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ABSTRACT

Measuring changes in body composition in obese individuals is crucial to
understanding the differential impact of weight loss interventions. Dual-energy x-ray
absorptiometry (DEXA) has emerged as the method of choice to measure body
composition due to its ability to differentiate fat, lean and bone mass, and its ability to
measure whole body and regional components with minimal participant burden.
However, use of traditional whole body DEXA scan technology to measure body
composition of obese individuals is limited by the manufacturer’s upper weight
specification and the scanning area of the instrument. To obtain valid whole body DEXA
measurements, subjects must weigh less than 200 to 350 pounds, depending on make and
model of the DEXA scanner, and fit completely within the scanning area of the
instrument (6°3” by 2°1”). One way to accommodate a greater portion of the obese
population is to develop an alternative method to scan subjects who meet the weight
criteria but exceed the width of the scanning area, such as the regional half-body DEXA
scan analysis.

This prospective cross-sectional study compared body composition parameters
measured by whole and half-body DEXA scan analyses and bioelectrical impedance
analysis (BIA) in ninety-eight obese adults who weighed less than the manufacturer’s
upper weight limit and who fit completely within the DEXA scanning area. Body
composition parameters measured by half-body DEXA scan analysis were multiplied by
two to compare to parameters measured by whole body DEXA scan analysis. Body
composition parameters measured by each technique were compared using paired t-tests,

linear regression models, and Bland and Altman’s method for limits of agreement.
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Participants had an average weight and body mass index of 103 £ 13 kg and 36
4 kg/m?, respectively. The mean difference for fat mass was lower (0.23 kg; p <0.005)
and the mean difference for lean mass was higher (0.42 kg; p<0.001) when analyzed by
the right half-body DEXA method than the whole body DEXA method. Mean
differences for fat mass and lean mass were higher (0.65 kg; p<0.001 and 0.45 kg;
p<0.001, respectively), when analyzed by the left half-body DEXA method than the
whole body DEXA method. Fat-free mass (lean mass plus bone mass) was lower (1.85
kg; p<0.001) and fat mass was higher (2.31 kg; p<0.001) by BIA than by whole body
DEXA analysis.

In this sample of obese participants, differences in body composition parameters
measured by whole and half-body DEXA analyses, although statistically significant, are
not considered clinically different. These results suggest that half-body DEXA scan
analysis is a reasonable alternative to whole body DEXA analysis when subjects meet the
weight criteria but do not fit within the scanning area. Mean differences in body
composition parameters measured by whole body DEXA analysis and BIA were larger
than the mean differences between whole and half-body DEXA analyses but these
differences are still considered to be small. Therefore, using BIA with gender and body-
fat specific prediction equations to calculate body composition parameters in obese

individuals is a reasonable alternative when DEXA technology is not available.
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SIGNIFICANCE

It is estimated that over 64% of adults in the US are overweight and that 30% are
obese (1 - 3). This means that over 60 million American adults are obese as defined by a
BMI >30 kg/m?, and approximately 9 million adults are morbidly obese as defined by
BMI>40 kg/m ? (4). This major public health problem is associated with over 30
medical conditions, which include multiple forms of cancer, diabetes mellitus, and
cardiovascular disease. Obesity now ranks second among all causes of preventable death,
second only to tobacco-related deaths, and contributes to about 112,000 excess deaths per
year (5). The public health and medical communities have responded to the recent
obesity epidemic by implementing initiatives that promote healthier food choices and
more active lifestyles (6). The research community is supporting these efforts by
studying the differential impact of various interventions on short- and long-term weight
loss and maintenance of weight loss, changes in body composition, body fat deposition
and the impact on morbidity and mortality (2, 7 - 14).

Two technologies are commonly used to assess body composition in population-
based studies: dual energy X-ray absoptiometry (DEXA) and bioelectrical impedance
analysis BIA (15). Dual energy X-ray absoptiometry (DEXA) a 3 compartment model
based on differential tissue attenuation of X-rays, has emerged as the research technique
of choice for measuring body composition because of its ability to distinguish total and
regional lean mass, fat mass, and bone mass, and because of its minimal participant
burden. However, DEXA methodology is limited in that it requires that subjects weigh
less than the manufacturer’s maximum weight limit, often values less than 200-350

pounds, and to fit completely within the scanning area, limiting height to less than 6'3"



and recumbent width to 25 inches. To accommodate those who meet the weight criteria
but do not fit within the scanning area, an alternative half-body DEXA scan analysis
method is proposed. If validated, this analytical technique will allow DEXA technology
to be used to measure fat, lean and bone mass in a greater proportion of obese
individuals.

Bioelectrical impedance analysis (BIA), a two-compartment model based on total
body water content and the differential water content of fat tissue and fat-free tissue (the
sum of lean mass plus bone mass) is also available to assess body composition. While
BIA technology is not limited by an individual’s weight or physical dimensions, it too
has methodological limitations. Accuracy of measurements of body composition in
obese individuals by BIA is affected by the use of proprietary prediction equations
derived from regression models developed from healthy, normal-weight individuals.
Accuracy is also affected by an individual’s hydration status and by assumptions that
water content in fat-free and fat tissue of obese individuals is the same as in normal
weight individuals (1, 16 - 18). If body composition measured by BIA is not different
from that measured by whole body DEXA scan analyses, BIA may be an appropriate

method to use when DEXA technology is not an option.
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SPECIFIC AIMS
The primary specific aim of this study was to compare fat mass and lean mass measured
by whole body and half body DEXA analyses in obese, weight stable but otherwise

healthy adults.

The secondary aim was to compare fat mass and fat-free mass measured by whole body

DEXA analysis and BIA.

The tertiary aim was to explore variables — age, weight, height, gender and BMI - that

may predict differences in body composition methods.

HYPOTHESES
The hypotheses that were tested are:

o Fat mass and lean mass have a mean difference equal to or less than 1 kg when
measured by whole body DEXA scan analysis and the left and right half-body
DEXA scan analyses.

o Fat mass and fat-free mass have a mean difference equal to or less than 1 kg when

measured by whole body DEXA scan analysis and BIA.



OBESITY CHAPTER

The Obesity Epidemic in the United States

Obesity is diagnosed when an individual has excess body fat (19). It is chronic,
relapsing, stigmatizing, and a neurochemical disease that is associated with energy
imbalance (20). Obesity is one of the most common nutritional disorders in western
societies and the rate of obesity in the United States (US) is rising across all regional and
demographic segments.

Results from the 1999 to 2000 National Health and Nutrition Examination Survey
suggest that an estimated 64% of US adults are either overweight or obese (19). The
prevalence of obesity as defined by a BMI 230 kg/m? has increased 3-fold in the past 4
decades (1 - 3). The prevalence of obesity in the pediatric population is also increasing
and may predict even higher rates of morbidity and mortality associated with obesity in
the US in future years (4).

Health risks associated with obesity continue to emerge and are reflected in the
healthcare system (3). Obesity is the leading cause of morbidity, as it is associated with
an increase in risk for certain cancers, as well as increased risk for diabetes mellitus Type
2, cardiovascular disease and stroke, hypertension, renal disease, and disability (3, 4).
Many of these conditions can be reversed or improved with modest weight loss of 5-10%
of an individual’s body weight (20). With the increase in rates of obesity, obesity-related
disorders and health problems, comes an increase in healthcare costs (3). Annual
healthcare costs for obese Americans are estimated to be around $100 billion (3). In the
US, obesity ranks second among all causes of preventable death (3) and contributes to

approximately 112,000 excess deaths each year (35).



Identifying Obesity

One population-based tool that is used to screen for obesity is the body mass
index (BMI). BMI is calculated by dividing an individual’s weight in kilograms by their
height squared in meters (kg/m?). Adults with a BMI between 25 and 29.9 kg/m? are
considered overweight, while adults with a BMI of 30 kg/m? or greater (19) are
considered obese. The degree of obesity is further categorized into three classes. Class I
obesity is defined as a BMI 30-34.9 kg/m?, class II obesity is defined as a BMI of 35-39.9

kg/m?, and class III obesity is defined as a BMI equal to or greater than 40 kg/m?(19).

Energy Balance Model

Obesity is a metabolic disease that does not occur quickly. In most cases obesity
develops over relatively long periods of time and is caused by the interaction of multiple
genetic and environmental factors. Among these are excessive energy and food intake,
decreased physical activity, behavioral factors and genetic predisposition leading to
individual metabolic and counter regulatory response to weight loss. The defining
feature of obesity is excess body fat stores that develop as cumulative energy intake
exceeds energy expenditure or “positive energy balance”. The underlying principle of
the energy balance model is governed by the first law of thermodynamics that states,
“Energy is neither created nor destroyed”. Simply illustrated, energy balance is defined

by the equation:

Energy Balance = Energy Intake = Energy Expenditure
or

Energy in = Energy out




When applied to body weight regulation, energy balance is attained when energy intake
equals total energy expenditure and body stores of energy, fat stores, are stable. An
individual is in positive energy balance when energy intake exceeds total energy
expenditure and body energy stores increase. Conversely, an individual is in negative
energy balance when energy intake is less than total energy expenditure and body energy

stores decrease.



BODY COMPOSITION CHAPTER

An individual’s body composition reflects his or her ability to accumulate and
store nutrients and substrates from their environment (21). Various components of the
human body give rise to structure and function. For example, both muscle and bone
provide structure and shape as well as allow the body to move and react. Fat stores
provide a source of insulation and protection as well as energy in times of deprivation
and release hormones in response to physiological change.

Human bodies are comprised of three primary components: fat mass, lean mass,
and bone mass (21). Fat mass includes the fat stored as triglyceride in adipose tissue and
fat associated with other tissues in the body. Lean mass is comprised of extracellular and
intracellular fluids, total body protein, carbohydrates and soft tissue minerals. Bone mass
refers to the mineral content of bone tissue. Taken together, lean mass and bone mass are
referred to as fat-free mass. Levels of each body composition component that fall below
or rise above normal ranges are associated with specific health risks. For this reason, it is
important that researchers and clinicians be able to measure and interpret an individual’s
body composition and changes in body composition associated with various weight loss
interventions and their associated changes morbidity or mortality.

The relationship between body composition and risk of morbidity and mortality is

affected by a number of physical and environmental factors (Table 1).




Table 1. Factors that Affect the Relationship between Body Composition and Risk of
Disease and Death (21).

FACTORS

Age
Biological factors Sex
Genetic susceptibility
Ethnicity or race

Menopausal status

Sociocultural factors

iy Physical environment
Milieu Y
Economic factors

Past and current smoking habits
Lifestyle factors Quality and quantity of dietary intake
Alcohol consumption

Physical activity

Background prevalence of disease

Health-related Genetic disposition to disease

Presence of diabetes

Jactors Presence of other risk factors
Height (including history of stunting and
wasting)
Fat and muscle distribution
Biometric factors

Body proportions (e.g., leg length, sitting
height)
History of large weight fluctuation




Body Fat Content

Millions of adipocytes comprise the fat mass and adipose tissue within the adult
body. Adipocytes produce hormones, prohormones, cytokines and enzymes, as well as
store triglycerides (21, 22). When there are increased levels of fat mass, there is also an
increase in proteins produced by the adipocytes, which can result in health problems.
Excess fat mass is associated with low-grade inflammation of adipose tissue.
Macrophages infiltrate adipose tissue, which results in the overproduction of the pro-
inflammatory cytokines, tumor necrosis factor (TNF-a) and interleukin (IL-6) (23).
TNF-a and IL-6 can alter insulin sensitivity by triggering steps in the insulin-signaling

pathway, and can lead to diabetes (23).

Body Fat Distribution

The distribution of body fat stores plays a significant role in disease development.
Distribution of fat in the abdominal region is associated with a greater risk of
cardiovascular disease than distribution of fat around the hips and thighs, or
gluteofemoral area (24). In postmenopausal women, increased trunk fat is reported to be
a strong predictor of insulin resistance and dyslipidemia, as well as hyperinsulinemia (12,
25). Increased waist circumference is reported to be an accurate portrayal of visceral
adiposity. Waist circumference > 82 cm in women and > 102 cm in men is associated
with increased risk for compromised health that is exacerbated by increased BMI as

presented in Table 2 (19).



Table 2. Increased disease risk associated with increased waist circumference and BMI
(19, 21).

Disease Risk (Relative to Normal
Weight and Waist Circumference)

BMI (kg/m®) Obesity = Men<102cm, Men>102cm,

class Women <88cm  Women >88cm
Underweight <18.5 --- ---
Normal 18.5-24.9 --- ---
Overweight 25.0-29.9 Increased High
Obese 30.0-34.9 1 High Very high
35.0-39.9 2 Very high Very high
Extremely obese >40 3 Extremely high  Extremely high

Lahmann and colleagues (26) studied adiposity in relation to mortality in 10,902
men and 16,814 women living in Malmo, Sweden, excluding only those who had a lack
of Swedish language skills. The men and women were each divided into two age-
specific groups for the analysis. The first group of men was 46 — 59 years old, and the
second group was 60 - 73 years old. The women were grouped in similar age ranges.
Percent body fat measurements and their relative risk for death were analyzed in
quintiles. Researchers reported that increased fatness was associated with higher risk for
mortality in middle-aged women compared to a lower risk of mortality in older women.
The fifth quintile of percent body fat had a 1.96-increased risk of mortality in the middle-
aged women. The opposite was seen in men, with the increased risk of mortality seen in
the older group.

Similar findings were reported by Bigaard and colleagues (11) in a study of
57,053 Danish men and women. A J-shaped relationship was observed with fat mass and
all-cause mortality. This suggests that the risk for all-cause mortality is slightly higher in
individuals with very low fat mass levels, minimal in individuals with normal fat mass

levels, and higher in individuals with higher fat mass levels.




Fat-Free Mass

Fat-free mass is another component of body composition and is comprised of two
sub-compartments, lean mass and bone mass, with muscle mass making up a largest
proportion of fat-free mass. Fat-free mass is made up of approximately 73 % water and
has a high electrolyte content. The amount of fat-free mass is closely related to basal
metabolic rate. Fat-free mass is the more metabolically active tissue, particularly the
tissue that makes up body organs, which contributes to increased metabolic rate (27 - 29).
Energy expenditure may appear to be higher in obese individuals compared to lean
individuals when analyzing absolute fat-free mass. However, after adjusting for
differences in lean mass, there are no differences in metabolic rate between obese and
lean individuals (28). Fat-free mass can differ between ethnicities. African-Americans
have denser lean mass (1.113 g/cm3) than Caucasian Americans (1.100 g/cm3), despite
nearly identical height, weight and total body water content (30). Researchers suggested
it was due to the larger bone mineral content in African-Americans than Caucasian

Americans.

Bone Mineral Content & Bone Mineral Density

Bone health is an important health issue, especially in the elderly, making
measurement of bone mineral content and bone mineral density key parameters that are
commonly assessed. Bone quality is assessed by measuring bone mineral content (g),
bone area (cm?), and bone mineral density (g/cm?), all of which can be measured by dual-
energy X-ray absorptiometry (DEXA). Total bone mineral content is estimated from ash

weight post-mortum analyses and in adults comprises 4-5% of total body mass. This



range in percentage is similar to total body bone mineral content measured by DEXA (21,
31).

Gender and ethnicity influence bone quality. African Americans have higher
bone mineral content and bone mineral density than American Caucasians in all stages of
life (21, 31 - 33). Bone mineral density is higher for males than for females in both
ethnic groups (21, 32, 34) and bone mineral density decreases with age within all ethnic
groups.

Glauber and colleagues (35) analyzed 6,705 older women in a prospective multi-
center study. Within each cohort, they found that fat mass had a higher impact on bone
mineral density at non-weight bearing sites, whereas overall body mass had a greater
impact on bone mineral density at weight bearing sites. The researchers suggested that
the direct effects of gravitational forces and mechanical or loading effects of excess
weight on the skeleton account for the effect of weight on bone density. Adiposity

effected weight, thereby contributing to the weight-bone mineral density relationship.

Health Interpretation of Body Composition Parameters

As with obesity, fat and lean mass are associated with increased risks for
morbidity and mortality (7). Past research has provided information about theoretical
body composition ranges. As shown in Table 3, the 70 kg reference male is comprised of
15% total fat, 44.8% muscle mass, and 14.9% bone mass, where as the 58 kg reference
female is comprised of 25% total fat, 38% muscle and 12% bone mass (24, 36). The
healthy range for percent body fat is 20-25% for females and 12-15% for males based on

bioimpedance (24, 36). Very few studies have reported cut-off points for percent body
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fat (37). The World Health Organization (WHO) defines excess body fat as >25% body

fat for males and >35% for females (38).
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Table 3. Reference Caucasian Man and Woman (21).

Unit Reference Man Reference Woman

Body Mass (BM) kg 70 58
Body Height cm 170 160
Body Surface Area cm’ 18,000 16,000
Water Content ml/kg BM 600 500

Extracellular ml’kg BM 260 200

Intracellular ml’kg BM 340 300
Total Body Fat kg 13.5 16.0
Total Body Adipose kg 15.0 19.0
Tissue

Subcutaneous kg 7.5 13.0
Adipose Tissue
Dry Skeletal Weight kg 5.0 34
Total Body Skin kg 2.60 1.79
Skeletal Muscle kg 28 17
Spleen g 180 150
Heart g 330 240
Stomach g 150 140
Liver g 1800 1400
Pancreas g 100 85
Lung g 1000 800
Kidneys g 310 275
Uterus g - 80
Both Breasts g 26 360
Brain g 1400 1200
Spinal Cord g 30 28

12



Body composition reflects nutritional status and ultimately the state of energy
balance. Being able to assess body composition assists health care providers with
nutritional assessments and can be a tool to provide better care (39). Changes in an
individual’s weight and relative body composition can provide insight into the efficacy of

different weight loss programs (2, 40).
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BODY COMPOSITION TECHNIQUES CHAPTER
Multiple techniques based on different technologies are used to assess body

composition. As illustrated in Table 4, most techniques have been developed and

validated throughout the last century. The first techniques measured urinary nitrogen and

analyzed cadavers by estimating gross composition based on physical and chemical
analysis, and became the reference techniques (29). Further research produced
techniques that measured body density, total body water, and total body potassium. The
mathematical models and concepts for bioelectrical impedance analysis were developed
and introduced in the earlier part of the century, but the prototypes for the bioelectrical
impedance analyzers currently used were not developed until 1962, and commercial
models were not available until the mid-1980’s (21). More advanced imaging methods
like dual-energy x-ray absorptiometry (DEXA), magnetic resonance imaging (MRI) and
computer tomography (CT) were developed shortly after. CT was first reported in 1972,
but its use in body composition analysis did not occur until 1979 (21). This technology
not only changed body composition research, but diagnostic medicine as well. CT
technology and the mathematical models associated with it, paved the way for MRL
Dual-photon absorptiometry (DPA) developed in 1984 led to the development of DEXA
in 1987 (21, 42).

Validated tools currently used to assess body composition include, but are not
limited to, DEXA, BIA, air displacement plethysmography and hydrostatic weighing.
Hydrostatic weighing, also known as under-water weighing, is based on Archimedes

Principle that a body completely immersed in water is acted on by a buoyancy force, that

14



Table 4. Body composition research events (21).

Year Event

1850s Justus von Liebig found human body contains many substances present in food
and that body fluids contain more sodium and less potassium than tissues.

1859 J. Moleschott first reported values for the amounts of protein, fat, extractives,
salts and water per 1,000 parts of the human body.

1906 A. Magnus-Levy announced for the first time the concept of fat-free mass.

1907 E.P. Cathcart found that nitrogen was lost from the body during fasting,

1909 P.A. Shaffer and W. Coleman used urinary creatinine excretion as an index of
muscle mass.

1916 D. Du Bois and E.F. Du Bois proposed a height-weight equation to estimate
whole body surface area.

1921 J. Matiegka derived an anthropometric model to estimate total body muscle
mass.

1934 G. von Hevesy and E. Hofer used deuterium to estimate total body water
volume.

1940 H.C. Stuart, P. Hill and C. Shaw first used two dimensional standard
radiography to estimate bone, adipose tissue, and skeletal muscle shadows.

1942 A.R. Behnke, Jr., B.G. Feen, and W.C. Welham estimated the relative
proportion of lean and fat mass in the human body based on Archimedes
Principle.

1943 J. Nyboer developed and applied tetrapolar bioimpedance analysis (BIA) to
evaluate fluid compartments.

1945 N. Pace and E.N. Rathbun found the relatively constant ratio of total body
water to fat-free body mass and suggested a method for estimating body fat
from total body water.

1945 H.H. Mitchell, T.S. Hamilton, F.R. Steggerda and H.W. Bean first reported
whole body composition analysis on the molecular level (water, fat, protein,
ash, Ca and P) for an adult human cadaver.

1951 E.M. Widdowson, R.A. McCance, and C.M. Spray first reported whole body
composition analysis on the atomic level (Ca, P, K, Na, Mg, Fe, Cu, and Zn)
for adult human cadavers.

1953 A. Keys and J. Brozek provided a detailed analysis of the densitometric
technique.

1953 A. Keys and his colleagues carried out the classic Minnesota Experiment and
traced the effects of semi-starvation and refeeding on body components in
young male volunteers.

1955 N. Lifson, G. B. Gordon and R. McClintock measured total body water and
total body carbon dioxide production by using D,'®0 dilution method.

1958 R. Kulwich, L. Feinstein and E.C. Anderson and W. Langham reported the
existence of a correlation between natural “°K concentration and fat-free body
mass.

1960 JM. Foy and H. Schneider determined total body water by using the tritium

. dilution method.
1961 W.E. Siri developed a three-component model to estimate total body fat mass.

15



1961

1962
1963

1970

1972

1978
1979

1983

1984

1984
1987
1990
1991
1992
1992-
2003

1992-
2003

G.B. Forbes, J. Hursh, and J. Gallup estimated fat and lean contents by using
whole body *’K counting.

A. Thomasset introduced the BIA method.

J.A. Sorenson and J.R. Cameron developed the theoretical basis of dual-photon
absorptiometry (DPA) for body composition.

R.B. Mazess, J.R. Cameron and J.A. Sorenson developed DPA method for
peripheral body composition in vivo.

G.N. Hounsfield reports the first computerized tomographic imaging system
that revolutionizes clinical medicine and body composition research.
Selinger developed a four-component model and equation.

S.B. Heymsfield, R.P. Olafson, M.H. Kutner, and D.W. Nixon first used
computed axial tomography for body composition analysis.

CT was used in whole body composition analysis (G.A. Borkan et al 1983; K.
Tokunaga et al 1983, and L. Sjostrom et al 1986).

M.A. Foster, J.M.S. Hutchison, J.R. Mallard and M. Fuller were among the
first to demonstrate that magnetic resonance imaging (MRI) could accurately
measure body composition.

R.B. Mazess, W.W. Peppler and M. Gibbons developed DPA for total body
composition measurements.

Dual-energy X-ray absorptiometry (DEXA), a four compartment model, is
developed. (42)

S.B. Heymsfield and colleagues estimated appendicular skeletal muscle by
dual-energy x-ray absorptiometry (DEXA).

J.J. Kehayias and colleagues developed a method for assessing total body fat
mass from total body carbon mass by in vivo neutron activation analysis.
Z.M. Wang, R.N. Pierson, Jr., and S.B. Heymsfield proposed the five-level
model of human body composition.

DEXA and BIA systems proliferated worldwide and were incorporated into
many ongoing research and clinical programs.

Air displacement plethysmography (Bod Pod) was developed and
commercialized, providing an alternative to the older and less practical
underwater weighing method.

creates a “loss” of body weight equal to the weight of water displaced by the body. The

weight of the water displaced can be used to calculate the volume of water displaced and

thus the volume of the submerged body. The volume of the body (BV) is equivalent to

the weight “lost,” corrected for the density of water (1 gm/cc); therefore body volume

equals the dry weight on land (Wa) minus the weight in water (Ww) divided by the

density of water (Dw); BV = [(Wa — Ww)/Dw] (21). The density of the submerged body

can then ‘be calculated with the following formula: weight on land divided by the
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difference between the weight on land and weight in water divided by the density of
water, and then subtracting the residual lung volume plus 0.1.

Db=Wa/ [{(Wa—- Ww)/Dw} —(RV +0.1)].
Percent body fat can be calculated from body density (g/cm’) using the Siri equation (43)

[Body Fat (%) = {(4.95/Density) — 4.50} * 100].

Densitometry (2-compartment models)

Hydrostatic weighing is considered the standard or reference technique for body
composition assessment, but it, too, has limitations. For this measurement to be
performed accurately, individuals must be comfortable submerged underwater, while
expelling as much air from their lungs as possible and remaining as still as possible until
the weight measurement is read and recorded. Under some conditions, the extremely
obese cannot fit within the water tank used for this procedure. At the same time obese
participants must own, and be comfortable wearing, a tight-form-fitting bathing suit and
swim cap during the procedure. It is also difficult and sometimes impossible for
populations like young children, the elderly, or the disabled to perform this method of
body composition measurement.

Air displacement plethysmography was developed using similar principles as
hydrostatic weighing. However, this body composition method uses Poisson’s laws of
pressure-volume relationships to calculate body volume and density. For a known
volume of 300 L and pressure within the reference chamber, and a known pressure
applied by an oscillating membrane in the test chamber, the unknown volume of the body

of an individual can be calculated (21). This procedure requires that temperature and
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humidity remain constant, and accuracy and precision are impacted by differences in
temperature or humidity in the air next to the individual’s skin and hair. Because air
close to the body is also more compressible than the air in the rest of the chamber
individuals must wear tight, form-fitting clothing (e.g., a lycra bathing suit and a hair cap)
during this procedure. This method uses the same equation, the Siri equation, as
hydrostatic weighing to calculate body composition.

Air displacement plethysmography differs from hydrostatic weighing in that it
does not require the individual to get wet or to hold their breath and remain calm while
submerged underwater. For these reasons, air displacement plethysmography may be a
more acceptable method for analyzing body composition of children, the elderly, the
infirm or disabled individuals. Air displacement plethysmography shares similar
disadvantages with hydrostatic weighing. Participants are required to wear tight form-
fitting clothing, remain as still as possible in a small, enclosed area and properly exhale
into a device that measures residual lung volume. However, these limitations do not ease
the difficulty in measuring individuals who are obese. Finding tight, form-fitting clothing
can be difficult and the individuals must weigh less than 500 pounds. With a test
chamber volume of approximately 0.45 cubic meters, obese individuals usually do not fit

comfortably within this enclosed space.

Bioelectrical Impedance Analysis (A Two Compartment Model)

Bioelectrical impedance analysis (BIA) is an easy, safe, convenient, inexpensive
and non-invasive technique used to assess body composition (39). The method assumes

that the body behaves as a cylindrical conductor of electricity (41). BIA measures the
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resistance or electrical conductivity of body tissues with an alternating electrical current
at a very low and safe amperage to determine body composition (21, 44). Electrical
conductivity through the body is dependent upon the tissue’s water and electrolyte
content (39). Electrical current flows differently through extracellular and intracellular
water compartments with different frequencies. When frequencies are <5 kHz, the
current flows through the extracellular water compartment. However, as frequencies
increase, the electrical current flows through the intracellular water space as well. At
frequencies above 100 kHz, the electrical current flows equally through all body tissues.
Many studies use a single frequency analyzer, with a 50 kHz frequency (21, 44).

Because fat tissue and fat-free tissue have different water contents they also have
different electrical conductivity properties. Fat tissue has a relatively low water and
electrolyte content, and thus fat tissue is less conductive of an electrical current (18).
Adipose tissue contains about 14% water and is completely free of potassium (45). Fat-
free tissue has a water content of 72-74%, and approximately 50-70 mmol/kg of
potassium depending on gender (45).

One problem associated with BIA technology is the use of a few proprietary
predictive equations to calculate fat-free mass for all individuals no matter the age,
ethnicity, or BMI (2). These prediction equations are based upon data from a healthy,
normal weight population and use the assumption that fat-free mass is approximately
73% water (21, 44). Therefore, to apply these equations to individuals outside this
population may not be appropriate (46). Since this method is based on body water
content, individuals with edema, chronic renal insufficiency, and obesity, conditions that

may present with altered hydration status, may not be accurately analyzed by
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bioelectrical impedance (18). Under- and over-estimation of fat-free mass in the elderly
as well as underestimation of fat-free mass in women compared to other methods has
been reported (1). Obese individuals have large alterations in body compartments
compared to non-obese individuals with an increase in total body hydration and a larger
extracellular water volume compared to intracellular water volume (47). Also, obese
individuals tend to have more trunk mass, which invalidates the assumption that the body
is cylindrical (41). Therefore, underestimation of fat mass and overestimation of fat-free
mass is often reported when BIA is used to measure body composition in obese
individuals when compared to DEXA (18, 42, 47, 48).

For populations outside of the healthy population, alternative BIA equations have
been validated to calculate fat-free mass. To be validated, these equations were
compared to another validated body composition method (21). Therefore, the validated
equation is only as accurate as the comparison method used to determine the dependent
variable in the equation. For example, to calculate body composition in obese
individuals, Segal et al developed gender and body fat specific equations (17). These
regression equations include the BIA measured bioresistance and the individual’s weight
(kg), height (cm), and age (yrs) to calculate fat-free mass. Hydrostatic weighing was
used to calculate body fat and fat-free mass, which were included as the dependent
variables in the linear regression analysis. Therefore, this equation is limited to the
accuracy of the hydrostatic weighing procedure and the Siri equation used to calculate

body fat by this method.
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Dual-Energy X-Ray Absorptiometry (A Three Compartment Model)

Dual-energy X-ray absorptiometry (DEXA) analysis was developed and initially
used to assess bone quality in postmenopausal women as a means to diagnose
osteoporosis (49). DEXA uses x-ray technology to scan an individual’s body and relay
the imaging information to a computer software program for analysis. DEXA machines
measure the amount of passable radiation that is pulsed from a “K-edge” filtered X-ray
tube through various body tissues (23, 50, 51). This X-ray filter generates two energy
peaks from a single X-ray beam. Attenuation of the X-ray strength occurs as a result of
the physical interactions that take place between the tissues and the photons (a quantum
of radiant energy) and results in reduced beam intensity, which is a function of tissue
composition. Attenuation at the lower energy peak (45 meV) relative to the higher
energy peak (100 meV) enables DEXA software to differentiate soft tissue as either lean
or fat tissue (21, 52).

Older models of DEXA scanners use pencil beam x-ray absorptiometry, where the
X-ray beam moves along a rectilinear path. Newer models of DEXA scanners use fan
beam x-ray absorptiometry, which allows larger portions of the body to be scanned at one
time reducing the scanning time of a whole body scan. For example, the QDR-1000/W
scanner (Hologic Inc, Bedford, MA), a pencil beam scanner, completes a whole body
scan in 10 to 20 minutes, where as a QDR 4500W scanner (Hologic Inc, Bedford, MA), a
fan beam scanner completes a whole body scan in 3 to 5 minutes (53). Shorter scan times
are associated with less x-ray exposure to the participant so that the total radiation dose
for a whole body scan with the QDR 1000/W pencil beam scanner is 1.0 mRem

compared to 0.3 mRem with the QDR 4500W fan beam scanner. Fan beam models have
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improved geometrical resolution, but it has also been noted that these models have errors
with fan beam magnification when measuring tissues with increased thickness (50).
Within the types of fan beam models, there is limited-angle fan beam absorptiometry and
true fan beam absorptiometry. Limited-angle fan beam models are less accurate and less
precise, and have poorer image resolution than true fan beam absorptiometry models
(50).

Different DEXA models have different scan velocities. As seen with scan type
(pencil beam versus fan beam), the velocity of the scan can produce varying degrees of
accuracy. For example, the Lunar DPX-IQ DXA scanner has three scan modes: slow,
medium and fast scan mode. The manufacturer recommendations are to use different
modes with varying degrees of trunk thickness. The fast mode should be used when
scanning an individual with a trunk thickness between 15 — 22 cm, the medium mode
should be used when scanning an individual with a trunk thickness between 22-28 cm
and the 28 slow mode should be used when scanning an individual with a trunk thickness
of >28 cm (54). When using the Lunar model, the preferable mode is the slow mode
which produces the most accurate results when measuring fat mass, lean mass, bone
mineral content and body mass (54). Consistent scan velocity within and between scans
is also crucial for achieving precise body composition measurements over the duration of
a study (55).

DEXA computer software generates an image based upon the X-ray scan, which
displays the individual’s body and differentiates fat mass, lean mass and bone mass. The
computer analysis program measures the differential amount of fat, lean and bone mass in

grams by the amount of X-ray absorbed by the tissues. Due to its ability to assess
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multiple components of body composition, DEXA has been used and is currently used in
studies for analysis of body composition of individuals of all ages, both sexes, and a
variety of health conditions and body sizes (2, 11, 40, 46, 48, 49, 56).

DEXA technology is based on four assumptions. The first assumption is that
there is a constant attenuation of pure fat and bone mineral-free lean tissue, which is used
to estimate the fat content in soft tissue (21, 57). DEXA measures the proportion of fat
mass and lean mass in each pixel, which means that DEXA measures fat as a unit of
measurement rather than fat as a component of adipose tissue. In actuality, the
attenuation of fat has small variation from person to person (21, 51). The second
assumption is that body compartment measurements are not affected by the
anteroposterior thickness of the body. The impact of body thickness is minimal for those
who have a body thickness <20 cm. However, body thickness > 25 cm is associated
with greater error in body composition measurement due to less attenuation measured by
DEXA (21, 58, 59). For this reason, there tends to be a more accurate measurement of
body fat in the lower extremities where there is less tissue than in the trunk of the body
(60, 61). The third assumption is that the fat content of the area analyzed is associated
with fat content of the area not analyzed. About 40-45% of the 21,000 pixels analyzed in
a whole body scan contain bone as well as soft tissue (lean and fat mass), and, as a result,
they are excluded from the calculation for soft tissues. A fourth assumption is that each
region of the body is equally represented per unit volume in the total body analysis. For
instance, DEXA has difficulty differentiating soft tissue and bone in the thorax due to the

spine and ribs blocking the X-ray and reducing attenuation by the time it reaches the
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thorax. For that reason, underestimation may occur in body regions where there are
larger areas of bone such as the arm and thorax (52).

Despite these limitations, DEXA is considered the method of choice for analyzing
body composition in the obese population (2). While DEXA machines are expensive,
more facilities are purchasing DEXA machines so that more researchers have access to
using them. This technique can be accurate and precise, reasonably quick, yield minimal
radiation exposure (equivalent radiation exposure as a cross country flight), differentiate
bone, muscle and fat mass, and provide whole and regional body composition
assessments (18, 62). Individuals do not have to get wet or be comfortable underwater to
complete the measurement as with hydrostatic weighing, and they do not have to
correctly expel all of the air out of their lungs to measure residual lung volume as with
hydrostatic weighing and air displacement plethysmography.

Kiebzak and colleagues (55) determined coefficient of variations for fat mass,
lean mass, bone mineral content and body fat percentage in DEXA. Ten men and ten
women, 24-76 years old, were measured daily for four consecutive days using a Lunar
DPX-L DEXA scanner. Participants weighed on average 158 £ 23 1bs and had a mean
BMI of 24.7 + 2.5 kg/m®. Coefficients of variation were reported to be 2.0%, 1.11%,
1.10%, and 1.89% respectively when using DEXA to measure body composition.

One general disadvantage in using DEXA for research is the use of a variety of
DEXA models and software versions. The advancement in technology has benefited the
accuracy of body composition measurements by DEXA, but has led to the generation of
inconsistent data due to technological variations between models and software programs.

Consequently, use of various DEXA models and software versions has made validation
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of this technique quite difficult, as one model and software program may be validated
against a reference technique, but another model may not. An example of this is in a
study by Litaker and colleagues (53). The researchers compared a Hologic QDR-1000/W
pencil beam scanner, to the Hologic QDR 4500W fan beam scanner. Participants were
scanned three times, once with the QDR 1000/W model and twice with the QDR 4500W
model. There was poor agreement in body composition parameters between the QDR
1000/W and QDR 4500W scans compared to the duplicate scans with the QDR 4500W.
Therefore, there can be less precision between different models, even when they are
made by the same manufacturer. As a result of this analysis, it is imperative that when
DEXA analysis is performed, the same model and software version should be used to
obtain maximum accuracy.

One key limitation of DEXA technology is that the DEXA scanning table does
not accommodate everyone. DEXA machines have a manufacturers’ weight limit of 200
pounds for older models and 350 pounds for newer models, so those individuals who
exceed these weight limits cannot be analyzed with this method (1). In addition, despite
meeting the weight criteria, some obese adults do not fit within the 190 x 60 cm 2-
dimensional scanning area, so that accurate body composition analysis from a whole
body scan cannot be obtained from this population. Accuracy of this technique decreases
as body size increases. DEXA is very sensitive to body thickness, resulting in
overestimation of body fat in those who have thicker abdomens (21, 46, 63).
Furthermore, individuals must remain motionless and lay flat during the scanning
process, which can be uncomfortable for many people, especially those who experience

breathing difficulties when in a recumbent position for an extended period of time (18).
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Lastly, DEXA is not a portable method. Individuals must travel to a site where DEXA is
available and researchers must find a study site that has a DEXA machine if this

technique is chosen as the study’s body composition method of choice.

Alternative DEXA Analysis

Only one study by Tataranni and Ravussin in 1995 has offered a solution for
scanning obese individuals who exceed the scanning area but otherwise meet the weight
and height criteria for DEXA. In this study, two DEXA scans were performed in 27
individuals who did not fit within the DEXA scanning area, one of the right half of the
body and one of the left half of the body, using a pencil beam DEXA machine. The data
from the left and right half body scans were added together and compared to total body
composition parameters measured by hydrodensiometry. Six of these 27 individuals
could not complete the study because of extreme discomfort while lying down on the
DEXA table; four other participants could not perform the hydrodensiometry procedure.
Correlations, mean differences, and limits of agreement using the Bland-Altman method
were calculated for half-body DEXA and hydrodensiometry measurements. The
participants were 30 £ 7 years old, 170.5 £ 9.5 cm tall, weighed 75.0 £ 11.9 kg, and had a
BMI of 25.8 + 4.1 kg/m*. There were small differences in body composition parameters
between the left and right half DEXA analyses and correlation coefficients were greater
than 0.96 for each body composition parameter. The mean difference between the right
and left half-body DEXA scan analyses for percent body fat was 0.3 + 1%, and the mean
difference for fat mass was 0.72 £ 0.11 kg. There was a 0.03 £ 0.11 kg mean difference

between the right and left half-body DEXA analyses for fat-free mass and a mean
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difference of 0.03 + 0.09 kg for bone mineral content. The sum of the right half-body
DEXA analysis and the left half-body DEXA analysis body composition parameters were
not significantly different from those determined by hydrodensiometry. Percent body fat
calculated by the half-body DEXA measurements was 2% higher than that calculated by
hydrodensiometry. Fat-free mass was 3.3 kg lower by the sum of the half-body DEXA
measurements than hydrodensiometry, while fat mass was 1.4 kg higher by the sum of
half-body DEXA measurements than hydrodensiometry. The error in predicting body
composition by half-body DEXA scans compared to hydrodensiometry were not affected
by the subject’s body size and/or scanning technique. These researchers concluded that
the results from half-body scans accurately predicted whole body composition

compartments.

Comparison of Techniques

Studies have shown a lack of agreement in body composition parameters between
DEXA and BIA techniques in obese individuals. Erselcan and colleagues (18) performed
a cross-sectional study measuring the agreement between BIA and DEXA in 16 non-
obese and 21 obese women. BIA underestimated fat mass by 1.7 kg and 1.6 kg in obese
and nonobese women, respectively, compared to DEXA. The researchers also observed
large limits of agreements between DEXA and BIA when measuring fat mass in the
obese women, and concluded that there was poor agreement between the two methods
when measuring obese individuals.

Kyle and colleagues (64) studied healthy adults, 65 men and 61 women, to

compare the accuracy of measuring fat-free mass by DEXA, BIA and total body
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potassium, which uses a radioactive isotope (**K) to indirectly measure fat-free mass.
The study used two different equations to calculate body composition for both BIA (RJL
Systems Inc., 17) and total body potassium (65, 66). Compared to BIA (17) and total
body potassium measurements (66), DEXA underestimated fat-free mass by 3.5 kg and
3.2 kg, respectively, in women but not men. DEXA also overestimated fat mass
compared to BIA and total body potassium in men but not in women. These researchers
stated that this was due to a higher proportion of fat mass in women than men.

Bolanowski and Nilsson (1) analyzed lean mass, fat mass and percent body fat in
59 women and 41 men by DEXA (Lunar DXP-L) and BIA. The men had a mean BMI of
22.3 + 3.3 kg/m? and the women had a mean BMI of 24.5 + 4.6 kg/m?. Compared to
DEXA, lean mass was overestimated by 3.8 £ 1 kg in men and 6.5 £ 2 kg in women
when measured by BIA and fat mass was underestimated by 1.7 + 1.7 kg in men and 4.5
+ 2.4 kg in women. The study also found highly significant correlations between lean
mass, fat mass and percent body fat measured by DEXA and BIA.

Das and colleagues (2) concluded that DEXA underestimated lean mass and
overestimated body fat when compared to BIA, after massive weight loss in obese
individuals who had undergone gastric bypass surgery (2). These authors suggest using a
3-compartment model that combines air displacement plethysmography to measure fat
and fat-free mass with BIA to measure total body water when studying the obese
individuals and deemed traditional reference methods to be inaccurate for extremely
obese individuals (2). While multiple studies have compared different techniques of

body composition measurement, very few have included obese subjects in the analysis
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due to limitations of the equipment and the difficulty in obtaining accurate measurements

in this population.

Importance of Body Composition Methods for Measuring Obese Individuals

The rising rates of obesity make it crucial that body composition research be
conducted in the obese population to better understand obesity, its associated health risks,
and the impact of various weight loss interventions on body composition. However,
extreme obesity poses unique challenges when measuring body composition as each
technology is impacted by physical size limitations, altered hydration status, variation
within individuals, and alterations in composition of fat-free mass (2, 62).

It is because of the lack of data on body composition in obese individuals that this
study focused on an alternative analytical technique for measuring body composition
parameters. Finding an accurate method to expand body composition assessment of
obese adults is critical to determine the differential impact of weight loss interventions on
body composition. Additional research in body composition techniques is needed, to
provide useful information about the impact of obesity, body composition, and the impact
of weight loss interventions on body composition, and the risk of morbidity and

mortality.

29




RESEARCH DESIGN AND METHODS

Experimental Design

This study used a prospective, cross-sectional design. Obese participants (n=99)
enrolled in “Metabolic Consequences of Low and High Carbohydrate Diets” (a.k.a.,
Insight Weight Loss Study) were studied before starting a 6-month behavioral weight loss
intervention. Whole body and left and right half-body DEXA scan analyses and BIA
were used to measure components of body composition. Mean differences and
agreement in body composition parameters (fat mass, lean mass, bone mineral content,
fat-free mass, and percent body fat) between methods were compared. Linear regression
was also used to explore variables that may predict differences between body

composition methods.

Subjects

Participants included in this sub-analysis were men and non-pregnant or lactating
women who were obese (BMI 30-50 kg/m®) and weight stable, who weighed less than
155 kg, and were less than 193 cm tall. Each participant had to fit completely within the
DEXA scanning area when positioned for a full body scan and have symmetrical bodies
(no spinal abnormalities, amputations, etc). Men and women also had to have >20%
body fat and >30% body fat, respectively, to be included in the analysis of fat-free mass
using bioresistance as assessed by bioelectrical impedance analysis. Additional inclusion
and exclusion criteria established for participation in the Insight Weight Loss Study are

provided in Table 5.
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Table 5. Inclusion and exclusion criteria for Insight Weight Loss Study.

INCLUSION CRITERIA
>21 years of age

BMI 27-50 kg/m?
Normal or stable high blood pressure when taking 3 or fewer hypertension
medications

Fasting glucose <126 mg/dl
Fasting total cholesterol <260 mg/dl
Fasting total triglycerides <300 mg/dl
Permission by primary care provider
Normal liver and kidney function
Able to give consent
Willing to modify diet and other health behaviors
EXCLUSION CRITERIA
Pregnant or lactating women
Major debilitating mental or physical illness
Contraindication for weight loss (e.g. malignancy or other serious condition)
Renal insufficiency (GFR<60 ml/min as assessed by Cockroft-Gault equation)
Cardiovascular disease event in past year
Cancer diagnosis or treatment in the past two years
Psychiatric hospitalization within preceding two years
Consumption of more then three alcoholic drinks a day
Type 1 or 2 diabetes
Use of hypolipidemics, anti-psychotics, hypoglycemics, antidepressants
Plans to move and/or become pregnant before study ends

Current participation in another clinical trial



Measurements

Participants arrived between 7:00 am and 8:30 am after a 12-hour overnight fast
for their scheduled morning appointments at the General Clinical Research Center
(GCRC) at Oregon Health & Science University (OHSU), Portland, Oregon. Written
informed consent was obtained and Health Insurance Portability and Accountability Act
(HIPAA) forms were signed by each participant (See Appendix A & B). Participants
then changed from street clothing into a hospital gown and removed all metal-containing
accessories. Each female participant provided a spot urine sample to confirm non-
pregnant status (Acceava hCG Combo test kit, Thermo BioStar, Boulder, CO). Trained
and licensed technicians in the GCRC’s Body Energy and Composition Core (BECC)
facility performed all body composition measurements. The equipment was calibrated

each morning before performing any measurements.

Weight and Height Measurements

Body weight was measured twice using a digital scale (Scale-Tronix, Model
5002, Wheaton, IL) and the average weight measurement recorded to the nearest 0.01 kg.
Height was measured to the nearest 0.01 cm using a wall-mounted stadiometer
(Harpenden Stadiometer, Holtain Ltd, Crymych, UK). Body Mass Index (BMI) was

calculated as the ratio of the weight in kilograms divided by the height in meters-squared.

Bioelectrical Impedance Analysis

Body composition was first measured by bioelectrical impedance analysis (BIA:

Body Composition Analyzer, Model 310e, Biodynamics Corp., Seattle, WA). The
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participant was asked to lie down on the DEXA scanning table and four electrodes were
attached to removable adhesive electrode pads placed on the left wrist between the
second and third finger and at the crease in the wrist, and between the first and second toe
and at the crease of the ankle. After entering the participant’s weight, height, age and
gender into the display panel of the BIA machine, the analysis was initiated. A 50 kHz
alter