms). These measurements are useful in
assessing spinal movement in patients with
deformity or arthritic diseases. Techniques
for marking the skin may also facilitate
simple but accurate measurement of spinal
flexion. However, it is important to recognise
the problems of skin movement as already
mentioned in this chapter. These do offer
a useful measure of physical movement,
such as assessing the contribution of lumbar
flexion to body posture, even when the
technique requires only the use of a tape
measure (MacRae and Wright 1969; Rae et
al. 1984).

4.7.1 Movement analysis

Movement analysis is a complex specialist
area that is increasingly available to clinicians,
sports physiologists and other researchers
within a number of specialist gait and move-
ment laboratories. While setting up the
laboratory and required equipment (such as
force plates and multiple cameras), remains
expensive, the potential for collecting infor-
mation relating to posture and axial skeletal
movement is great. Multiple channels of data
input and real time analysis is possible with
the powerful generation of PCs available
today. Undoubtedly developments in this
field will continue at rapid pace in the future.
The most common form of dynamic research
involves gait and movement analysis. This
applies to a wide range of sports and medical
problems, which can be related to posture. The
tracking and analysis of human movement
commenced with the early application of still
photography. With the advent of inexpensive
video cameras in the 1980s, video capture has
been used in the analysis of performance of
occupational and sports skills. Early models
representing the human body as a mechanism
consisting of segments or links and joints are



still valid today and remain worth consult-
ing (Kippers and Parker 1989; Vogelbach
1990). These have evolved into a wide
range of systems; ranging from eye-tracking
software to record actual movements of a
subject, to movement analysis systems that
record body segment position changes in
gait and other position change cycles. There
is also considerable choice in the range of
analysis software available to researchers,
ranging from 2-D tracking to sophisticated
3-D real-time biomechanical analysis, all of
which can be adapted to examine the trunk
(e.g. Quintic Consultancy Ltd — http://www.
quintic.com/).

The application of this approach to the
vertebral column remains a major challenge
due to its multi-unit component structure,
with each vertebra and disc acting almost as an
independent unit. Consequently, the column
and pelvis exhibit many varied movement
patterns. The vertebral column has 25 mobile
segments corresponding to each intervertebral
joint from the base of the skull to the lumbar-
sacral junction, each with its own unique
movement potential. This is the concept of
spinal coupling first described by Lovett
in 1905 (reviewed by Panjabi et al. 1989).
Posture affects the range of these coupled
motions. In contrast, the pelvis moves about
an axis through the hip joints. Rotational
movements are generated during walking
and these pass upwards from the lower limbs
into the pelvis and upwards into the spine. By
separating these individual units, any overall
appreciation of the complex movements of
the trunk and muscle involvement is highly
complex and remains a challenge to modellers
of the spine. This complexity is a key issue for
anyone considering research in this area when
investigating movements in the context of
posture and applications either in biological,
clinical or athletic terms.

The 3-D measurement of movementremains
important in advancing our understanding of
athletic performance. In all applications, the
reproducibility and accuracy of the method
must be established.
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Early methods for the three-dimensional
analysis of motion included a system called
CODA, which was accurate, fast and non-
invasive (Mitchelson 1988). It consisted of
three rapidly rotating scanning mirrors used
to view fan-shaped beams of light that sweep
rapidly across the region of the subject under
study. The signals detected by the scanners
permitted triangulation and spatial measure-
ment of markers placed on the subject and
was used to record movement of the subject in
three dimensions. This system found applica-
tion in clinical studies of Parkinsonian tremor,
scoliosis and gait analysis programmes
associated with fitting a prosthesis. Selspot
optoelectronics and similar systems have also
been used for movement analysis in locomo-
tion (Blanksby et al. 2005), in addition to
electrogoniometers, which are used employed
to monitor dynamic and precision measure-
ment of joint movements (e.g. Biometrics
Ltd - www.biometricsltd.com) including
movements of the lumbar spine (Paquet et
al. 1991). They have also been used to investi-
gate position sense in the spine (Dolan and
Green 2006). These tools offer a high degree
of reliability and accuracy.

Contemporary biomechanical laboratory
methods employ systems using reflective
markers to record movement at a set frame
rate. Examples of such systems include
VICON (www.vicon.com) or the ProReflex
System (www.qualisys.com). The use of the
small reflective polystyrene markers permits
these systems to locate the position of markers
in 3-D 500 times per second with millimetre
accuracy. The speed of recording the images
is known as the sampling rate or frequency
and the data acquired are then normally
automatically digitised to generate results.
These systems automatically track markers in
real time with multiple cameras (as many as
seven or eight). If combined with a force-plate
to record dynamic changes in lower-limb
forces during walking or other movements,
researchers have the opportunity to exam-
ine highly complex relationships between
the body and locomotion, revealing much
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about the dynamics of the spine and upper
body. The whole field of gait and movement
analysis is large and growing, and the reader
is encouraged to investigate developments in
the field in specialist journals.

Dynamic work is performed when any
muscle changes its length. If the movement
involves a constant angular velocity, it is
called isokinetic, whereas if the muscle acts on
a constant interial mass, it is isoinertial exer-
tion. Isotonic exertion involves maintaining
constant muscle tension throughout the range
of motion (Rogers and Cavanagh 1984).
These terminologies are imprecise and refer to
movements which are artificial. Attempts have
been made to quantify such movements using
muscle testers or dynamometers (see www.
jtechmedical.com/products/tracker/freedom_
muscletesting.cfm) which act to control
the range of motion and/or the resistance
of muscles and can quantify strength loss
due to injury or disease. These devices have
been found to produce reliable results and
can applied to measuring trunk movement
and thus used in posture assessment. There
are many different types of this equipment
available for investigations, including cable
tensiometers and strain-gauge dynamom-
eters for the measurement of isometric
forces and isokinetic devices for dynamic
movements.

The Isostation B200 lumbar dynamometer
(Isotechnologies, Carrboro, NC, USA) and
Kin-Com physical therapy Isokinetic equip-
ment (www kincom.com/) have been applied
to the measurement of limb and trunk motion,
strength and velocity. Investigations have
included the study of low-back pain and
also normal lumbar spinal function (Lee and
Kuo 2000).

While 3-D analysis of movement using
opto-electronic methods produces sophis-
ticated data on the dynamics of athletic
performance, including the effects of an
individual’s posture on his or her athletic per-
formance, future developments will link these
data with information collected from other
technologies. Thus, physiological investi-

gations of metabolic functions of the body
will develop further, increasing understand-
ing of the dynamics of the body and lead to
further optimizing of performance matching
it to prevailing conditions in order to pro-
duce the best athletic performance from an
individual.

Electromyography (EMG) employs surface
electrodes applied to suitably prepared skin
over appropriate muscle groups on the body’s
surface. Electrical activity generated by the
underlying muscles can then be recorded
using appropriate amplifiers and filters to
process the signals. Muscle activity can be
quantified using EMG, allowing investiga-
tion of the relationship between posture or
body position and exercise response. Within
EMG, a widely followed sub-speciality has
developed called kinesiological EMG. This
technique is used to analyze the function
and co-ordination of muscles in different
movements and postures, combining these
with biomechanical analysis.

The application of EMG to the study of
sports was reviewed in depth in the 1990s
by Clarys and Cabri (1993) who set down
standards for the methodology and the limita-
tions of the method due to its partly descriptive
nature. Subsequently, the field has developed
greatly. A useful booklet about EMG by
Konrad (2008) can be downloaded from
Noraxon (www.noraxon.com/emg/index.
php3). The EMG technique is also described
in more detail by Gleeson (2009).

Electromyographic techniques have
been applied to study the effect of posture
and lifting on trunk musculature and, by
inference spinal loading (Hinz and Seidel
1989; Mouton et al. 1991; Dolan et al. 2001).
There are large individual variations in spinal
and trunk muscle activity in relation to load.
Furthermore, inertial moments differ between
standing and sitting positions.

Accelerometers are devices that measure
total external forces on a sensor and can be
found incorporated into personal electronic
devices, such as media players, mobile phones
and gaming consoles such as the Wii. They



may be used to measure the transmission
of vibrations and forces acting on the body.
Within the last several years, several companies
(Nike, Polar, Nokia, etc.) have produced
sports watches for athletes that include
footpods incorporating accelerometers, which
can determine the speed and distance covered
by an individual wearing the unit. The Nokia
5500 can be used for counting stepping.

The study of human movement is devel-
oping rapidly as computing costs continue to
fall. Overall, such research will increasingly
widen our understanding of the problems of
human posture and movement in sports and
other occupations.

4.8 SPINAL LENGTH AND
DIURNAL VARIATION

In anthropometry and ergonomics, stature
is a fundamental variable. The vertebral
column comprises about 40% of the total
body length as measured in stature and has
within it about 30% of its length occupied
by the intervetebral discs. Spinal length and
height vary throughout a 24-hour period.
There is shrinking during daytime when the
individual is normally active and walking
about, but lengthening at night when the
individual is sleeping in bed. This change
is due to compressive forces acting on the
intervertebral discs, eliminating fluid from the
nucleus pulposus. The degree of shrinkage is
related to the magnitude of the compressive
load on the spine and has been used as an
index of spinal loading (Corlett et al. 1987).
Accurate measurement of spinal shrinkage
has been applied in eva