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Synopsis

In modern times, preventative medicine has become a major
international focus. Body composition analysis and in particular the
estimation of the percentage of body fat is an important tool for disease
management. The percentage of body fat has the potential to be a tool
health practitioners can use to suggest lifestyle and dietary changes that

can help prevent disease.

The approach taken in devising a low cost body composition measuring
device is the principle of plethysmography. This approach measures the
density of an object by measuring the volume of air the object displaces

as well as the objects mass.

A principle assumption of this approach is the validity of the Two
Component Model of body compaosition (2C Model). The model states that
the human body can be split into two components of constant density:
Fat (which has a measured density of 0.9 g/cm’) and Non-fat tissue
(which has a measured density of 1.1 g/cm*). The validity of the 2C model
allows an individual’s body fat percentage to be determined following the
calculation of that individual’s body density. According to the 2C model, a
person who has a density of 1.06 g/cm’ (according to the 2C Model) has

15% of body fat.



This dissertation investigates other methods of body fat determination
and suggests why air displacement plethysmography (ADP) is the best
solution for the aims of the project. A theoretical analysis of ADP has
indicated that the volume needs to be determined to an accuracy of

within 200 mi for a +2% precision in body fat estimation.

This model also demonstrates how this initial goal can be achieved with in
vivo studies. The various parameters of the model are examined to
determine the sensitivity of % body fat estimation to various errors of

measurement in each respective parameter.

A low cost ADP device that measures the volume of an unknown test
object has been constructed based on the theoretical model. This device
consists of a measuring chamber and a reference chamber. Each
connects to a motor driven piston pump. The pressure difference
between the chambers is sensed and calibrated with known test volumes
in the measuring chamber. After callbration the volume of unknown
objects can be determined from the pressure differential using the
correlation equation. The constructed ADP device provides repeatable
* 300ml precision on inanimate objects. Using the 2C model, this
accuracy in volume measurement results in a 3% inaccuracy in the

determination of body fat percentage.



Although this error is not low enough for a biologically meaningful result
in body composition analysis, the major factors that cause error have
been identified and investigated. In particular, it has been found that the
piston pump frequency must be stable and constant within 0.06rpm. The
recommendation for further development therefore is that a stepper
motor driven piston or a precision loud speaker system be used to
compress the air in the chémbers, at a precise and constant frequency.
Theoretical investigations reveal that these will allow accuracy of the

volume measurement to be within 200 ml.

A solid foundation has been established for a low cost device. The total
cost of this device including future development is estimated to be less
than 10% of the existing commercial devices. This will provide a practical
tool for medical practitioners involved in preventative medicine, and will

also allow interventional procedures to be monitored and assessed.
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1.2. How to determine body composition

Body composition analysis is the process of estimating the composition
of the human body. Researchers often use models comprising two,
three or four compartments to represent the human body, abbreviated

as 2C, 3C, 4C respectively.

With each additional measurement it may possible to extend the
number of compartments in the body composition model. Each
measurement must be compositionally independent of the other
measurements. The assumption has to be made that these

compartments have well defined properties.

However, some of the approaches are costly, time consuming and often
not practical. Therefore many researchers and clinicians continue to
rely on a basic two-compartment (2C) model to assess body
composition. The classic 2C model of body composition divides body
weight into fat mass (FM) and fat free mass (FFM). These two
components have well defined properties which can be measured. In
particular, the density of FM and the density of FFM can each be taken
as constant. A limitation of the 2C model is that the FFM and FM

densities are not universally constant and exhibit small variations.



1.3. The importance of understanding body composition

Statistics indicate that obesity in both children and adults have
increased in the past 20 years. There is a strong relationship between
obesity in children and adult obesity. Using the body mass index (BMI)
as a reference, readings above 25 in males and above 32 in females
are associated with higher levels of cardiovascular disease (Williams et
al 1992).

The link between excess body fat and conditions such as:

® coronary heart disease

® hypertension

® hyperlipidemia

@ hypercholesterolemia

® myocardial infarction

® type II diabetes

has been observed in studies where subjects are obese and blood lipid
levels and blood pressure are high, and glucose tolerance is low
compared with an individual with less body fat (Aristimuno et a/ 1984;

Berenson et a/ 1980).

The above motivates the use of the knowledge of fat mass as an

important tool for doctors in health assessment.



It is important to note that a lack of fat can also be an important issue.
Adolescents, elderly patrons and malnourished infants can suffer
vascular conditions related to a low level of fat mass (Evans et af 1993).
There is an increased awareness of the role that fat plays in the body,
with a widespread understanding that a level of fat is required in order
to live healthily and can decrease the incidence of eating disorders
such as Binge and Bulimia in adolescents (Fairburn et a/ 1993). While
prevalence of anorexia nervosa has been relatively stable in the past
decade, (Fairburn, et al 1993) a high prevalence of body weight
dissatisfaction is observed, especially in female adolescents. It is
important to educate people to avoid the emphasis on low weight that
is strongly pervasive in western culture. The aim is that society places
less emphasis on body welght and more on body fat, which is more
important in body perception. This is to stop people from losing body
water and lean muscle mass in an attempt to weigh less (imagining
they are shedding fat) which has the ultimate effect of slowing down

metabolism and retarding the body from natural fat burning.

Body composition analysis can also help sport science researchers to
optimize the training programs of their athletes. It provides useful
information such as basal metabolic rate (BMR) for athletes to make
necessary adjustments to their training programs. BMR is defined as
the total calories burnt in 24 hours when at complete rest. A person’s
total caloric energy requirement can be estimated from the results of

body composition analysis.



1.3.1. The Weliness Principle

The advantages of a healthy range of body fat percentage are well
documented. However few people are able to or have measured their

own body composition to estimate their own percentage body fat.

Wellness is a collective term for adequate nutrition, sleep, low alcohol
intake, stress management and exercise. The collective effect of these
elements Is to keep the body in harmony, which can greatly reduce the

chances of disease occurring.

Weliness is the principle that prevention is cheaper and quicker than
treatment and that this prevention is achieved from following a

wellness strategy.

Professor Tim Noakes of the Sports Science Institute South Africa
(SSISA) has long been a proponent of the Wellness Principle for many
years. He concluded “Exercise is the cheapest and the most effective
preventive medicine yet discovered.” Exercise brings down the
percentage of body fat and hence that reduces the risk of stroke as

well as other peripheral arterial disease (Noakes 2001).

Scale weight alone does not necessarily mean an individual is lean or
fat. Only body composition analysis can determine how much muscle
and fat are lost or gained as a result of any nutritional, exercise or

pharmaceutical program.



The knowledge of one’s body fat will help to promote permanent
successful fat loss. Focusing on losing fat and maintaining or increasing
lean muscle is a much healthier way to increase longevity and fat loss.
This leads to my mantra catch phrase: Get people to talk about the fat

content rather than weight!

1.4. Alms of the thesis

® Review the principal findings related to body composition analysis
® Investigate potential field methods

® Develop a low cost body composition analysis system

® Determine the accuracy of this device

@ Identify the sources of error and quantify these errors

1.5. Method

This theslis is divided into the following parts:

Background studies

® History of body composition analysis
@ Literature review on different body composition methods
® Comparison between these methods

® Discussing the cost and practical constraints of these methods



'Determining the most appropriate body composition analysis method

for use in the field

® Selecting a method of analysis for the project and a global
standard with which it can be compared

® Theoretical analysis of these methods

® Identifying and commenting on the impact of assumptions made in

these methods.

Design and Construction of the system

® Design of the device
® Evaluation of the design based on the available materials before
construction

) Constt;uction of the device

Trial Studies

® Studies on inanimate subjects
@ Comments on the trial studies using the constructed system

@ Evaluation of the device

Discussion, conclusions and further recommendations



2. Literature Review

2.1. Introduction

The literature review covers the background study of the development
of body composition analysis. The various methods to measure body
composition are briefly reviewed and compared with one another. The
comparison shows why air displacement plethysmography (ADP) is the
most suitable method and why the DEXA method is the best available

reference method for this project.

The DEXA method of body composition is then reviewed in greater

detail in the following chapter.

2.2. Historical review of body composition

At the turn of the twentieth century the study of gross body
composition was pioneered by agriculture. Physiologists and scientists
would take samples of the body’s components directly from living
subjects. Dissections on human cadavers were also performed
(Haecker 1920, Moultion et al 1922, Pitts 1963). These researches
focused mainly on the weight of the organs. The research showed that
the chemical composition of humans is constant among individuals.
Data obtained from the direct dissection of the cadaver has served as a

reference for human body composition.



The method of dissection allows for direct measurement of the density,
mass and size of tissues and organs. However, the inherent difficulties
in retrieving samples are that the environment is not hygienic and
dissection is not practically straightforward. Assumptions are made
when only part of the tissue from an organ can be obtained. It is
difficult to extrapolate from a sample of tissue to a complete organ,

and more so to the whole body (Ellis 2000).

The difficulties mentioned above result in measurement error and
hence the difficulty in drawing conclusions about the density of tissue

in the human body.

Keys and Brozek (1953) measured the density of fat at 0.9007g/cc and
the density of other fat-free mass at about 1.100g/cc. They observed
that the density of fat is constant between individuals and that there is
a significant difference in the density of fat mass and fat free mass.
This observation resulted in the two component model (2C Model) to

analyze body fat percentage.



Densitometric formulas have been developed by Siri (1961) and Keys

and Brozek (1963). The densitometric formulas are:

Siri: Body Fat = 495 / Db - 450 (2.1)
Brozek: Body Fat = 457 /Db - 414.2 (2.2)
Db is the total body density; see section 9.4 for the discussion of these
derived formulas and appendix Al for the derivation of the two

compartment model.

The fundamental difference between FM (Fat mass) and FFM (Fat-free
mass) and the consistency of the density of both FM and FFM have led
to the widespread acceptance of these formulas. This methodology has
been recognized as the “gold standard” for 2C non-invasive body
composition assessment. The determination of the percentage of body

fat (%BF) follows from the measurement of body density.

Body density (Db) is the ratio of total body mass to body volume. Body
mass can be obtained from a calibrated mass scale. Hence Db and %BF

can be derived from measurement of the total body volume.

2.3. Body composition methods

The review covers most of the practical body composition methods.
Other methods such as Helium Dilution (Edelman et a/ 1952) to
measure body volume have not been included as they do not have the
potential to be practical field methods and can only be used as

reference methods.
10



The following methods are reviewed:

® Anthropometry-Based models
Body mass index (BMI)
Skinfold calliper
@ Bioelectrical and conductance methods
Bioelectrical impedance analysis (BIA)
Near Infrared Interactance (NII)
® Body Volumetry
Hydrodensitometry (HW)
Air displacement plethysmography (ADP)
Three dimensional Photonic scanning
® Body imaging model
Dual ~energy X-Ray absorptiometry (DEXA)
Computer Tomography (CT) and Magnetic Resonance

imaging (MRI)

2.4. Anthropometry-based models

2.4.1. Body mass index (BMI)

Body mass index is the ratio of mass to the height squared (kg/m?). It
is one of the most common ways to give an indication of the body

status.

i1



The main weakness of the model is that it makes inference about body
fat without taking fat into consideration. Different organizations
suggest different standards of BMI although this subjectivity can
confuse the Interpretation of body status. See appendix A2 for the

interpretation from the World health Organization (WHO).

2.4.2. Skinfold calliper

Skinfold calliper is one of the most widely used field methods in body

composition measurement due to its cost and availability.

skinfold calliper assumes that 50% of an individual’s body fat is under
the skin and 50% Iis inside the muscle. This is the major assumption
and source of error in this method. It measures the thickness of skin
and fat at various points on the body (bicep, triceps, scapula, and hip)
and with the knowledge of anthropometric data; the body composition

is predicted using equations derived for each age group.

Some shortcomings are:

® A true skinfold assessment requires trained experts

® Results can vary between different experts doing the assessment

® Different types of callipers use different formulas to interpret their

results

12



2.5, Bloelectrical and conductance methods

2.5.1. Bioelectrical impedance analysis (BIA)

The basic principle of BIA is that fat has high impedance (which refers
to the degree to which the passage of charged particles is obstructed)
compared to muscle. Therefore charge flows with less resistance
through muscle than it does through fat. This is because lean tissue is
3% water, and water is a good conductor (National Institutes of health

1996).

BIA measures the impedance of the body using small electrical
currents. The method assumes that the body is approximately
cylindrical and of uniform cross section. In this case body volume can
be calculated, since it is proportional to body length squared divided by
impedance. This measurement is performed using four electrodes:
usually two are attached at the wrist and two at the ankle. A constant
current is injected between the wrist and ankle, and the resultant
voltage between these sites is measured, with Z=V/I. The leaner and
shorter the individual, the lower the observed voltage. Body

composition is then estimated from the impedance and the height.

BIA is probably the most frequently used laboratory method (Ellis 2000)
due to the relatively inexpensive cost of the basic instruments, its ease
of operation, and its portability. There are no risks or side effects with

this procedure (Ellis 2000).
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The downside of the BIA includes the following points:
® Hydration level

® Distribution of water in the body

® Tissue orientation

® Body temperature

The results are very sensitive to hydration levels. High levels of
hydration reduce the impedance and lower the body fat reading.
Exercise can cause such a problem. An individual’s exercise level,
alcohol intake and hydration levels will vary during the day and over
time. (National Institutes of health 1996, Ellis 1999 et al, Body

composition Lab. Univ. of Vermont) reducing the validity of BIA.

The distribution of water through the body varies when the subject lies
down for more than a few minutes. The fluids tend to settle and this
changes the distribution of the body water, hence results are
unpredictable due to the change in impedance. The end result is a
volatile body composition result. (Body composition Lab. Univ. of

Vermont)
If the tissue is oriented perpendicular to the current flow, the current is

slowed by the increased number of membranes. If the tissue is

oriented parallel to the current flow, the impedance is reduced.
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Variations in body temperature also have an effect on the precision of
the result. As a warm tube of solution has a higher conductivity than a
cold tube, an increase in body temperature can underestimate the

body fat.

The accuracy of the result should be used with caution ((National
institutes of health 1996, Ellis et a/ 1999) considering the complications

discussed above.

2.5.2. Near infrared interactance (NII)

Near Infrared Interactance measures the subcutaneous fat at a single

site only e.g. the dominant arm’s bicep (Schreiner et a/ 1995).

The method is considered relatively easy and convenient with good
repeatability. Testing consists of a fibre optic probe positioned over the
bicep. Two Infrared beams of slightly different frequency are
transmitted into the bicep and the reflections monitored (Schreiner et
al 1995). The proportion of the reflections determines the percentage
of the body fat, since the reflections from muscle are different from

those from fat.

The biggest weakness is that it can measure subcutaneous fat at a
single point only and does not take the whole body into consideration.
This is similar to BMI where individuals with varying fat distribution on

the body will have large errors of measurement.
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The results are sensitive to skin colour and hydration levels, which are
sources of measurement error. The method also requires careful
instruction as the readings can be distorted by incorrect bicep

positioning.

This method tends to overestimate body fat in lean individuals and

underestimate body fat in obese individuals.

2.6. Body volumetry

2.6.1. Hydrodensitometry (HW)

Hydrodensitometry (HW) is an established method for measuring body
volume based on Archimedes’ principle (see appendix A3). The
accuracy, its early development and consistency have resulted in HW
being the most commonly used method for determining total body

volume.

HW requires the subject to be completely submerged in temperature
controlled water and then weighed (Behnke, et al 1942). As the density
of water is known, the person’s loss of weight in the water (due to

buoyancy) is equal to the weight of the volume of water displaced.

The lung volume is measured by helium dilution while the subject is in
water. The size of the lung varies from person to person so it is
necessary to know the lung volume. Body volume can be calculated by
subtracting the lung volume from the total volume.
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2.6.2. Air displacement plethysmography (ADP)

Plethysmography refers to the measurement of volume. In air
displacement plethysmography, the subject is placed In a
plethysmograph. The human body will displace a volume of air that is
equal his or her body volume. The volume of the subject can therefore
be measured indirectly by measuring the volume of the remaining air

in the plethysmograph.

This can be calculated by applying Boyle's law which states pressure (P)
and volume (V) are inversely related when the temperature is constant
(i.e. isothermal condition).

P x V = constant (2.3)

The advantages of ADP are:

® The patient will not need to be submerged into water, which will

increase the acceptability of the method by subjects.

® The air in the cavities is compressed with the rest of the air in the
chamber and therefore does not contribute to the apparent body

volume (Taylor et a/ 1985).
The weakness of the method is caused by distorting effects such as

humidity, temperature and breathing, which are all related and have a

sizeable impact on the accuracy of body volume estimations.
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Development of Air Displacement Plethysmography

The principle of air displacement plethysmography was first described
by Jaeger around 1878 (quoted in Wedgewood 1953). In the early
1900's research focused on measuring the volume of infants, (Murlin et
al 1913, Pfaundler 1916) where child cadavers and reference materials

of known volume were used in the studies.

Studies have been performed on living dogs by Kohlrausch (1929)
where the following issues were identified:

® Humidity effect

® Temperature effect

® Respiratory effect

The humidity affects the Boyle's constant in a closed system. The
chamber of the plethysmograph was filled with saturated water vapour
to counter the effect of changing humidity. Other researchers such as
Bohnenkamp and Schmah, (1931) used similar techniques to address
the hUmidity issue. In addition they used fans and a cooling system to
maintain a constant temperature. To date, however, the respiratory

effect has not been solved.
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Noyons (1935) and Jongbloed (1938) had a different approach to
measure volume. They altered the ambient pressure in their
plethysmograph. As air density varied, the body weight was obtained
from the variation in the density of air. No further studies have been
done in this direction because of the discomfort claimed by subjects
during the procedure. It was also difficult to seal the chamber. This

approach did not address the issues raised by Kohlrausch.

New Generation Development in ADP

In a later development, a sinusoidal displacement volume was
proposed by Wedgewood (1963). The volume in the chamber was
altered by a displacement tool, which changed the volume in a pre-
determined manner serving to overcome the difficulty of changing
variables with In vivo studies (the temperature, humidity and breathing

effect).

A stable system (with more robust results) was only developed around
1960 (Friis-Hansen 1963). This system required one to two hours of
calibration and an additional two to three hours of measuring time due
to rapid fluctuations in temperature, humidity and pressure.
Gnaedinger (1963) concluded that the error in volume measurement

was due to these three terms.

The systems would be considered impractical and not suitable for body
composition analysis if these errors could not be removed (Gnaedinger

1963).
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Developments in the last 20 years

Modern and quick improvements in technology developed during the
1980's, such as the advent of a motor driven pump (Petty et al, 1984)
and a two chambered dynamic pressure differential system, improved

the use of plethysmographs (Taylor et a/ 1985).

A sinusoidal moving piston was placed between the two chambers (a
reference chamber and a test chamber). This allowed for the pressure
in the test chamber to be compared with the pressure in the reference
chamber and this reduced the effects of temperature and humidity.
Harmonic analysis was used to process the pressure signals In order to

measure body volume.

Another advancement in the method of ADP was the compensation for
the effect of the body surface area and isothermal heat emission. In
particular, Gundlach and Visscher (1986) had subjects wrapped in
blankets and instructed to hold their breath during the measurement,

in order to maintain isothermal conditions.

Their system also used the pump and the pressure drive mentioned
above. They added consideration of isothermal air. It provides a better
result than underwater weighing but the difficuit preparation makes

this method impractical for daily use.
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Many studies compared the differences between BOD POD and HW.

Some studies showed no significant differences between the two
methods (%BF <0.5) (McCrory et al 1995, Biaggl et al 1999, Collins et

al 1999, Levenhagen et al 1999, Field et a/ 2002); while others showed
a mean difference from -4.0% to 1.9% ( Iwaoka et a/ 1998, Dewit et

al 2000, Wells et a/ 2000, Millard-Stafford et a/ 2001).

The largest difference (-4.0% and 3.3%) occurred in the 2 studies
(Iwaoka et af 1998, Dewit et a/ 2000) with the fewest subjects (n < 10).

ADP has been suggested by many studies as the gold standard in body

composition analysis.

2.6.3. Three dimensional photonic scanning

Three dimensional photonic scanning is an innovative approach to
determine body volume. This technique is relatively fast (12 second
scan period) and is of low cost. Originally used In the clothing industry,
the system is made of eight imaging units, with each unit measuring
the reflection from 32 infra-red LED’s. This means that 256 points on
the body can be obtained (left part of figure 2.3). The body surface
(skin) can be reconstructed using a curve fitting algorithm from the

data points obtained (right part of figure 2.3)
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2.7.2. Computer Tomography (CT) & Magnetic resonance imaging (MRI)

Both CT and MRI can provide the basic anatomical image of the human
body using reconstruction algorithms. Studies show both methods have
excellent accuracy and precision (<1% error in body fat measurement).
However, the cost of the studies is high for both of the methods. For
MRI the measuring time is in excess of 30 minutes. In CT, the scan
time is much shorter. The radiation doses required for a CT scan make
this method unsuitable for daily use. These methods have good
potential in determining body composition if the practical constraints

can be overcome.

2.8. Comparison table of different measuring Methods

The methods reviewed above are compared in terms of

® Theoretical assumptions
Pros

Cons

Accuracy

Cost

Methods of body composition analysis can be inaccurate due to model
error and/or parameter error. The theoretical assumptions bear the
most importance as the results are largely influenced by model error,
which is described by the theoretical assumptions. Cost, mentioned last,
is important as it can limit the extent of usage, as low cost is a major

alm of this project.
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Table 2.1
Comparison of various methods for body composition analysis

Principle Accuracy
Method Assumption Advantage Disadvantage for %BF Cost
Not directly
BMI Over welght=Fat Simple Low Inexpensive
related to %BF
¥ Body fat is Inaccurate,
Skinfold
cali under the skin Fast, cheap require trained Low Inexpensive
aliper
P surface operator

Relative fast
Water Is 3/4 of
BIA and Hydration effect <5% Inexpensive
the total body

portable
Body
Mot a whole
composition can Fast and
NIR body <10% Inexpensive
be determined at portable
measurement
one point
HW Accurate Cumbersome <4% Inexpensive
Fat and fat free
Fast and
ADP mass are Avaliabllity <3% Inexpensive
accurate
constant among
race groups. Prediction of the
3D scan Fast lung volume <15% Medium
required
Body hydration Fast
DEXA Avallabllity <3% Expensive
is constant accuracy
CTé Time Very
Precision <1%
MRI consumption Expensive

The table shows that the DEXA model has the advantage of being fast
and accurate but expensive; the Skinfold calliper is fast and cheap
(with good availability), however inaccurate. Likewise the ADP scores

highly on cost, relative accuracy, and practical use.
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As far as assumptions go, the assumption of constant density involves
model errors which may limit their use for accurate measurement (i.e.
ADP is better suited to measure changes in body fat from day to day,

than as an accurate measurement at any given time).

2.9. Conclusion

Hydrodensitometry (HW), Air displacement plethysmography (ADP)
and Dual energy X-ray absorptiometry (DEXA) have all been rated as

gold standards at different times.

There are assumptions and uncertainty in all three methods. Thus none
of these methods can be regarded as a perfect measure of body
composition. ADP and DEXA are discussed in more detail because they
have the following common advantages over HW: good repeatability,
fast, convenient, high acceptance and relatively good accuracy.
Because of these advantages and its low cost; ADP has been chosen as
the method most suitable for implementation in this project. DEXA has
been chosen as a referencev method because DEXA is available for cross
referencing at the Sports Science Institute South Africa (SSISA) and it

is a significantly different method from ADP.

A detalled investigation of the theory of DEXA and ADP follow in the 3™
and 4th chapter. The errors (model and parameter) are identified and

quantified.
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3. Concept of dual energy X-Ray absorptiometry (DEXA)

3.1. introduction

The human body can be regarded as a form with several different
compartments. This chapter describes how DEXA can determine the
mass of each of these compartments. Firstly, the concept of the x-ray
and how it works is covered as it is a fundamental precursor to DEXA.
We will see how x-ray can be used to determine the mass of a
homogenous absorber; (such as a single element, or compound
solution) then see how x-ray works on a heterogeneous absorber (such

as the human body).

The aim of this chapter is to explain the fundamentals of DEXA to
support its use as a reference method. As a reference method it will be

used to validate the resuits of ADP analysis in future research.

The Intention of having this chapter is not to discuss the details of
DEXA or to clearly understand its methodology. It is sufficient for the
aims of the project to identify the assumptions and its practical

constraints.

3.2. Obtaining medical images using X-ray

It Is essential to understand the basics of X-ray as it Is a critical

developmental factor in DEXA.
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Mlnnl:szinl (3.1)
Where

M, = the total mass for the subject

M

e = the mass per pixel

The mass obtained in each pixel, is referred to as “"mass per unit area.”

Therefore the total mass of the subject can be determined by adding

up the masses in each pixel.

3.3.2. Determining the mass per unit area (M)

The mass per unit area (M) is linearly proportional to the thickness and
the density of the 3-D subject. It can be expressed in the following

form:

M=ox (3.2)
Where:

M is the mass per unit area

cis the density

Lis the thickness

3.3.3. Mass per unit area with X-ray absorptiometry

When the X-ray beam travels through an absorptive material, the mass
per unit area is determined by measuring the amount of the X-Ray that

is absorbed by the subject.
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The X-ray beam is composed of photons that are projected in a straight
line. When the photons travel though an absorptive material, they may
be partially absorbed or scattered. The level of absorption is inversely
proportional to the intensity (I) of the beam. The absorption also varies
with the thickness, density, and chemical composition of the absorptive

material.

The physical interaction between the intensity of the beam and the
absorption is referred to as attenuation. The higher the energy of the
incident photon, the larger the attenuation would be. More specifically,
the physical interaction of the photon with the orbital electrons of the
absorber material is mainly effected by the Photoelectric Effect and

Compton Scattering

Photoelectric collision refers to the photons that give up their energy
and therefore cease to exist (and do not pass through the absorber
material), because they collides with more tightly bound inner orbit

electrons in the absorber.

Compton scattering refers to the photons that are deflected from their
path due to colliding with the weakly bound outer orbital electrons in

the absorber, which knock the electrons from their original positions.

Thus, as a result of these interactions of the x-ray photons with the
absorber, the incident photon energy is exponentially reduced or

attenuated, as it passes though the absorber (figure 3.2).
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Figure 3.2 The attenuation phenomenon

Due to the nonlinearity of the attenuation, the response of the intensity
of the photons can be expressed by the following exponential equation:

(Coulam and Erickson 1981)

I=Ie* (3.3)
Where:

1, is the incident intensity

u is the linear attenuation coefficient

L is the absorber's thickness
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3.3.4. The use of a mass attenuation coefficient ( »,)

Linear attenuation coefficient () is a density (o) dependent variable,
therefore if we extract this density element, a new constant coefficient

can be derived. This element is named “mass attenuation coefficient”

(u.). u, is a constant for the particular absorber material at any given

photon energy. (Hubbell, 1969, Rao and Gregg 1975, Roubenoff et a/

1993))

The following table shows some homogenous absorbers and their

corresponding u, values at the two photon energy levels:

Table 3.1
Typical homogenous absorbers contained in the body
Ho
Component 40 keV 70 keV
Water 1.7920 0.5059
Protein 0.2363 0.1831
Bone Mineral 0.9039 0.3159
Fat (Oleic Acid) 0.2273 0.1872
Glycogen 0.2375 0.1825
Calcium 1.792 0.5059

(complied from Pietrobelli et a/ 1996)

Using M =oL (equation 3.2), the following equation can be obtained

after rearranging:

I=Ie™¥
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By further rearranging the formula, mass of the unit area can be

interpreted as:
_=-In(I/1,)

= _ﬂm_.._
Where

M (3.5)

I = incident x-ray beam intensity
I, =emerging x-ray beam intensity
u#, = Mass attenuation coefficient of the absorber material

M =mass per unit area which equals to oL

3.3.5. Mass per unit area for heterogeneous absorbers

The above equation holds for the case where the absorber is a

homogenous material.

A homogenous absorber is defined as any single material for which

u.is known for a specific incident x-ray photon energy. This can be a

single element, compound or solution (Write et a/ 1980).

A signal energy beam can be used in determining the mass of a
homogenous absorber. However, to determine the mass of a
heterogeneous absorber, such as the human body, (which consists of
several different homogeneous absorbers) , a dual energy x-ray beam

must be used to distinguish between the different compartments.
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3.4. DEXA in a 20 model

While a mono-energetic x-ray source is capable of measuring the real
density of homogenous absorbers, a dual- energy x-ray source Is
required to determine the real densities of up to two components in a
multi component absorber. Most of the DEXA systems have their two

energy levels set at 40keV and 70keV.

Although stated above that a dual energy x-ray source can only
measure two components, the DEXA methodology can measure the

masses of 3 body components of interest.

The 3 body components of interest:
1. Bone mineral mass
2. Fat mass

3. Lean soft tissue mass

These 3 components are not all heterogeneous and are made up of the
body’s 6 main components; namely Fat, Water, Protein, Glycogen,
Minerals and Bone Minerals. Their masses cannot be measured
individually as DEXA can only measure the mass of 2 components or
component groupings at any one measurement, so it combines these 6

main components of the body into component groups.

36



The 6 main components can be combined in several ways into distinct
two-component groups, such as Fat and Lean tissue (Water, Glycogen,
Minerals, Bone Minerals and Protein). According to their characteristics,
the 6 main components are grouped into two component groupings in
the following way (figure3.3):

1. Fat and lean

2. Soft tissue and bone mineral mass

3. Soft tissue can be divided Into fat and lean soft tissue

4
Soft-Tissue
Lean
Soft
Tissue

Figure 3.3 Illustration of the DEXA 2C model (Pietrobelli et a/ 1996)
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In figure 3.3, fat is compositionally different from lean (fat free) body
mass, as is bone minerals compositionally different from soft tissue.
Since Lean soft tissue is different from fat and bone minerals, we can
group these components together to determine the mass of each
component using DEXA. A dual energy X-ray determines the real
densities of two components simultaneously, hence the masses of the
two components. It is now straightforward to derive the mass of an

individual component of interest i.e. fat.

For each pixel of the image, DEXA will obtain a mass attenuation
coefficient at high energy level and one at low energy level. The ratio
of the low energy attenuation to the high energy attenuation is known
as the "R value” (Mazess et a/ 1970, Preuss et al 1972, Peppler et al
1981, Gotfredsen et a/ 1986). The R value is used as it can Identify the

masses of the unknown components. (Pietrobelli et a/ 1996)

The R value can be interpreted in the following equation:

(3.4)

Or

In(y, )
R= msL 3.5
In(y, ), (3-5)

Where:
L stands for Low energy beam
H stands for high energy beam
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The R value measured by DEXA can be used to determine the
composition of any of the two compartment models. In clinical trials;

DEXA is often applied in 2 different types:

1. Fat vs. lean mass

2. Bone minerals vs. soft tissue

For this discussion the way in which the model works is discussed using

Fat vs. Lean mass. We use fraction of the fat mass (FM,) against

fraction of the fat free mass ( FFM,).

R=(FfoRm)+(FFM,me,) (3.6)
Since
FM,+FFM =1 (3.7)

By rearranging

- (R"Rm)
FM! - (R"RFFM) (3'8)
and
= (R"Rﬂgu)
FFM, (R-Ry,) (3.9)
Where:

R = the measured value of heterogeneous absorber

FM , = Fraction of the fat mass
FFM = Fraction of the Fat free mass

R, andR.,, represent the R values respectively
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3.5. Theoretical concerns and assumptions of the DEXA system

3.5.1 Theoretical R value VS Measured R value

In DEXA the body composition is determined from the R value of each
of the components. Therefore it is important to know how the R value

is determined.

R can be determined theoretically from chemical composition.
The theoretical R value for fat is about 1.21 which is determined from

the R values of different triglycerides (Gurr and Harwood 1991).

The range of R values for different triglycerides is small mainly because
the proportions of H C O (Hydrogen, Carbon and Oxygen) are stable for
varying fatty acid chains. From the literature the R value Is measured
(~1.2) which correlates well with the theoretical value (Folch et af

1957, Heymsfield et al 1989).

Similarly, using Neutron activation analysis the theoretical R value for
lean soft tissue Is determined to be 1.369. In the Iliterature,
experiments show the R value to be 1.364 (Snyder et al 1975). The
measured and theoretical values are very close for both Fat and lean
soft tissues alike. This proves that DEXA stands on a strong theoretical

basis.
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3.5.2 Scan area with bone and non-bone present

During a DEXA Scan, a 2D subject image of the body is produced.
Generally about 40-45 % of the pixels of the image contain bone. (Eliis
2000). The pixels which contain bone are excluded from the
measurement. The residual area is measured using the above 2C
model (refer to equation 3.8 &3.9) This means that DEXA measures
about 55% of the body in two components (fat and lean tissue) and
then needs to determine the fat and lean composition of the remaining

45% of the pixels that contain bone.

It is assumed that the composition of the soft tissue layer overlying
bone has the same fat to lean ratio as that for non bone pixels, in the
same scan vicinity (Kelly et al 1998, Pietrobelli et a/ 1996). Figure 3.4
indicates how the bone area is separated when scanning to reduce the
number of components. When the dual energy X-ray beams passes
through a portion of the body that does not contain bone, DEXA can

analyze the area for soft tissue mass and bone mineral mass.

This means that nearly half of the body in a DEXA measurement is
assumed. This concern has been tested and Michael et a/ (1998) and
Pietrobelli et a/ (1998) have proved that this assumption does not

produce significant errors on the measurement of body composition.
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3.6. Practical constralnts of DEXA

The entire scan takes between 15 and 45 minutes. During scanning the
subject must be absolutely still. It is not recommended for young
people who find it difficult to keep still. Different versions of software
also lead to different results (Vozarova et a/ 2001). Different
manufacturers of the DEXA device also have different interpretations of

the fat and lean tissue compartments.

In using DEXA for validation, the same system and software version
must be used for all subjects so that the relationship between DEXA

and the ADP system can be compared.

3.7. Conclusion

This chapter only covers the basic overview of the principles of the
DEXA system. The detail of how the clinical system works is much
more complex. DEXA provides an accurate whole assessment of body

composition and shows consistent results.

It is concluded that despite the assumptions, DEXA Is an adequate

reference method for validating ADP results.
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This final design successfully achieves the aim in term of the cost. In
terms of performance, the device was able to measure the volume of
inanimate test objects to within +0.3litre in 500 litres. Although this is
remarkably high accuracy, it is not sufficient to produce a meaningful

result in term of % BF fat.

The major sources of errors have been identified. In particular the
consistency of the mechanism to change the chamber volume, the
precision of the pressure sensor and the DAQ device are the key
components which influence the precision of the ADP device. The
solution to overcome these problems is Included in further
recommendations which include the plan as well as the budgeting for

this.

9.3. Recommendations for the ADP Device

The main focus of this project was to measure the volume of air in the

plethysmograph. The following two factors were identified In Chapter 5

1. To generate a change of known volume at an absolute constant
frequency in the chamber.

2. To pick up the resultant pressure signal that is generated accurately.

The following system (see figure 9.1) is suggested based on the

shortcomings of the present device:
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Figure 9.1 Suggested further development

The requirement for an improved pressure sensor and DAQ card can be

developed where the device relies on two loud speakers that replace

the pistons. The speakers will provide a clearer volume displacement -

with lower noise.

9.3.1. Required elements and their cost

1.
2.

A dynamic signal acquisition and generation system (USD3,295)

A ultra low pressure sensor with 0-0.254 mBar full scale (USD520)
Two Speakers which are able to develop ~240ml and 76mi
changing volume

A more precise atmospheric sensor should be obtained. See

appendix G1 for the data sheet of the suggested device.
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9.3.2. Basic description of the suggested device

The operator will use the software to set the amplitude at the desired
frequency. This digital signal will be converted to an analogue signal by
the digital to analog converter. This analogue signal then passes
trhough a signal amplifier. This is an advantage as we will know the
amplitude of the signal as well as its frequency. The signal will be used
to drive the two loud speakers and at the same time this signal will be

fed back to the Fourier transform analysis.

Instead of the present set up, the two loud speakers will create a
volume change in the chambers. The output of the loud speaker must
deliver the required change in volume regardiess of the change in

pressure in the chamber. The rest of the system will be the same.

9.3.3. Advantages of the suggested system

Advantages of the suggested system would be:

1. Higher accuracy of the overall system.

2. It is just one button control.

3. The frequency and the size of the signal is known and can be fed
back to ensure consistency.

4. The motor does not need to be reset before the start of each trial.

5. An ideal filter can E)e applied. This is because the signal is

generated at an absolutely constant frequency.
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9.3.4. Additional concerns

A lot of noise is coming from the environment. In order td minimize
this effect, a level of sound proofing should be constructed, as this
provides an alternative way of blocking out all the other signals that
interfere with the change in pressure signal and the absolute pressure

readings.

'9.3.5. Alternative suggested design

With the present design, an alternative approach would be to replace
the DC motor by a precision stepper motor. This will ensure a precise
constant volume output. The motor, its gear box, and controller cost
roughly about ZAR15,000. See appendix G2 for the specs of the

alternative suggested system.

Even if the volume of the test subject can be determined as precisely
as necessary, this only solves part of the problem. The density of the
FM and FFM mass is the other major issue that needs to be addressed.

The following section discusses the inconsistency of the density of FFM.

8.4. Discussion on the 2C model

The biggest assumption for the two compartment model Is that the
density of the lean mass remains constant among individuals. This
assumption relies mainly on two components in the body: The level of

the bone marrow density and the muscle fibre density.
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Due to the variability of these two components; many studies
(Scholler1989, Burke et a/ 1986, Wang et a/ 1996, Lim 1963 ,Borkan et
al 1983, Wedgwood 1963, Schutte et a/ 1984) show that the density of
an individual changes with growth, sexual maturation, ageing, physical
activity and a number of diseases. Hence there are fundamental errors
in the assumptions of the 2C model. It is essential to understand how

each of these factors could affect the 2C model assumptions.

9.4.1. Differences amongst racial groups

In general, African origin groups have a denser and heavier skeletal
mass, (Merz et al1956, Seale 1959, Trotter and Hixon 1974, Schutte et
al 1984, Ortiz et al 1992), hence the assumption that the density of
lean tissue is equal to 1.1g/cc amongst all races ié not correct. Bone
mineral has three times the density of other lean body tissues. Hence

there is fundamental error in the assumptions of the 2C model.

Schutte, 1984 proposed that lean body density for African origin
groups be adjusted to 1.13g/cc. If this value is used instead of the
value suggested by Brozek; percentage of body fat for the reference

man (in table 6.1) would be 18.09 % instead of 15%.

9.4.2. Difference in age

Ageing people lose their bone mineral content as well as muscle. (Bunt

et al 1990, Pollitzer et al 1989, Forbe et al 1987)
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9.4.3. Gender difference

With people of the same age, the bone marrow content is dependent
on the gender type. This phenomenon is especially true after
menopause. Also the types of the muscle fibres are fundamentally
different between the sexes (Withers et a/ 1998, Baumgartner et a/

1991).

9.4.4. Overall evaluation

There are many sources of error in measuring body fat percentage.
Many are avoidable; however these are certain fundamental limitations
using ADP analysis. Even if the measurement is perfect, it does not
solve the problem of the 2C model. Different 2C model prediction
equations (Schoeller et af 1989, Ortiz et al 1992) have been suggested
to accommodate different group of subjects but there is no agreed
standard among all researchers. It is important to understand and
guantify the Influences of these factors as they directly impact the

principle assumption of using ADP analysis to determine %body fat.

9.5. Final generation of the theoretlcal model

9.5.1. Two component (2C) model

The theoretical model has been expanded to illustrate the impact of
incorrect density assumptions based on the available three
assumptions of the 2C model. The effect of this error can be
determined in the final generation of the theoretical model. See next

section for the recommendation on the research direction.
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9.5.2. Hydration effect

The hydration effect has been included in the theoretical model. If a

known amount of water is added and the impact on our % BF

measured, (based on the 2C model), the following were observed:

1. If a 50 litre subject is over-hydrated by 2 litres, body fat will be
over estimated by ~1%.

2. The same effect will happen to the 100 litre person when the
person is over hydrated by ~4 litres.

(See appendix B8 on how to obtain these results)

Based on the above discussion, the hydration effect is concluded to be

negligible when the subject is within 2 litres of its hydration level.

9.5.3 Further recommendation on the research direction

Once we can measure the body volume to acceptable accuracy (at
least to 100ml accuracy), then Random trial studies should be done on
a large scale, among the samples, bone mineral content should be
included in this analysis (from DEXA) and the differences between

races and sex can also be recorded.

Once these resuits are obtained, statistical analysis can be applied to
reveal any correlations among the factors. If factors are statistically
significant, a more precise 2C model equation can be created. This
model could contain factors such as age, gender type as well as the
race type. This formula can be developed in the future and evaluated

by other groups in ongoing research.
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10. Conclusions

Determining the fat mass is an important tool for doctors in health
assessment. The aim of this project is to design a low cost field method
that can be used in the gym or shopping mall. Most of the common
methods of body composition analysis are reviewed. Based on this
review, ADP has the potential tb achieve this alm. DEXA is used as a

reference method for this project.

The theory of ADP was successfully implemented to determine the
volume of air remaining in the plethysmograph to within 300 mil.
Although this is not accurate enough to produce a meaningful result in
term of % BF, the major sources of error were identified. The solution

to overcome the problem is included in further recommendations.

Anticipating future development, the design has been chosen so that
each component of the device can be independently replaced by a
better component. A change to the hardware or software can be made

in a short time period.

To conclude this project, I state that in all of the approaches to
determine percentage body fat, limiting assumptions are present. The
best solution of determining body fat mass should be a low cost
approach, with reasonable assumptions, and which is easy and

convenlient to use.
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Appendix A Formula related
Appendix Al Derivation of the two-component (2C)

model:

The body is assumed to be composed of two compartments, fat and fat
free. The total mass of the body is equal to the sum of the fat mass and

the fat free mass.

mass

Density (D) = .
y (D) volume

Densities of the “2 components”:

fat mass + fat-free Mass
volume
fat mass + fat-free Mass
f volume + ffm volume
_ FM +FFM
~ (FM/fd)+(FFM/ffd)

Density =

Density =

D

Where:
FM = mass of the fat compartment
FFM = mass of the fat free compartment
fd = fat density (grams per cc)
ffd = density of fat-free mass (grams per cc)

body mass (BM) = fat mass + fat-free mass

b= FM + FFM
7T (FM/fd) + (FFM/Ffd)
oo _ M+ (BM-FM)

(FM/fd) + (FFM/ffd)
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_ FM + (BM- FM)
(FM/fd)+((BM- FM)/ffd)
D < BM

VTR~ FV/7D)
T < /R + (BM- MY/

BM x 10 = {(F/fc) +[(BM-FM)/fid] x fd

fd_ fd_fd

FM

Rearranging

BMx (%—%ﬁ M- 19 M

frd
fd_ fd,_ _fd
™ _ fd fd/ffd

BM ~ (1-(fd/ffd))=xD 1-(fd/ffd)

) fd _ fd/fid
W BF = 100 | A a7ay <D 1/ d)

Siri assumed that fd= 0.9 and ffd =1.1 (gram/cc)

495
. % Body fat = - 450
o Bocy Body density

Brozek assumed that fd=0.9007 and ffd=1.1(gram/cc)

497.1
.. % Body fat = -451.9
° Y Body density

For African origin groups, Schutte assumed that fd=0.9007 and
ffd=1.113 (gram/cc)

437 .4
fat = -392.8
% Body fat Body density °

147



Appendix A2 - World health Organization’s (WHO)

interpretation for Body mass index (BMI)

Body Mass Index (BMI) = Weight (kg) / Height 2 (m)

For Males

Classification

0<BMI<17.5 Anorexic

7.5<BMI< 19.1 Underweight
19.1<BMI < 25.8 Normal range
25.8<BMl< 27.3 Marginaily overweight
27.3<BMI< 32.3 Overweight

BMI>32.3 Very overweight or obese

For Female

Clqssiﬁcation

0<BMI<17.5 Anorexic

7.5<BMI< 20.7 Underweight
20.7<BMI < 26.4 Normal range
26.4<BMI< 27.8 Marginally overweight
27.8<BMI< 31.1 Overweight

BMI>31.1 Very overweight or obese
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Appendix A3 - Archimedes’ Principle

The object’s loss of weight in water is equal to the weight of the displaced

volume of water.

Since density = mass/volume, knowing the density of water, the volume
of water displaced can be calculated. The crown* could then be weighed
underwater to find the difference between its weight in the air and in the
water. This is equal to the volume of water displaced by the crown (dm®),

since density of water is 1kg/dm’.

*In the first century BC the Roman architect Vitruvius related a story of
how Archimedes uncovered a fraud in the manufacture of a golden crown
commissioned by Hierg 11, the king of Syracuse. The crown (corona in
Latin) was suspected to have some of the gold replaced by an equal
weight of silver, Hiero asked Archimedes to determine whether the
wreath was pure gold. Archimedes' solution to the problem was to see
the displacement of water by placing the crown into a bath filled with

water.
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Appendix A4 - Full derivation of the ADP theory

In a closed system such as the plethysmograph
PxV" =constant , (1)
When the volume of a closed system is decreased by a volumeAV , the

pressure goes up by AP:

(P+AP)x(V —AV) = constant (2)

Due to the energy conservation law, the constant should remain the
same though out the trial period.

By equating (1) and (2)

(P+AP)x(V —AVY) =PxV’ (3)

Rearranging we get the following equation:

P+AP vV ’

P =[(V-Am} @
Giving

p+aPy ¥

) v )
v =(V—AV)><(P+APJ: (6)
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Vx[l-(P;AP)%}z*AV(P;APJ% (7)

Since ¥V, =V +V, the equation can be express in term of ¥,

i
+AP\r
AV x PPAP]
VB = Vc + 1 (8)
1_[P+AP v
P
Hence
1
P+AP)r
VB=V;+A‘V><——I—(—————)——-—-T (9)
Pr —(P+AP)
Where

v,= Volume of the air displaced by the test subject

= Volume of the air in the empty system

¥ = Volume of the air left in the close system which equal toV, -V,

AV =the change volume of the chamber
= the corresponding changing pressure in the test chamber
= the atmospheric pressure of the present place

y = ratio specific heat =1.4
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Appendix B: Theoretical model
Appendix Bl Instructions for using the theoretical

model

Introduction

This theoretic model is derived from figure 5.1 (Relationship between the
parameters) as the assumptions and their interpretations are included
into the model. The model is in an excel spreadsheet format and consists
of the following 6 sheets:

1. Precision & analysis

2. Weight

3. Isothermal gas
4. Practical 1

5. Practical 2

6. Results

Each of the parameters that influence the result is modeled

independently.

Instructions for using this model

All the variables are included in the results sheet. By changing any of the

l”

variables; the impact on the “regional” parameter as well as the “global”
accuracy can be seen. Here “regional” parameter refers to the parameter

itself, “global” accuracy refers to the result. (% Body fat)
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For each parameter there is a corresponding error. In the sheet “Practical
1” the Data acquisition card (DAQ), atmospheric pressure and pressure
sensor errors can be manipulated in order to determine how accurately
they need to be known in order to achieve a given degree of accuracy for
the estimation of the body fat. See table B1 for list of errors and its

corresponding sheet and errors.

Table B1
Information of the errors
Sheet Errors Corresponding cell
Precision & analysis fat free mass error J3
Weight typical scale error B11
Isothermal air isothermal air error B10

atmospheric pressure,

Practical 1 ,
sensor, DAQ device error

D6,810,B11

The model mentioned in chapter 5 targets subjects between 50 and 100
litres. Analysis is done for the target subjects. Since extreme case errors
occur at 50 litres and 100 litres, the total accuracy and the minimum and
maximum reading for the %BF for these two cases are provided in the

result sheet.

Total accuracy is shown in terms of percentage, where 100% would be an

accurate measurement. (Refer to result sheet from cell F13 to F18)
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The readings are shown in terms of body fat; where minimum reading is
the lowest possible reading in body fat and vice versa. (Refer to results

sheet from cell F20 to F22)

See the corresponding page for the effect of the error on regional
parameters, as well as how the errors are derived. On the right end of the

sheet, a color code and unit key is included for the parameters.

Information relates to appendix B3, B4, B6 and B8

Table format is used in these listed appendices, Follow the instructions

indicated below to obtain the result for these appendices.

1. Open the indicated sheet

2. Follow numeric order of the operations by changing the corresponding
cell

3. See the reason of the operation for the explanation of the operation

4. Obtain the results in the relative table in the test

Close the program without saving
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Appendix B2 Investigation using the theoretical model

The formulas in this model are based on the formulas covered in the

relevant chapters in the text.

Precision & 2C analysis

This is the first developed section in the whole model; it contains the
Precision analysis and the 2C model analysis. These analyses are

allocated to the same page because they share the same variables.

2C model analysis

This section compares the differences between Siri, Brozek and Schutte’
equations as the different assumptions used by these invéstigators result
in different values for the calculated %BF. This is because of the different
assumptions in terms of FD and FFD. Fat free mass error can be added
into the model (from Result page cell B11). It enables the user to see how

the 2C model assumption effects the interpretation of the %BF.

Precision analysis

The mode of body fat for healthy males is 15% (Noakes T 2001). The
model defaults to this value. In order to reach the initial goal (2%
accuracy); the system should be able to obtain values of between 13%
(cell C5) to 17% (cell c4) body fat percentage for the average healthy

male.
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The next step is to understand how 2% BF can be interpreted in terms of
body volume. This is done for all the three formulas (Siri, Brozek, and
Schutte). See the derivation of the 2C model formula in appendix Al. As
this is an independent study, the mass scale error is ignored for this

moment.

In order to estimate body fat percentage to within 2% accuracy, we need
to obtain an accuracy of 0.2 liters for body volume (see Cell C9, Celi C14
Cell C19). This result (which appears in cell C14) is done by assuming the

subject is 50litre while using Siri equation.

The required volume precision is determined to be 0.2 liters as the
increment in volume prediction is incremented. This concept is applied
through the whole model as this is highest precision required in volume

measurement.

Weight

This sheet is colored in purple; as are the other weight related figures.
This page allows the user to calculate the precision needed in terms of
weight measurement. In the other words, it allows the user to show the
relationship between an error in the measured weight and its impact on
body composition analysis. A scale error can be added in this page (cell

Bi1l) as well as the result page (cell C11).
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Isothermal air

This sheet is colored in orange; as are the other isothermal air related

issues. Isothermal air includesVv,, ,V,, and the air around the skin

surfaceV,, . A total isothermal air error can be created in this page (cell
B10) as well as in the results page (cell D11).A total error is calculated
due to the following reasons:

e If v, and V,, combined in less that 1 litre, the corresponding

errors can be neglected.

® The volume of the isothermal air on the skin Vg, error is not

reported in the literature, and so is determined empirically.

Practical parameters

Stroke volume, chamber volume, sensor accuracy, DAQ card accuracy,
and atmospheric pressure are the five parameters covered in this sheet.
Errors can be included in each va the parameters to be investigated
during the calculation of body fat percentage. In which Cell E3 allows the
user to generate errors in measuring the atmospheric pressure. Cell E7
and E11 are figures that were directly obtained from the datasheets in

append'ix C1 and C2.

Practical one

The user is able to change the stroke length (cell F2, F3 and F4) or the
radius of the plungers (cell F5 and F6). This enables the user to

determine the stroke volume of the two chambers separately.
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Practical two

This sheet shows the predicted error in volume (column D and E) and in

%BF (column G and H).

Hydration effects

Hydration effects are covered in the results sheet. The assumption of this
section is that the density of the water is equal to 1g/cm’. When the
subject drinks 1 litre of water, the sheet is programmed to add one litre to
the subject’s volume as well as one kg to the subject’s weight. The new
density is then calculated and this new density is used to determine the

new % BF (see 28" to 35" row from column A to E)

Results

This page contains all the parameters (from cell I3 to 117) in the design.
On this page the user is able to investigate the impact of any of the

parameters on the calculated percentage body fat (see cell J3 to J17)
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Appendix B3 Single chamber system Model

Open the “practical 1” sheet

Table B2
Instructions to determine the accuracy of the single chamber system

. , Correspond Reason of the
Experiment Operation . .
ing cell operation
1. Change the e
test chamber  Cell B2 I:::E:'Sizzzd
size to 400L
Determine the Change to Since we are
\ stroke )
behavior of Cell B4 evaluating the effect
) volumel to .
single chamber 0.5L of the single chamber
. system so no volume
3. Change the - .
is displaced in the
stroke volume Cell B5
reference chamber.
2to 0L
4. See expected pressure on 50 Results in
66 expecied p Cell E15
litre subject table5.3
. 0 i
5 ‘E.;ee exp-ected pressure on 10 Cell E265 -Resu!ts in
litre subject table5.3
Open sheet “results”
6. Change Fat
free error to CeliB11 o
This is done because
zero
. we are considering
Determine the 7. Change the
. the effect on the
behavior of scale errorto  CellC11 )
. practical
single chamber Zero ) )
interpretation
8. Change the X
independently
isothermal air CellD11
errors zero
9. Errorin % body fat on 50litre (cellF22- Results in
subjects cellF21)/2  table5.3
10. Error in % body fat on 100litre  (cellF25- Results in
subjects celiF24)/2 table5.3
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Appendix B4 Dual chamber dynamic system model

Open the “practical 1" sheet

Table B3
Instructions to determine the accuracy of the dual dynamic system
Experiment Operation Co‘rrespond Reason ch the
ing cell operation
1. Change the test
chamber size to Cell B2
400L. The optimized
Determine 2. Change the chamber size
the behavior reference chamber cell B3
of dual size to 400L
chamber 3. Change the stroke cell B4 Ideally the condition of
volumel to 1L the two chamber should
4. Change the stroke Cell B5 be the same. at starting
volume 2 to 1L point
> S-ee the .e xpected pressure on 50 Cell E15 Results in table5.4
litre subject
6. See the exp.ected pl:essure on 100 cell E265 Results in table5.4
litre subject

Open “results” sheet

7. Change the fat free

CeliB11
. error to zero
Determine Since we consider the
the behavior 8. Change the scale cellcit = e .
of single error to zero practical mte/rpretatlons
chamber 9. Change the independently
isothermal air CeliD11
errors zero
10. See error in % body fat on (cellF22- .
Results in table5.4
50litre subjects cellF21)/2
11. See error in % body fat on (cellF25- . '
Results in table5.4
100litre subjects cellF24)/2
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Appendix B5 Determining the minimum size of the test

chamber

Volume occupied by the subject

The initial goal for this project was to measure subjects of not more than
100 litres. For further development as well as from the design point of

view; subjects of 150 litres should also be accommodated.

Maximum volume of the isothermal air in the chamber

The isothermal air in the lung could be as large as 4 litres and the

isothermal air around the body could be as much as 1.5 litres.

Gaseous exchange in the lung is happening all the time. Assuming that
the tidal volume of the subject is not more than 600 mi. (average tidal
volume is 500ml) and that the subject takes no more than 20 breaths
during the course of the measurement. Ten litres of warmed humidified
air is fed into the chamber. This has the effect of increasing the density of
the air in the chamber as well as the temperature. In addition during
respiration, about 5ml of O, are inhaled for each 4ml of CO, exhaled for
each 100ml of blood, so the effect is that the volume of the chamber is

decreased slightly.
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Apart from the breathing effect, the body temperature effect and the
respiration effect also causes the PV constant to vary. The rate at which it
changes depends on metabolic rate, which varies from individual to

individual.

Due to its small size, Ver is not taken into consideration. Hence the total

isothermal air could be as much as 10litre in the test chamber.

Minimising the errors due to isothermal air in the chamber

The total isothermal air should not be more than 10% of the total
chamber size at any time or the validity of the result can be compromised.
This means that the minimum volume of air should be 150 litres at all

times.

Given that 150 litres of space should be reserved for the subject, the

minimum size of the chamber should be approximately 350 litres.
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Appendix B6 Worst case scenario analysis resuits

Open the “result” sheet.

Table B4
Instruction to determine the effects of scale errors in measuring mass on
%BF using the model

) . Corresponding
Experiment Operation cell Reason of the operation
1. Set Atmospheric
Determine the pressure error ,DAQ E3, Since these are the
effects of errors card error and the E7 practical constraints of the
in measuring  differential pressure & EL1 ADP analysis

mass on %BF  Sensor errors to zero

using the model 2. set 2C model error
and the isothermal Bli1 & D11
air error to zero

since this is an independent
study for weight parameter

3. See error in term of %BF expected

. J21 Resuits in table 6.2
for weight parameter
4. See how the reference man looks P21 Results in table 6.2
Open the “result” sheet.
Table B5

Determination the impact of errors in estimating the volume of
isothermal air on %BF
Corresponding

Experiment Operation 0 Reason of the operation
ce

Determine 1. Set Atmospheric

the impact of pressure error ,DAQ E3, Since these are the

errors in card error and the E7 practical constraints on ADP
estimating  differential pressure & E1L1 analysis

the volume of sensor errors to zero

isothermal air 2, Set 2C model error since this is an independent
on %BF and the weight scale B1li & C11 study for isothermal air

error to zero parameter
3. See error in term of %BF for
J21 Results in table 6.2
isothermal air parameter
4. See how the reference man looks F21 Results in tabie 6.2
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Open the “resuit” sheet.

Table B6

Instruction to determine the effect of errors in measuring atmospheric
pressure on %BF

. . Correspond Reason of the
Experiment Operation . .
ing cell operation
Determine 1. Set DAQ card error and the Since these are the
the effect of differential pressure sensor E7 & Ell practical constraints
errors in errors to zero on ADP analysis
measuring
atmospheric since this is an
. Set 2C model error, the
pressure on ) B11,C11 &  independent study
o weight scale error the )
% BF D11 for atmospheric
isothermal air error to zero
pressure parameter
3. See the result of error in %BF for
. 321 Results in table 6.2
atmospheric pressure error
4. See how the reference man looks F21 Resuits in table 6.2

Open the “result” sheet.

Table B7

Instructions to determine the over all impact of these three errors to %BF

Correspond Reason of the
Experiment Operation .
ing cell operation
. Set weight scale error to
0.03kg, Atmospheric error  C11,D11 &  Since these are the
to 0.05mBar Isothermal air E3 basic assumption of
Determine error to 10% using ADP analysis
the impact of to determine %BF
2. Set 2C model error to zero Bii
these three
errors on . Set 2C model error the
%BE weight scale error to the since this is an
isothermal air error to zero B11,C11 & independent study
DAQ card error and the D11 for atmospheric
differential pressure sensor pressure parameter
errors to zero
4. See the resuit of error in %BF for
J21 Results in table 6.2
atmospheric pressure error
5. See how the reference man looks F21 &F22 Results in table 6.2
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Appendix B7 Air leakage Analysis

The effect of a controlied air leakage from the chambers

The PV constant increases as described in chapter 5 due to the
multi-cycle displacement of the air. Experiments show that the pressure
reading builds up in a very rapid fashion, since the size of this effect is
much larger than the experienced signal in the chamber (known from
experience). This effect has to be extracted before converting to digital
signal. The best way to eliminate this effect is to create an air leakage in

the chamber.

Electrical model representation of the device

The device can be presented by an electrical model (see figure B1)

Iﬂsm “ Il
Lam
v/ L

Pmo“@ %m R leakage

ifthere were ,» _ 1, .
no leakage °* C'!"

Figure B1. Electrical representation of the device

In this electrical model, if the resistor (R) is small, the DC current (7,_,)

will flow through the resistor (R) causing a slight variance 0/7_xR. The

AC current at the motor moving frequency (1.6HZ) will experience

impedance (Z), where Z = jwL+ R which can be neglected if L is large or
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compensated for. C,,,. represents the volume of the chamber. These

elements can be expressed

1 .

AP=IPiman
V
C =
chamber meK
AP
AC =
leaksge R+ jol
AP
DC, = e
leakage R
Where
w=2nf
R= 8,ul4
Xy
1= pxl2
TRF

In the equation,

V is the volume of the chamber,

P, is the atmospheric pressure,

K is the absolute temperature,
4 is the viscosity of the air,

r is the radius of the pipe,

lis the length of the pipe,

pls the air density,

fis the speed of the motor.

by

the

following

equations

A low value for R will reduce the pressure build up in the chamber to an

acceptable level, a trade off being that a small but non-negligible AC flow

from the chamber. This can be calculated and compensated.
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Determining the leakage effects

In the last section the theoretical interpretation showed that the leakage
can be treated as a constant variable subject to the motor moving at a
constant frequency. After computing these equations into a program (see
air leakage analysis.xls in the CD), leakage effect is determined and
introduced to both of the chambers via plastic tubes. These plastic pipes

are 1.5 meters in length and 0.6 mm in diameter.

Quantifying the leakage effect

The leakage effect can be quantified by the equations in the last section.
The advantage of compensating for this AC flow (leakage) from the
chamber is that the chamber size will be able to be determined more

accurately. However the disadvantage of this is that the motor speed

must be absolutely constant at all times. Otherwise frequency ( /) can
not be determined and this leads to AC leakage that cannot be
determined. The motor used in the project does not rotate at a constant
rate at all times. Although the variation in rotational speed is low, it

causes errors in calculating the percentage body fat.

Calibrating the leakage

In calibration (which is discussed in appendix F9), it is assumed that the
DC motor is moving at a constant frequency. From this assumption the
leakage effect can be determined by applying the parameters and the
variables to the equations. Table B8 contains the variables and the

parameters applied to determine the leakage effect.
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Table B8

Parameter and variable that determine the leakage effect

Parameters & variables Value unit
Motor frequency 1.6 Hz
Diameter 6 mm
Density of air 1.2 Kg/m’
Viscosity of air 1.76x10° Ns/m?
Length 1.5 meter
Atmospheric pressure 1013 mBar
Test chamber 520 Litre
Reference chamber 156 Litre

Based on these parameters and variables, the chamber volume is
determine to be 585.2 litres (using leakage effect analysis.m in the CD)
The relationship between the pressure difference and volume of the

inanimate objects is plotted in Figure8.8.

Assuming that the dc motor moves at constant frequency, the leakage
effect can be determined and treated as a constant variable!. It was
decided to calibrate the device in order to take this constant variable, as
well as the other constant variables, into account (see section 8.6).
Compared to quantifying the leakage alone, calibration of the device
makes fewer assumptions. The error results (in volume) generated from
the inconsistency of the motor speed is accommodated by the software

(see Threshold section in Appendix E3).

! 1t refers to the variable that occurs constantly. Eg. Pressure sensor noise.
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Appendix B8 Determining the hydration effect in ADP

analysis

-~ Open the “result” page.

Table B9
Instruction to determine the hydration effect in ADP analysis

. . Correspond Reason of the
Experiment Operation . .
ing cell operation
;fermme 1. Change the Since these are the
. hydration A29 basic assumption of
hydration , .
effect to 2 using ADP analysis to
effects on . .
, litre determine %BF
ADP analysis
2. See the corresponding %BF E32
. bi
on 50 litre subjects Result in 10.3.1
3. See the corresponding %BF E35
on 50 litre subjects
Determine 1. Change the Since these are the
the i A29 . -
. hydration basic assumption of
hydration : .
effect to 4 using ADP analysis to
effects on . .
. litre determine %BF
ADP analysis
2. See the corresponding %BF E£32
on 50 litre subjects
) Result in 10.3.1
3. See the corresponding %BF E35

on 50 litre subjects
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Appendix F4 Instructions of the trials for the testing

subjects

Please read the following information. This will help you

to understand the test procedure hence help us to obtain the
most accuracy results.

1. Apply the provided ear plug to you ear. Take a few deep
breaths then get into the chamber.

2. While you are in the chamber, do not hold you breath but try
to breath as shallow as possible

3. You will also find a push button on your right hand side. That
is for you to release yourself after the experiment or at
anytime when you feel any sort of discomfort.

4. Once you get into the chamber. Place your feet under the
seat. Note that there are sensors just above your legs;
please make sure you not touching them as it could cause
damage or affect the result of the experiment.

5. When the trial is finished the instructor will give an
indication to you through the window.

6. You may now press the button and come out of the chamber.
And the whole trial is competed.

7. Trials will be preformed twice on each subject to ensure its
consistency.
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Appendix F5 Practical considerations relating to the

construction of the chamber

Introduction

During the design and construction process of the device; two ideas were
investigated. This chapter covers the feasibility of putting them into
practice. These ideas were:

® Air displacement using the human lung.

® Air displacement using a ventilator as a pressure driver.

Critical reasoning of these attempts

The main idea is to show that although these methods are theoretically

sound, but impractical in real life situations.

Theoretically each source of error can be identified. An adjustment can
be made to compensate for the error and these effects cannot be
quantified without more assumptions. The result of these assumptions

could lead to the measurement in a worse direction.

There are other many hidden factors that could cause total errors in the

measurement.
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Here is a list of possible factors:

The lighting factor (fluorescent lights can affect the pressure sensor).
Noise carried by the cable.

The slipper factors of the DC motor (as this factor will make the
frequency of change stroke not constant) over time and from day to
day.

Sound effects from the surroundings (such as noise from cars driving

past nearby.)

The quaiiity of these noises varies from time to time and due to this

common characteristic of these noises, the effect of this signal cannot be

included in the theoretical model

Air displacement using the human lung

As expla...ad in chapter four, during the trial studies, a known amount of

air has to be displaced in order to generate a pressure change inside the

chamber. This idea uses the breathing of the subject in the chamber to

displace air from the chamber.

The meti.ud has the following major advantages:

The lung volume of the subject could be considered to be outside the
chamber; therefore it is not necessary to measure the lung volume.
Since the subject breathes to the outside of the chamber, the
humidity effect on the chamber will be minimized.

Cost of the device will be reduced since a pressure drive is not

required.
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Setting up the device and results obtained from the trial studies.

A breathing tube has been connected between the chamber and a digital
air flow sensor. On the other side of the chamber, the output connecting
tube has been connected to a spirometer. The displacement of the air
could thus be recorded at the same time as the relative pressure within
the chamber. Trial studies were preformed.

(See appendix F7 for trial step to follow for this method.).

Results
_— — . AN
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Figure F1. Volume displaced from breathing (top) and corresponding
pressure (bottom)
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For most of these measurements, the volume of the subject could only be
estimated within + 20 liters (figure8.3); due to the following major
source of errors:

® The sensor resolution for volume measurement is only about 10ml.
This is insufficient for ADP purposes.

@ Signal to noise ratio is too small.

e The compartment of the air in the spirometer changes after few
breaths, which affect the temperature and the humidity within the
spirometer, hence the volume that was read from the spirometer can
not reflect the true volume that can be used in the chamber. A more
precise instrument will be needed in order to perform the task, hence

more sources of error.

Principle findings

~ Although it has many advantages, using the lung as a pressure drive
created a huge complexity to the measuring systems. It is thus
preferable to have a constant and accurately known change in volume of
the chamber rather than a variable change in volume which can only be
measured to a limited accuracy. Training the subject for the trial also
introduced an unpredictable factor. It could therefore be concluded that

this is not a practical way of determine body composition.
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Air displacement using a commercial ventilator as the pressure
driver

According to above finding, I decided to use a constant pressure drive
and chose a Bear 2 ventilator. This device was borrowed from the
Respiratory ICU (C27) Groote Schuur Hospital, Cape Town South Africa.

See the attached relevant documents of the ventilator.

The ventilator is calibrated weekly by trained specialists. The principle of
the ventilator is that it delivers a relatively constant amount of air at an
adjustable rate. It relies on the compliance of the patient’s lung to exhale
air in order td complete the respiration cycle. Therefore an artificial lung
with either 1.5 or 2.0 litres capacity was placed inside the chamber and
connected to the ventilator. Hence a constant amount of air can be
displaced out of the chamber due to its fixed compliance. The volume of
output air is measured to ensure it is constant and equal to the air input

to the chamber by the ventilator.

Calibration studies were first introduced by setting different rates and
amplitude of volume displaced in order to search for the best possible
combination.

See appendix F8 for the relative settings.
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Trial studies on different individuals were then performed. It was found

that volume can be measured to within +5L accuracy (see figure 8.5);

but that larger errors occur during vivo studies.

Sources of error include:

@ The ventilator requires time to warm up. (Time for the motor to get
into a steady state).

® The air that the ventilator displaces is relatively constant compared
to the human lung. However it is not designed to displace an absolute
volume.

@ With large subjects, the artificial iung tends to exhale the air faster
due to a higher pressure. Hence it is difficult to distinguish between
meaningful and unwanted signals (breathing, humidity).

® The ventilator is more than 15 years old.

Principle finding

The human subject claimed that they felt unconformable when using
displacement of greater than 1.5 liters of air. With a rate slower than 10
cycles per minute a drift due to leakage becomes significant.

The ventilator provides a relatively accurate result compared to using a
human lung for displacing the air, however it fails to provide a meaningful

result in term of body composition analysis.
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Conclusion

These three designs for air displacement have been investigated. None of
them is able to measure the body volume to the level of accuracy (200mi)

required for body composition analysis.

Although using subjects’ own lungs as an air displacement device is
simple and inexpensive, the air displacement with present equipment can
only be determined to about 10ml. This resuits in larger variation in the
calculated body volume. The ventilator is slightly more accurate in this

regard but nevertheless not accurate enough.

An absolute constant pressure drive is needed, which can displace a
known and constant volume of air in the chamber, regardless of the

pressure inside the chamber.

When dealing with in vivo studies, it is essential to distinguish the signals
that are either generated by the subject (temperature or humidity) or
caused from the displacement from the pressure drive. Having a constant

pressure drive allows us to filter out all unwanted signals.

These two methods described cannot provide accuracies high enough for

practical use in body composition analysis.

220



Appendix F6 Theory of using the lung as a diaphragm

for air displacement

. AV AV,
Original formula: v, =P, X(ZFJ_P;M x(-&;'}

i

Using the human lung as a diaphragm A4V, will provide a volume change

as the subject breathes air in and out.

The inside pressure will be equal to atmospheric pressure as the door is
closed. Once the person breaths in, the pressure will build up, and as he

breathes out it will go down.

Determining the two chamber volume
The size of the empty test chamber is pre-determined by the water

displacement method.

Pressure in the reference chamber is used as atmospheric pressure.

Therefore the volume of the reference chamber is irrelevant.

The formula becomes

AV,
Vobject =Vchamber - Etm X (Ff}

Where A ratio of change of volume to change in pressure for a test
i

chamber containing a subject

221



Method of operation

1. Close the door.

2. Breath in and out.

3. Force breath in and hold for 3 seconds
4. Force breath out and hold for 3 seconds.
5

Open the door and introduce a calibration tool of known volume

Repeat the procedure again.
By comparing the two test results we are able to judge the accuracy of

the measurement.

Temperature consideration

Air that is breathed in is warmed and humidified; hence it will occupy a

larger volume in the lung than what is measured for AV, by the

spirometer. This effect must be compensated for.
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Appendix F7Trial steps for using lung to displace the air

in the chamber

Please read the following information. This will help you to

understand the test procedure hence help us to obtain the
most accuracy results.

8. You will be given a "model breathing pattern”. This will help
you to learn how to breathe while inside the chamber, you
will be given few chances to practice your breathing pattern

9. Take a few deep breaths then hold your breath, clamp your
nose. Get into the chamber. Remember not to breathe into
the chamber.

10.While you are inside the chamber you will find a pipe on
your left hand side. You may only breathe though this pipe.
Otherwise it could directly affect the result.

11.You will also find a push button on your right hand side.
That is for you to release yourself after the experiment or at
anytime when you feel discomfort.

12.0nce you get into the chamber. Place your feet under the
seat. Notice that there will be sensors just above your legs;
please make sure you not touching them as it could also
affect the result of the experiment.

13.0nce the instructor has instructed you to start breathing
though the pipe first breathe out and then breathe in. Try to
avoid breathing too deeply neither too shallow.

14.After 8 cycles of breathing, you may press the button and
come out of the chamber. The whole trial is then competed.

15.Trial will be preformed twice on each subject to ensure its
consistency.
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Appendix F8 Ventilator related information

Testing procedure for the chamber with the ventilator

BWN

v ® N o

. Switch on the pressure sensor.

Open the “Labview"” program.

Switch on the power for the magnetic lock of the door.

Pre-set the ventilator to standard configuration (check the ventilator
configuration).

Switch on the ventilator. Turn the “peep” to set the proximal airway
pressure gauge to about 40 mBar, hence the “plastic” lung is inflated
before closing the door. (Peep stands for: positive end expiratory
pressure).

Instruct the subject to step into the chamber and close the door.
The subject will breathe though the breathing pipe as instructed.
Adjust the “tidal volume” on the ventilator to 1 litre.

The collector for the breathing pipe on the chamber will be sealed;

sampling and recording of the data will start.

10. The subject will be breathing into the chamber.

11. Follow the step to step instruction for software instruction (see

appendix F11).

12. Remove the subject from the chamber and unseal the breathing pipe.

13. Check the data and save the data (see appendix F11).
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Ventilator configuration

The I:E ratio=1:1

The I:E ratio represents the ratio of inspiratory time to expiratory time,
from breath to breath.
In our case, we would like to keep the ratio at 1:1 so it have the same

amount of time to breath in, as well as breath out.

The normal tidal volume=1 litre

The normal tidal volume represents the volume of the gas that is to be

delivered to the “artificial lung”.

The peep :( Proximal pressure to 20 mBar)
The peep is used to maintain a stable pressure inside “plastic lung”,
hence reducing the possible leakage of the chamber due to high

presSures. Turn the peep up until the lung pressure is at 20.

Peak flow

Peak flow is calculated by the ratio of tidal volume time to normal rate
time (factor of I:E ratio). In our case it would be 2(1+1) and the total

peak flow equal 1times 30 times 2 =60 (LPM).
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Appendix F9 Calibration procedure for the ADP Device

The operator will open the device and make sure the software mode is set

to "perform a trial study” mode.

Estimating the size of the test chamber

During the first step, the PVC pipe from the pressure sensor is connected
to the test chamber. The motor is then allowed to run. After the trial
period, the values for the experienced pressure (AP) in the chamber is
determined. This value is used to determine the chamber volume using

the relationship between the changing volume and the change in

pressure (%) (Note that this estimate contains errors; which are

accommodated in the later calibration process)

Estimating the size of the reference chamber

The reference chamber is connected to the pressure sensor using a PVC

pipe and the same process as above is followed. The size of the reference

chamber is then calculated from the (%) relationship.

Determination of the offset of the device

The differential pressure transducer is connected between the test

chamber and the reference chamber and a trial is performed. The resulit

for the volume of the subject (¥,) becomes the new zero since there is no

subject in the test chamber.
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This offset value is used as the offset in the software. A second trial is
obtained to check the offset is within 100ml from zero. If the result is not

obtained within 100ml, the procedure will not be continued.
Determination of the coefficient in the curve fitting formula for

the device

Put the calibration tool into the chamber. See the following table for the
volume of inanimate subjects from a combination of calibration tools

available.

Table F1
Combination of different volumes used in the calibration of the device

Calibration volume size (litres) Combinations

60 » 60 litres brick of Styrofoam

74.85 60 +14.85 litre brick of Styrofoam

78.84 60 and 6x3.14 litres tube of styrofoam
+14. i i x3,

87 41 60 +14.85 litres brick and 4x3.14

litres tube of styrofoam

60 +14.85 litres brick and 5x3.14
litres tube of styrofoam
60 +14.85 litres brick and 6x3.14
litres tube of styrofoam

90.55

93.69

Before starting the trial, make sure that “subject is bigger than 507
button is selected (This is designed since this is the voiume where the
pressure in the two chambers should cancel each other out. At this point,
the signal to noise ratio will be very small, hence that any measurement

around 50 litres should be avoided).
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Change the atmospheric pressure (P

atm

) mode to "manual input”. (The

number will be the first measurement from the barometer sensor). This is
to execute the assumption of atmospheric pressure to remain constant
during the whole calibration and trial period. The purpose is to reduce

barometer random errors.

Two rounds of trials for each volume combination should be performed.
For each volume, the variation between results must be less than 100mi.
Once this is obtained, then the average of the experienced pressure (AP)
of these two trials is used to represent the experienced pressure of the

subject.

Once the AP’s are determined for these subjects, the ratio of ¥, to AP

(%) is then plotted. A second order curve is fitted to the plotted points.

The coefficient of this second order curve equation is used to be fed into

the "ADP analysis.VI” sub-VI.
After successfully calibrating the device, two test trials should be

performed by the user. The test trial result should be within 200ml of

accuracy before performing an in vivo trial.
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Appendix F10 Trial procedure of the ADP Device for the

operator

1. Switch on the pressure sensor.

2. Check the position of the plunger mechanism.

3. Open the “Labview” program.

4. Switch on the power for the magnetic lock of the door.

5. Instruct the subject to step into the chamber and close the door.

6. The subject will be breathing into the chamber.

7. Follow the step by step instruction for software instruction (see
appendix F11).

8. Start the software and the motor at the same time.

9. Remove the subject from the chamber and unseal the breathing pipe.

10. Check and save the data (see appendix F11).

11. Adjust the position of the plunger mechanism back to the starting

position.

229



Appendix F11 Step by step instruction for operation of

the software

1

2
3
4,
5

Open Labview6.1.

. Select "open VI” and open “ADP analysis.VI".

. Select the software mode (default at “perform a trial study”).

Select the test mode (default at “trial study).

. Fill in the personal information sections on the front panel.

. Press “run” to start the trial.

. At the end of the trial, save the data into the desired name.

If trial is unsuccessful (indicator showing red),

8.1 Rerun the whole trial again.

If the software reports on wrong personal data input,

Correct the information.

Select the programming mode change the atmospheric pressure
mode to manually input.

Use the indicated data from the pressure sensor as the manually
input value.

Recall save the data.

Rerun the program.

If the trial is successful

1. Obtain the % body fat from the screen.

2. Obtain the BMI value from the screen.
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Appendix G2 Suggestions for further development

Stepper motor

For further development, the following components are required:

Stepper motor, drive board and gear box.

The DC shunt motor used in the present design delivers 471bs.ins

(5.315N/m).

The following combinations are suggested which is sufficient for the

interest of this project. See the following table for the basic description.

Table G1 _
Suggested specifications for further development
Components Stepper motor Drive board  Gear box
Supplier R.S. Components Microdyne
Stock number 340-3761 441-0287
N/A
Price R3615-95 R6047-10
® 12 Volt HSX Hybrid
Stepper Motor
@ 1.8 degree step angle
6 Amp 86 x 86
{200steps/rev.) . .
‘ Bipolar Frame size
Basic script Torque 7.8 N/m Stepper with 3:1
Shaft Diameter. i ST
Drive ratio right
9.525mm. x 28.6mm.
angle box

® Maotor current
4.5A/phase
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The details of the stepper motor and its drive board can be obtained from
R.S. components’ (rswww.com) online catalogue.

Further request regarding to this gear box can be made to Microdyne Pty

Ltd (www.microdyne.co.za).

Barometer

For suitable barometers see the following website for further information

Both Web sites was last accessed on 2004/07/14.
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