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Abstract

Background: Computed tomography (CT) and magnetic resonance imaging (MRI) provide important
research opportunities due to their unique capability of characterizing and quantifying tissues and organs.
Ionizing radiation is a limitation using CT, and recent developments aiming to improve MRI for
determination of body composition have not been validated. An area with special interest in body
composition is obesity research. The prevalence of obesity is increasing and abdominal, in particular
visceral, obesity is associated with the metabolic syndrome and type 2 diabetes.

Aims: I. To evaluate if the radiation dose to the subject can be substantially reduced in assessment of
body composition using CT while maintaining accurate measurements of adipose and muscle tissue areas
and muscle tissue attenuation. II. To validate a T1 mapping whole-body MRI method, used for assessment
of body composition, by comparing it with a whole-body CT method. III. To examine within-scanner
reproducibility and between-scanner performance of CT measurements of adipose and muscle tissue areas
and liver attenuation. IV. To study the effects of GH treatment on body composition and insulin
sensitivity in postmenopausal women with abdominal obesity.

Methods: 1. Seventeen subjects, covering a wide range of body diameters, were examined using scan
parameters chosen to reduce radiation dose as well as standard clinical scan parameters. Tissue areas and
muscle CT-numbers were measured. II. Ten patients were examined both by MRI and CT to validate the
T1 mapping whole-body MRI method. MRI and CT results were compared regarding tissue areas and
volumes, slice by slice, and for the whole body, respectively. III. Reproducibility of the two CT scanners
was investigated using duplicates from 50 patients. Between-scanner performance was evaluated by
comparison of results from 40 patients. IV. The effects of GH treatment were studied in 40 women in a
randomized, placebo-controlled 12-month trial. Changes in body composition and insulin sensitivity were
evaluated using CT and clamp-technique, respectively.

Results and conclusions: 1. In assessment of body composition using CT, the radiation dose to the
subject was reduced to 2-60 % of standard dose used for diagnostic purposes while maintaining accurate
measurements of adipose and muscle tissue areas and muscle tissue attenuation,. The resulting effective
dose for a single slice examination is <0.1mSv, a dose level associated with trivial risk. Therefore, CT can
be justified for body composition assessment even in large populations or for repeated examinations. II.
Compared with CT, the MRI method slightly overestimated subcutaneous adipose tissue volume and
slightly underestimated visceral adipose tissue volume, but it can be considered sufficiently accurate for
whole-body measurements of adipose tissue volumes. III. Within-scanner reproducibility and between-
scanner agreement were high for measurements of adipose and muscle tissue area. For measurements of
liver attenuation, within-scanner reproducibility was high while a systematic bias was revealed in
comparison between scanners. Therefore, comparison of CT numbers for liver from different scanners
may be unreliable. IV. GH treatment of postmenopausal women with abdominal obesity reduced visceral
adipose tissue and improved insulin sensitivity. CT revealed adipose tissue changes not detectable by
waist-to-hip ratio, sagittal diameter, or waist circumference.

Keywords: X-ray Computed Tomography, Magnetic Resonance Imaging, Body Composition, Obesity,
Metabolic Syndrome X, Glucose Metabolism, Growth Hormone, Fatty Liver, Intra-Abdominal Fat.
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Introduction

Medical imaging

In November 1895, the German physicist Wilhelm C. Rontgen accidently discovered x-rays also
called Rontgen rays after its discoverer. Only a few months later skeletal fractures were imaged and
medical imaging had commenced. For his discovery, Rontgen was awarded the first Nobel Prize in
Physics in 1901. The technique spread quickly all over the world and in May 1896 an x-ray tube that
had been constructed for teaching purposes was used by the Gothenburg surgeon Alrik Lindh to
localize shotgun shots in an arm of a patient (1).

Computed tomography (CT) was invented by Allan M Cormack and Sir Godfrey N Hounsfield.
Cormack performed the theoretical calculations for the technique in 1963. Unfortunately, there was
not enough computing power available at the time for a practical implementation. Hounsfield,
independently of Cormack conceived the idea of CT during a weekend ramble in 1967. Initially it had
nothing to do with medicine but was simply "a realisation that you could determine what was in a box
by taking readings [of x-rays] at all angles through it" (2). Hounsfield built the first CT scanner and
the first human patient was scanned in October 1971. A new era in medical imaging had started. The
technique was quickly spread all over the world. The first scanner in Sweden was installed at
Karolinska Institutet in 1973 (3). Cormack and Hounsfield were awarded the Nobel Prize in
Physiology or Medicine in 1979.

Nuclear magnetic resonance (NMR) in matter of “ordinary density” was first demonstrated in 1946 by
Edward Purcell and Felix Bloch. They were awarded the Nobel Prize for their discovery in 1952.
NMR spectroscopy became a fundamental technique in analytical chemistry used in the study of
molecules. It was not until the 1970’s that the development of magnetic resonance imaging (MRI)
started when Paul Lauterbur and Sir Peter Mansfield devised and developed the principles for imaging
based on NMR. Frequency encoding during signal readout by a magnetic field gradient, devised by
Lauterbur and selective radio frequency irradiation to excite a single slice, introduced by Mansfield
are key elements for spatial encoding of the signal in MRI. In 1976 Mansfield and co-workers
managed to produce a cross sectional image of a finger. Lauterbur and Mansfield were awarded the
Nobel Prize in Physiology or Medicine in 2003. Raymond Damadian built the first “full-body” MRI
machine and produced its first magnetic resonance image of the human body in 1977. Even though
many years have past since CT and MRI were introduced, refined methods for investigation of the
human body using these techniques are still being developed. Detailed imaging of pathological
morphology and function as well as anatomical and physiological properties leads to new insights in
medical research and new possibilities for early detection and evaluation of disease. Different tissues
in the body e.g. adipose tissue and muscle tissue are easily distinguished in both CT and MRI images.
Both techniques have therefore been used for body composition applications on a tissue level.

Obesity

According to the World Health Organisation (WHO) overweight and obesity are defined as abnormal
or excessive fat accumulation that presents a risk to health. A crude population measure of obesity is
the body mass index (BMI), i.e. a person’s weight (in kilograms) divided by the square of his or her
height (in metres). A person with a BMI of 30 kg/m” or more is generally considered obese. A person
with a BMI > 25 kg/m” is considered overweight, table 1. Persons with a BMI >40 kg/m” are defined
as extremely obese (4). In studies, evaluating surgery as treatment of obesity further levels have been
described, e.g. >50, super obese; >60; super-super obese; >70, extremely super obese. These levels of
obesity are, however, not officially recognized as weight categories (5). The increasing prevalence of
obesity constitutes a major health problem (6).
Table 1. Weight categories based on BMI

BMI Definition
Below 18.5 Underweight
18.5t0 24.9 Healthy weight
25.0 t0 29.9 Overweight
30 or higher Obesity
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In the United States, 32 % of adults were obese in 2003-2004 and from 1999 to 2004 the prevalence
increased among children, adolescents and adult males (7). In Sweden the prevalence is lower and is
now approximately 10 % in both men and women (8). Overweight and obesity are major risk factors
for a number of chronic diseases, including cardiovascular diseases, cancer, and type 2 diabetes (T2D).
Therefore, obesity is associated with an increased morbidity and mortality (9-11). Of patients with
T2D 80-90 % are overweight or obese (12). Obesity is strongly associated with impaired glucose
tolerance and insulin resistance (6, 12). There are several adipose tissue depots and differences in
distribution between individuals. The male type of obesity is characterized by increased adipose tissue
in the abdominal region and the female type of obesity is characterized by increased adipose tissue of
the thighs, buttocks, and legs. More specifically, the male type of obesity is associated with an
increased amount of visceral adipose tissue (VAT) depots while the female type of obesity is
associated with an increased amount of subcutaneous adipose tissue (SAT) (13). Figure 1 shows the
distribution of adipose tissue, as determined by CT, in a male and a female subject, both with a BMI of
33 kg/m’. Increased fat accumulation in VAT, intermuscular adipose tissue (IMAT), as well as in
liver, and muscle cell has been shown to be associated with insulin resistance (14-17).

a b d
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Figure 1. Cross section of the abdomen (a, c) and thighs gb, d) by computed tomography. A male (a,
b) and a female (c, d) subjects, both with a BMI of 33 kg/m”. In the male subject there is an increase in
visceral tissue (VAT) and in the female subject there is an increase in the subcutaneous adipose
tissue (SAT). The intermuscular adipose tissue (IMAT, arrow) is also illustrated.

The metabolic syndrome

In 1988 the current concept of the metabolic syndrome was introduced by Reaven, who described the
cluster of insulin resistance, hyperinsulinaemia, glucose intolerance, hypertension, raised triglyceride
concentration, and low high density lipoprotein cholesterol concentration (18). Together these form an
essential part of the clinical features of the metabolic syndrome (19-21). The first most widely spread
definition of the metabolic syndrome was the one coming from the WHO in 1999 (20). In the
following years the scientific focus on central obesity increased and the definition from National
Cholesterol Education Programme Adult Treatment Panel III (NCEP ATP-III) in 2001 (21) reflects
this, using waist circumference as a measure of central obesity instead of waist-hip ratio which is the
criteria used by the WHO. The updated version of NCEP ATPIII from 2004 (22) and the International
Diabetes Federation’s (IDF) definition from 2005 (23) are similar. A meeting in 2006 tried to reach
consensus to recommend the IDF definition, but the definition of the syndrome is still debated (19).
There is a summary of the definitions in table 2. The definitions of the metabolic syndrome can
include patients with T2D. For patients with the metabolic syndrome but without T2D there is a
drastically increased risk of developing T2D.
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Table 2. Definitions of the metabolic syndrome

Fasting plasma-glucose

WHO NCEP ATP 111 IDF
1999 2001 2005
(modified 2004)
Glucose Three or more of Three or more of

intolerance, IGT
or diabetes
and/or insulin
resistance with
two or more of
the following
risk factors

the following
risk factors

the following
risk factors

(mmol/L) >5.6 >5.6
Arterial blood pressure
(mmHg) >140/90 >130/85 >130/85
Serum-HDL-Cholesterol
(mmol/L) men <1.29 <1.29
women <1.03 <1.03
Serum-triglyceride level
(mmol/L) >1.7 mmol/l >1.7 mmol/l >1.7 mmol/l
Obesity men WHR>0.90 wC >102 wC >94
women WHR>0.85 WC >88 WC >80
Microalbuminuria Urinary albumin
excretion rate
>20ug/min or
albumin/creatinin
e ratio >30ug/g

WHO, World Health Organization

NCEP ATP III, The National Cholesterol Education Program Adult Treatment Panel III
IDF, International Diabetes Federation

IGT, impaired glucose tolerance

HDL, high-density lipoprotein

WHR, waist hip ratio

WC, waist circumference

Fatty liver disease

With the increasing prevalence of obesity, the metabolic syndrome and T2D in the general population
(12), non-alcoholic fatty liver disease (NAFLD) has become the most common cause of chronic liver
disease in the United States (24). The prevalence of NAFLD is up to 31 % in the population, 50 % in
people with diabetes and 74 % in obese individuals (24, 25). It has been suggested that NAFLD should
be a feature of the metabolic syndrome (16). NAFLD is usually limited to steatosis but it can develop
into the more serious condition of non-alcoholic steatohepatitis (NASH) (26). NASH is characterized
by liver steatosis and inflammation with or without fibrosis (27). Significant weight gain and insulin
resistance is associated with progression of liver fibrosis (28). NASH can lead to end-stage liver
disease, i.e. cirrhosis which may require transplantation (29).

Growth Hormone and body composition

Growth hormone (GH) is a peptide hormone synthesized and secreted in a pulsatile manner from the
somatotrope cells of the anterior pituitary gland. GH secretion decreases with increasing age and
obesity. Physical activity increases GH secretion and thus physical fitness is associated with higher
GH levels. GH stimulates production of insulin-like growth factor I (IGF-I) in peripheral tissues, but
the main source of circulating IGF-I is the liver. GH has direct effects on target tissues but some
effects are indirect by autocrine, paracrine and endocrine actions of IGF-1, mediated by hepatic IGF-I.
GH is normally considered to have anti-insulin actions, whereas insulin-like growth factor I (IGF-I)
has insulin-like actions.
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In healthy, non-obese men and women, the amount of visceral adipose tissue has a strong negative
exponential relationship with mean 24-hour serum GH concentrations (30). Further, GH deficient
adults are disposed to insulin resistance and share many of the features of the metabolic syndrome (31,
32). Several studies in GH deficient adults have shown that GH replacement improves the body
composition profile (33, 34). A study with a crossover six-month open treatment trial of GH deficient
adults showed a 16 % reduction of total adipose tissue (AT) measured by CT. The largest relative
decrease, 32 %, was seen in the VAT depot (35). In the same study, the total muscle tissue (MT)
volume increased 5.1 % with the relatively largest increase in the arms and legs, 14.3 % and 7.6 %,
respectively. The opposite changes were seen in a one-year trial of surgically treated patients with
acromegaly (36). The total AT depot in women increased 20 % and the MT depot decreased 12 %
during the treatment. In the same study, the overall changes in men were more prominent than in
women. This improvement in distribution of AT is not always linked to improvements in insulin
sensitivity presumably due to the anti-insulin effects of GH therapy. GH treatment has major effects
on lipolysis, which may be one of the mechanism to promote its anti-insulin effects.

Assessment of body composition

The term body composition implies that the body can be divided into compartments. This division can
be made in many ways but common for all divisions is that the sum is the human body, usually
defined by body weight. Wang and co-workers constructed a model of different levels used for these
divisions (37). The five levels are atomic, molecular, cellular, tissue system and whole body. In our
studies, assessment of body composition was performed on several of these levels, e.g. counting of the
radioactivity from the potassium isotope “°K in a whole-body y counter on the atomic level;
determination of body fat by DXA on the molecular level; measurements of adipose tissue by CT and
MRI on the tissue system level, and, anthropometry on the whole-body level. Body composition varies
between individuals. These variations can be linked to differences in among other things gender, age,
race, and genome. Changes in food intake and physical activity as well as actions of several hormones
e.g. growth hormone can also influence body composition.

Anthropometry

Anthropometry [Greek] literally means “measurements of humans”. A common measure of obesity
apart from weight is BMI. Increased BMI is used as a criterion of obesity in almost all studies even
though it does not take into account the amount of the different tissues such as muscle tissue and
adipose tissue that contribute to the body weight. Therefore, this surrogate measure of obesity can give
misleading results (38, 39). Waist circumference (WC) is an estimate of central obesity according to
the NCEP ATPIII and the IDF definitions of the metabolic syndrome, table 2 (19, 21, 40). Waist-to-
hip ratio (WHR) is also used as a measure of central adiposity and is calculated as the waist
circumference divided with the hip circumference (20, 40). The sagittal abdominal diameter has been
shown to be a marker of especially visceral adiposity (40). Anthropometrical methods are readily
available, cheap and, easy to perform although training is required to reach a high level of
reproducibility (41).

Total body potassium

Total body potassium is a measurement on the atomic level of Wang’s model. There are three
naturally distributed isotopic states of potassium. The gamma-emitting isotope *’K constitutes 0.0118
% of the total potassium in the body. Potassium is located mainly in the fat free mass (FFM) and the
potassium content in FFM is estimated at an average 62 mmol/ kg in women (42, 43). When the FFM
has been determined the body fat (BF) can be calculated as the body weight (BW) subtracted by the
FFM. The method requires a whole body y counter that is available only at a limited number of
research centres. There are several challenges in the calibration of the instrument and it is sensitive to
background interferences demonstrated by the transient increase in caesium radioisotopes released in
the Chernobyl accident (44).
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Dual energy X-ray absorptiometry

When an object is exposed to x-rays, only a part of the photons will penetrate. The properties of the
object determine the fraction of photons that will reach the detector and this is related to the
attenuation of the x-ray beam by the object. Dual energy x-ray absorptiometry (DXA) measures the
attenuation of x-rays from two sources with different levels of photon energies. The penetration of
photons is higher with higher energy levels and thus the detector receives two different measurements
for each pixel (picture element). In projections where no bone is present, the soft tissue is composed of
fat and lean. Thus in each pixel of soft tissue the ratio of the values at high energy level and low
energy level Ry, is proportional to the proportions of fat and lean. By comparing the ratio for soft tissue
R, with measures of the ratio for pure fat, Ry, lean R, can be calculated by solving the equation below,
equation 1. In this way, the proportions of lean and fat are determined in each pixel. The attenuation
for fat used for the calculation is from pure fat i.e. triglycerides, making DXA a measurement on the
molecular level. In areas containing bone, the proportions of fat and lean is estimated from adjacent
soft tissue areas. Determination of bone mineral content and bone mineral density is the most common
use of DXA. Bone mineral density (BMD) derived from DXA is actually BMD area (g/cm?). The
DXA equipment manufacturers do not reveal the details of these assumptions. Thus from DXA the
following can be derived; the body mass constitutes of fat mass and fat-free mass. The latter can be
divided into total body bone mineral and bone free lean tissue mass. DXA equipment is widely spread
and mainly used for bone density measurements. However, the same equipment can be used for body
composition studies. The examination imparts a low radiation dose to the subject and is easy to
perform and analyse.

(Equation 1) R.= M
: Rl_Rf

Computed tomography

To produce a computed tomography (CT) image the x-ray source and the detector are rotated in an arc
(usually 360°) around a cross section of the object. During the rotation multiple measurements of
photons reaching the detectors are made, resulting in a set of projections through the tomographic
section. The fraction of photons reaching the detector is a measure of the attenuation of the x-ray beam
through the tomographic section in the object. After recalculation of the detector data a set of
attenuation profiles is obtained and used to reconstruct an image of the tomographic section. During
calibration the scanner is set to measure air as —1000 Hounsfield units (HU) (representing principally
no attenuation) and water as 0 HU. This scale of CT numbers is then transformed to a gray-scale
image with pixels which represent the attenuating properties of each voxel (volume element)
measured. If the volume contains a homogeneous tissue the pixel will have the CT number typical for
this tissue. Volumes which contain a mixture of tissues with diverse attenuating properties, will have
an averaged CT number, which is related to the proportions of the tissues. This effect is called partial
volume artefact. The effect is dependent of the voxel size corresponding to the reconstructed pixels
(45). An examination by CT for determination of body composition is a rapid procedure, that is easy
to perform and the equipment is widely spread. However, the radiation dose can limit its usefulness
especially in healthy and young individuals. The technique is regarded as costly and the analyses of
the images can be time consuming. Even though characteristic CT numbers automatically separate the
different tissues, further atomisation of the determinations of depots would facilitate the post-
processing.

Magnetic resonance imaging

Almost all medical imaging using MR is based on the magnetic and motional properties of the nucleus
of the hydrogen atom (‘H). The nucleus, a proton, has spin and electrical charge distribution resulting
in a magnetic dipole aligned with the spin axis. When hydrogen nuclei are placed in a strong static
magnetic field e.g. in a MRI scanner, a fraction of these small magnetic dipoles will align with the
magnetic field thereby collectively forming a magnetisation. The proton also has a mass, which
together with the spin property results in a spin angular momentum. If the spin axis is exerted to a
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torque, the spin angular momentum of the hydrogen nucleus gives rise to a precession of its spin axis.
This can be observed as a precession of the magnetisation formed by the hydrogen nuclei. Precession
is the same motion as the wobbling of a spinning top, whose circling axis forms the shape of a cone.
The frequency of the precession, known also as the resonance frequency of the hydrogen nucleus, is
directly proportional to the strength of the magnetic field. As the source of the MR-signal, the
precessional motion of the nuclear magnetisation induces a current in the receiver coil of the MR
scanner. For this to happen, the magnetisation must be disturbed from its alignment with the static
magnetic field. A radiofrequency pulse, at the precession frequency, from the MR scanner’s transmit
coil causes the direction of the magnetisation from the hydrogen nuclei to flip from the aligned
direction. The static magnetic field now exerts a torque on the nuclear magnetisation giving rise to its
precessional motion, thereby making it observable in the receive coil as the MR signal. With time
under the influence of the molecular surroundings, the hydrogen nuclei realign with the static
magnetic field reforming the initial magnetisation as before the radiofrequency pulse. This
longitudinal relaxation process is characterized by the time parameter T,. The T, parameter, which
reflects tissue properties on the cellular and molecular levels, differs considerably between different
tissues. After collection of a large number of spatially encoded MR signals, an image can be
reconstructed showing the distribution of MR signal intensity over the imaged tomographic section.
When the repetition time between successive RF pulses is too short to complete the relaxation process,
full magnetisation is not reformed. Rather, a steady state level of magnetisation, and therefore also of
MR signal is established. This steady state of MR signal is dependent on repetition time, flip angle
caused by the RF pulse and T, characteristics of the tissue (46). From two images acquired with
different flip angles, i.e. 80° and 30°, a map of T, values can be calculated (47).

MRI equipments are widely spread but the technique is still regarded as a costly method for body
composition purposes. The scan time can be reduced with new protocols. Manual analyses of the
images are cumbersome, why automatisation is important. No ionizing radiation is imparted to
subjects in MRI.

Body composition on a tissue level

Computed tomography has been used for body composition studies since the 1980:s (48-52). The
technique is well suited for assessing tissue areas and volumes. It has been validated in cadaver studies
(53). Different tissues have different attenuation properties, resulting in different CT numbers. These
CT numbers, measured in Hounsfield Units (HU), can be used to automatically define the tissues by
means of tissue specific CT number intervals, table 3 (50, 54). Tissue characterization based on
characteristic CT numbers for AT and MT utilizes the whole CT number range regardless of window
and level settings (55) and provides a good separation of main tissues, figure 2.

Table 3. CT number intervals for tissues

Gas -1000 HU - -191 HU
Adipose tissue -190 HU - -30 HU
Muscle tissue, skin, visceral organs -29 HU - 151 HU
Bone tissue 152 HU - 2500 HU
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Figure 2. CT of the thigh (position 5 according to figure 7). Figure 2a shows the pixels categorized as
adipose tissue (i.e. CT numbers from —190 to —-30 HU) in white. The histogram representing these
highlighted pixels is shown in the lower part of the image. Figure 2b shows the pixels categorized as
muscle tissue (i.e. CT numbers from -29 to +151 HU) in white. The histogram representing these
highlighted pixels is shown in the lower part of the image.

By defining anatomical parts of the body in each tomographic section, the depots of different tissues
can be determined. For example, the subcutaneous area can be separated by delineating the border
between the subcutaneous area and the peripheral muscle “border” of the abdomen, figure 3. By
measuring the area of the pixels determined as adipose tissue in the subcutaneous area, the
subcutaneous AT (SAT) area can be determined, figure 3.

Figure 3. To asses the adipose tissue areas in the abdomen (position 11 in figure 7) all pixels
categorized as adipose tissue, i.e. CT numbers from -190 to —-30 HU, are marked (white) by the
computer program as is shown in figure 3a. Figure 3b shows the semi-automatic delineation of the
outer muscle border. When the area of the adipose tissue pixels in figure 3b, mainly visceral adipose
tissue (VAT) and intramuscular adipose tissue (IMAT), is subtracted from the area of the pixels in
figure 3a (all AT) the resulting area is the calculated subcutaneous adipose tissue (SAT) area.

If the amounts of each tissue from multiple slices are summarised, tissue volumes can be calculated. A
multi compartment model of the composition of the body can then be constructed. The model
described by Chowdhury and co-workers (54) divides the human body into 12 main compartments,
which are further divided into a total of 21 sub-compartments. To facilitate a semi-automatic analysis
of the images the description of how to determine the different tissue areas was revised and updated.
Appendix A shows the updated instruction for one scan of the abdomen (Brandberg and co-workers,
unpublished data). Additional compartments have also been described and Shen and co-workers
proposed a classification for adipose tissue compartments in 2003 (56). The tissue compartments, e.g.
MT and SAT, can also be divided into regional depots, e.g. trunk, arms, legs etc. The major limitation
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of the CT method is the ionizing radiation imparted to the subject. To reduce the radiation dose single
slice CT images and determination of tissue areas have long been used as estimates for tissue volumes.
To asses skeletal MT and peripheral subcutaneous AT a slice of the thigh is commonly used. To assess
VAT and SAT of the abdomen a slice of the abdomen has been used. The correlation between VAT
volume and VAT by single slices is high at most levels of the abdomen and the optimal level has been
discussed (49, 57). The single slice technology simplifies the analysis, which can be cumbersome,
since many compartments demand manual delineation or at least visual inspection of proposed
automatic delineation.

MRI has been used in body composition studies since the 1980s (58, 59). The most common technique
used to assess adipose tissue by MRI is T, weighted images. This has been done both in single slice
and whole body studies (60, 61). A limitation of conventional MRI is that the signal intensities are not
homogeneous and that the signal intensity is measured in arbitrary units. It is also susceptible to
artefacts in the borders between tissues.

A whole-body T, mapping technique has been developed in Uppsala, Sweden (47). The advantage of
the technique is that it yields a better separation between AT and other tissues, see figure 4. An
improved separation of tissues facilitates an automated image analysis. In paper II, this new T,
technique was validated using the established computed tomography technique by Chowdhury and co-
workers as a reference (54).
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Figure 4 The histograms in a and b show the number of pixels as a function of au [arbitrary units] and
msec [milliseconds] of the Flip80 and the T1-mapped whole body volumes, respectively. The
histogram areas corresponding to signals from AT [adipose tissue] and LT [lean tissue] are denoted as
AT and LT, respectively. There is a good AT separation in the whole-body T1 histogram.

J Magn Reson Imaging 2006;24(2):394-401

Determination of fat content in organs and tissues

Increased content of fat in liver tissue reduces the density of the liver, which lowers the attenuation of
x-rays when examined by CT. Thus with increased fat content in the liver tissue a decrease in CT
numbers can be recorded, figure 5. This can be used as a non-invasive tool for investigating liver fat
and shows a good agreement with biochemical and histomorphometric methods (62-64). In single slice
technology, a scan is performed in the mid-liver level, ~position 15, figure 7.

An altered muscle tissue (MT) composition with an increased fat content, resulting in a lowered
attenuation, has been shown to be an independent marker of insulin resistance (65) and muscle
strength (66).
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Figure 5. Figure 5a shows liver with elevated fat content. The mean CT number is -1 HU. Note that
the vascular structures are detectable due to the lower density of the fatty liver relative to the vessels.
Figure 5b shows the same patient after bariatric surgery. The CT number of liver tissue has increased
to 53 HU.

Radiation dose, image quality, and image noise

Radiation dose is a significant issue when using CT and it represents the largest contribution to the
collective dose to the population from artificial radiation sources. The use of CT is increasing as well
as the relative radiation dose contribution from CT and it has been estimated to be responsible for 47
% of the total dose from medical imaging (67). CT radiation dose should be As Low As Reasonable
Achievable, the ALARA principle, which implies that the specific diagnostic task and the attenuation
properties of the subject must be the foundation for the selection of technique factors. The attenuation
properties of the subject are related to the size, in particular to the largest diameter, which corresponds
to the projection in which the x-ray beam will be most attenuated (68). Efforts to reduce radiation
doses from CT in clinical medicine are therefore warranted. A basic problem related to reduction of
radiation dose in CT is the inherent increase in image noise that follows a reduction in x-ray tube
current. A balance between diagnostic yield and radiation dose to the patient therefore needs to be
found.

Comparisons of diagnostic methods

New methods in medical imaging are often introduced despite weak evidence of their appropriateness.
To match the standards set in clinical trial research, where randomized trials are the paramount study
design, there is now an evolution of diagnostic study designs (69). Systematic reviews of diagnostic
studies are now included in the Cochrane Library. To evaluate and characterize methods for both
research and clinical applications is essential. Upon introducing a new technique, thought to be an
improvement, it should be compared with the standard procedure. Methods must also be applied to
reveal bias and systematic differences between equipments. This type of evaluation is an essential part
of multi-centre study methodology (70). Few and very small studies have in detail investigated the
imprecision of computed tomography in determination of body composition (71, 72). This is probably
due to the limitations caused by the ionizing radiation dose. Using the method described in paper I it
was possible to investigate this as a part of a multi-centre study (73).

19



Aims

II.

I1I.

Iv.

To evaluate if the radiation dose to the subject can be substantially reduced in
assessment of body composition using CT while maintaining accurate measurements of
adipose tissue areas, muscle tissue areas, and muscle tissue attenuation.

To validate a T; mapping whole-body MRI method, used for assessment of body
composition, by comparing it with a whole-body CT method.

To examine within-scanner reproducibility and between-scanner performance of CT
measurements of adipose tissue areas, muscle tissue areas, and liver attenuation.

To study the effects of growth hormone treatment on body composition and insulin
sensitivity in postmenopausal women with abdominal obesity.

20



Materials and methods

Study designs and patients

Paper I describes a study that investigates whether a low radiation dose CT protocol can be used for
determination of body composition. Seventeen volunteers underwent CT imaging. The subjects were
recruited from a sibling-pairs study (SIB), an extension of the Swedish Obese Subjects Study (SOS).
The SOS study is a longitudinal study aiming to investigate the health effects of bariatric surgery (74,
75). The focus of the SIB study is to find relationships between genotypes and phenotypes. Patients
were chosen to assure a wide range of diameters for both the abdomen (31-47 ¢cm, n=11) and the
thighs (34-46 cm, n=12).

Paper II describes a study that investigates whether a proposed T1 mapping whole body MRI
technique can be used for studies of body composition. Ten volunteers underwent whole body
examination by MRI, CT and DXA. The subjects were members of two nuclear families of the SIB
study (74, 75).

Paper III describes a study that investigates the imprecision of a single slice CT method for
determination of body composition. Fifty patients were examined by CT at two study centres,
Goteborg and Orebro, Sweden. The subjects were recruited from a the multi-centre study XENDOS
(XENical® in the prevention of Diabetes in Obese Subjects) (73, 76). The XENDOS study was
designed as a five year randomized, double-blind, placebo-controlled, prospective, multi-centre trial
investigating whether orlistat (Xenical®, Hoffman-La Roche) combined with reduced-calorie diet and
moderate physical exercise can prevent development of diabetes mellitus.

Paper IV describes a study of the effects of GH treatment on insulin sensitivity, visceral fat mass, and
glucose tolerance in postmenopausal women with abdominal obesity were studied. The criteria for
inclusion in the study were age 50—65 years, a body mass index of 25-35 kg/m?, a waist-to-hip (W/H)
ratio >0.85 and/or a sagittal diameter >21.0 cm, and a serum IGF-I concentration of between —1 and —2
SD score. The criteria for exclusion were diabetes mellitus, cardiovascular disease, claudicatio
intermittens, any malignancy, and any other hormone treatment, including oestrogen replacement
therapy. Forty of 145 screened women were found to be eligible for inclusion. The study was a 12-
month, randomized, double-blind, and parallel group trial with subjects receiving placebo or
recombinant human GH. The patient characteristics are summarized in table 4.

Table 4. Summary of patient characteristics in the studies (I-1V)
Age (years) Height (m) Weight (kg) BMI (kg/mz)

Paper I Female (n=10) mean 43.4 1.70 84.7 29.2
range (23-70)  (1.63-1.78) (57-112) (21-40)
Male (n=7) mean 59.7 1.77 86.5 27.5
range (35-70)  (1.71-1.89)  (73-99) (24-31)
Paper II Female (n =6) mean 51 1.65 76.4 279
range (38-70)  (1.61-1.71) (59.3-113) (22.9-38.7)
Male (n=4) 57 1.80 105 32.5
(45-71)  (1.77-1.83) (92.4-124) (28.8-37.1)
Paper III Female (n=25) mean 41 1.65 93.4 342
range  (30-55)  (1.57-1.79) (59.5-108) (23.2-41.4)
Male (n=25) mean 46 1.78 101 32.0
range (31-61)  (1.66-1.93) (81,6-109) (27.2-37.5)
Paper IV Female (n =20) mean 58.2 1.67 86.0 30.5
GH range (51-63) (1.54-1.75) (67.0-108) (27.0-36.9)
Female (n =20) mean 56.5 1.64 80.9 30.0
placebo range  (51-63) (1.54-1.75) (66.5-104) (25.3-36.7)

GH, Growth Hormone
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Computed tomography systems, protocols, and scanning

For studies I-1V, CT imaging was performed using a General Electric HiSpeed Advantage CT system,
at Sahlgrenska University Hospital, Centre 1. For the CT scanner comparison, in paper II, a Philips
Tomoscan AVEP was used during years 0-3 at Orebro University Hospital, Centre 2. Year 4 the
equipment was replaced and consequently, the ten patients examined during the last year were only
evaluated regarding within centre reproducibility at centre 1.

Before study initiations, the linearity of all scanners was verified using a phantom with a variety of
densities (-110.5 HU — 1375.7 HU). Throughout the studies, the scanners were calibrated with air and
a water phantom on each occasion.

Two CT protocols were used in the studies. For both protocols the tube voltage (120 kV) and filtration
were kept constant in order to maintain the same radiation quality in all scans. The exposure time,
which was the same as scan time, was 1 s for all images. Images were reconstructed in a 256x256
pixel matrix covering a 48x48 cm” field of view (FOV) at Centre 1 and a 52x52 cm® FOV at Centre 2.
The standard reconstruction algorithms in the systems were used. The first protocol was a standard
clinical protocol (200mAx1s), that was used as the reference method in paper I and for the body
composition assessment in paper IV. The second protocol made use of patient specific scan parameters
to lower the radiation dose. This protocol was investigated in paper 1 (77-79) and was used for
assessment of body composition in papers I, II and II1, table 5. The protocol was intended to keep the
expected deviation in the measured areas of adipose and muscle tissue no greater than 1 % of total
tissue area measured in images acquired with standard clinical scan parameters. The investigators
defined the level of acceptable deviation of 1 % in the area measured. According to calculations and in
vivo data this condition would make it possible to reduce the radiation dose to the subject, increasing
the noise level in the images up to a SD of 30 HU (78). To compensate for an increased image noise
level peripherally in images from large subjects, the maximum allowed noise level was re-specified to
a SD of 20 HU in the central part of the FOV for patients with a transverse diameter >35 cm in the
tomographic section (77). Individual patient-specific scan parameters were chosen according to the
transverse diameter of each anatomical section. The resulting doses are shown in figure 6.

Table 5. Section thickness and x ray tube current for a range of transversal diameters

Transversal diameter (cm) 31-33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 Std”
Section thickness (mm) 1 1 1 3 3 5 5 5 10 10 10 10 10 10 10 10
Tube current (mA) 40 50 60 50 60 40 50 60 40 50 60 70 80 100 120 200
Relative effective dose (%)° 2 25 3 75 9 10 13 15 20 25 30 35 40 50 60 100

For all scans: exposure time 1 s, x-ray tube voltage 120 kV

* Reference standard clinical scan parameters

® The relative radiation dose from patient-specific parameters is expressed as a percentage of the radiation
dose from standard clinical parameters

Radiation dose Figure 6. The solid line shows the
standard radiation dose (200mA, 1s scan
time, and 10mm slice thickness). The
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In papers I and II 28 axial images were acquired from subjects in the scan positions described by
Chowdhury and co-workers (54). The positions of the toes and finger-tips were also determined from
the reference images resulting in a total of 30 positions, figure 7.
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Figure 7. Slice positions of the axial images according to the 28 scan CT method (Chowdhury and co-
workers). In paper | positions 5 and 11 were selected. In paper |l all positions were selected for the CT
examination and for the slice-wise comparisons the corresponding slice positions were selected from
the MRI data set. In papers Il and IV positions 5, 11 and approximately 15 (mid liver level) were
selected.

In paper I, two anatomic levels that are of interest in determination of body composition were selected
to compare standard and reduced integral radiation dose. The first level was of the abdomen at the top
of the iliac crests, position 11 in figure 7, and the second level was in the thigh, position 5 in figure 7.
Three consecutive transaxial scans were acquired at each level. The standard clinical scan parameters
were used for the first scan, whereas patient-specific scan parameters for reduced dose were used for
the two subsequent scans. All scans were acquired within seconds.

In paper 11, two positions (1 and 30) were determined from the reference images in order to measure
the total length of the subject in the supine position. Using the positions shown in figure 7, 28 axial CT
images were acquired. Positions were numbered 1-30, including the 28 scans, positions 2-29, from
toes to finger tips. The positions of the scans were obtained using the reference images. The subject
had to be repositioned once since the maximum length of table movement was less than the length of
the subject. First the scans from the ankle joint to the upper border of the iliac crest, positions 2—11,
were acquired. Thereafter the subject was repositioned and the scans from the level of the third lumbar
vertebrae to the wrists, positions 12-29, were acquired.

In papers III and IV three scan positions were selected from the CT reference image. The first scan
was positioned in the mid-liver approximately at position 15, the second scan in the abdomen at
position 11, and the third scan in the thighs at position 5 in figure 7

The within-scanner imprecision examined in paper III was determined by making two consecutive
scans. The patient had to stand up between the scans and was repositioned and rescanned, repeating all
steps of the examination procedure. The following day the patient was examined using an identical
procedure at the other study centre. No information about the scanning procedures was transferred
between centres. Four operators evaluated all images using an in-house computer program at centre 1.
For within-scanner comparisons, the same operator evaluated each duplicate. Furthermore, the first
image in each duplicate was independently analyzed by two operators to assess inter-observer
variability.

In all studies obese subjects that did not fit into the FOV were repositioned to only exceed the FOV on
one side of the body. Thus, the other side of the body, including at least 50 % of all tissue areas, was
scanned and the missing parts could be compensated by doubling the areas of the contralateral half of
the body.
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Magnetic resonance tomography system, protocol, and scanning (I1)

The contiguous whole-body MRI acquisition was performed on a Philips Gyroscan Intera 1.5 Tessla,
clinical MRI scanner at Sahlgrenska University Hospital.

The protocol consisted of a spoiled T, weighted gradient echo sequence (47). The main scan
parameters were; repetition time 177 ms, echo time 2.3 msm, FOV 530 mm, and slice thickness 8§ mm.
Three whole-body volumes were acquired. The first was acquired using a flip angle of 80° and was
denoted as “‘Flip80°°. The Flip80 data were used to separate the body from surrounding air and lungs
automatically. The Flip80 data were also used in the visual selection of the MR positions that best
corresponded to the acquired CT positions. Scan parameters were turned off to ensure a constant MR
signal scaling. The second and third whole-body volumes were acquired using flip angles of 80° and
30°. These volumes were denoted as ‘‘Flip80off’” and ‘‘Flip300ff>’, respectively, and were used in the
calculation of the T, relaxation map (47). Owing to limitations in the hardware, repositioning of the
subject was necessary to acquire a whole body volume, as previously described in the CT scanning
section.

Determination of tissue areas and volumes from CT images

Tissue areas of CT examinations were determined as previously described (43, 54, 80). The area of all
pixels was measured within specific CT number intervals, table 3. In paper I this evaluation was made
at the CT console. In papers II-IV the acquired CT data was semi-automatically analyzed using
software developed at the Department of Medicine, Goteborg University, Sweden. For details
regarding the instructions for the measurements, see appendix A. AT and MT area determinations of
the thigh required only minor operator dependent delineations, whereas analyses of visceral adipose
tissue (VAT) and subcutaneous adipose tissue (SAT) areas of the abdomen required manual
delineation. For volume calculation, the average of the areas measured in images with adjacent
positions, figure 7, were multiplied with the distance between the positions according to equation 2,
These inter-slice volumes were then summarised to obtain total volumes of tissues.

n—1 +
(Equation 2) V= Z d. x%
i=1
V=volume, d~=distance between position i and i+/, a;+ a;.,= sum of tissue area in position i and i+/

Determination of muscle tissue attenuation for comparison of CT protocols (1)

To compare the effects of the patient specific scan protocol on determination of CT numbers, the
average CT numbers of muscle tissue in the thigh were measured in images acquired using clinical
scan parameters and patient-specific scan parameters.

Determination of tissue areas and volumes from MR images (Il)

AT was segmented from the T;-mapped data using thresholds automatically derived from the whole-
body T; histograms. SAT and VAT were separated manually. Using the acquired CT slices as a
reference, the corresponding MRI slices were selected from the contiguous whole-body MRI volume
and used in the slice-wise evaluation. In the automated T;-mapping MRI method the adipose tissue is
divided into SAT and VAT. The data for SAT includes bone marrow (BM). Accurate exclusion of BM
is difficult to achieve automatically in many MRI images using this protocol. Therefore, to further
assess the SAT areas measured, the BM was manually segmented in slice positions 2-9, figure 7.

Hepatic fat content (lll, IV)

Hepatic fat content was measured as the average CT number within three circular regions of interest
with a diameter of 20 mm placed in the dorsal aspects of the liver. Attempts were made to avoid blood
vessels, artefacts, and areas of tissue inhomogeneity.
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Dual energy X-ray Absorptiometry (I1)

In paper II where whole body composition was assessed, whole body dual energy x-ray
absorptiometry (DXA) was performed with a LUNAR DPX-L scanner with software version 1.35 and
an extended analysis program for total body. Body fat (BF), lean tissue mass (LTM), bone mineral
content (BMC) and body weight were assessed. Quality assurance tests were conducted on a daily
basis. Based on in vivo double determinations the imprecision errors were 1.7 % for BF, 0.7 % for
LTM, and 1.9 % for BMC (81).

Total body potassium (IV)

Total body potassium was measured by counting the emission of 1.46 MeV y-radiation from the
naturally occurring *’K isotope in a highly sensitive 3-1 whole-body counter with a coefficient of
variation (CV) of 2.2 %. Fat-free mass (FFM) was estimated by assuming a potassium content of 62
mmol/kg FFM (42) Total body fat (BF) was then calculated as BW-FFM.

Image noise determinations (1)

In paper 1, the first image was obtained while using the standard clinical parameters, the second, and
the third with patient specific scan parameters, i.e. reduced radiation doses resulting in three images
acquired at each level. Image noise was measured after subtraction of the second image from the third
image. The subtraction was done to remove anatomical and tissue heterogeneity in the images to make
the remaining variance of pixel-values depend mainly on the image noise. Moreover, this made it
possible to evaluate image noise in areas, which had an anatomically complex composition. Clearly
visible and substantial subtraction artefacts were excluded from the evaluation. Six of 29 regions of
interests (ROI) were excluded from image noise evaluation due to subtraction artefacts. In the
abdominal image, the noise levels were obtained as standard deviations of the CT numbers in one
large elliptical ROI. The ROI was made as large as possible yet avoiding the bowel. In this way the
ROI included areas with a large range of densities from fat to bone, figure 8. In the thigh image, the
standard deviation of the CT numbers was obtained in one large circular ROI, made as large as
possible, in each thigh. The standard deviation in each ROI was divided by V2 to correct for the
increase in standard deviation caused by the subtraction.

Figure 8. Figure 8a shows image obtained using reduced radiation dose and figure 8b shows the
placement of the region of interest in the abdominal image after subtraction of the two images
acquired with the patient specific dose parameters Due to motion artefacts in the bowel the ROl was
made as large as possible yet avoiding the bowel.
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Insulin sensitivity measures (1V)

In paper IV, an euglycemic hyper-insulinemic glucose clamp was performed after an overnight fast as
described previously (82). An intra-venous catheter was placed in an antecubital vein for the infusion
of insulin (0.12 [U/kg'min) and 20 % dextrose. A second catheter was placed in the contra-lateral arm
for arterialized blood. The plasma insulin level was maintained between 150 and 250 mIU/L to
suppress endogenous hepatic glucose production. Blood glucose was monitored every 10 min during
the insulin infusion and every 5 min during the last 30 min,. Euglycemia was maintained (5.5 mmol/L)
by infusing 20 % dextrose in variable amounts. The glucose disposal rate (GDR) was measured for 20
min in steady-state conditions, which were reached after 100 min. The mean (+SEM) insulin
concentrations during steady state were 208.9 (12.4) vs. 219.4 (12.3) mIU/L at baseline, 210.2 (11.9)
vs. 210.1 (8.9) mIU/L at 6 months, and 210.6 (11.0) vs. 210.6 (11.1) mIU/L at 12 months. All subjects
performed an oral glucose tolerance test (OGTT) before the start, at 6 and 12 months, respectively,
and 1 month after treatment. A standard dose of 75 g of glucose was administered, and fasting blood
samples were obtained at baseline and every 30 min for 2 h. The definition criteria for normal,
impaired glucose tolerance, and diabetes mellitus were based on recommendations of the American
Diabetes Association (83). To eliminate any type of interference, OGTT assessments were performed
one week after the glucose clamp. The homeostasis model assessment of the insulin resistance index
(HOMA-IR) was estimated as described previously (84).

Biochemical assays (IV)

Blood samples were drawn in the morning after an overnight fast. The serum concentration of IGF-I
was determined by a hydrochloric acid ethanol extraction radio immuno-assay (RIA) using authentic
IGF-I for labelling. The SD score for IGF-I was calculated from the predicted IGF-I values, adjusted
for age and sex values obtained from the normal population (85). The IGF-binding protein 3
concentration in serum was determined by RIA. The IGF binding protein 1 concentration was
determined by ELISA. Serum total cholesterol and triglyceride (TG) concentrations were determined
with enzymatic methods. HDL cholesterol was determined after the precipitation of apolipoprotein B
(apoB)-containing lipoproteins with magnesium sulphate and dextran sulphate. The low-density
lipoprotein (LDL) cholesterol concentration was calculated as described in (86). ApoB and apoA-I
were determined by immunoprecipitation enhanced by polyethylene glycol at 340nm. Lipoprotein
(Lp) (a) was measured by an immunoturbidinemic test. Serum insulin was determined using RIA and
blood glucose was measured by the Gluco-quant method. Hemoglobin Alc was determined by HPLC,
whereas C-peptide was determined by an immunoenzymetric method. Free fatty acid levels were
determined using an enzymatic colorimetric method.

Statistics

The imprecision in paper I and IIl was estimated by means of the duplicate determinations. The
standard error (SE) of a single determination was calculated according to equation 3.

124’
SE(%) =12+ 100

(Equation 3) =
X =
d is difference between two observations, # is number of paired observations, and x is the grand mean

The comparisons of standard vs. patient specific scan parameters in paper I and of CT scanners at
Centre 1 vs. Centre 2, in paper 111, were calculated by the same formula, regarding these measurements
as duplicates in each investigation respectively. Any difference in the variances of duplicate
measurements in paper Il was analyzed by F-test. Agreement of the procedures performed with the
different CT systems was assessed by ordinary linear regression analyses (OLR) in papers I-III
including the 95 % confidence intervals (CI) for the slope and intercept, respectively in paper III. In
the OLR, the values from images acquired with standard dose in paper I, the CT method in paper II,
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and Centre 1 in paper III were used as the independent variable. For liver attenuation data, linear
regression analyses were also performed using the Deming regression analysis, which in contrast to
OLR allows for errors in the x-variable. Bland-Altman difference plots were also made in papers I-I11
(87). Linear correlations were studied and reported as correlation coefficients (r-values). Differences
were investigated using the Wilcoxon signed-rank test in paper II. In paper IV all the descriptive
statistical results, are presented as the mean (£SEM). The results have been analyzed on an intention-
to-treat basis with the exception of the subgroup analysis of GDR and weight including only subjects
who completed one year of treatment. Between-group treatment effects were analyzed using a two-
way ANOVA for repeated measurements. Within-group treatment effects were estimated by one-way
ANOVA or a paired Student’s ¢ test. Log transformation before statistical analysis was used for
variables that did not have a normal distribution. An unpaired Student’s ¢ test was used for between-
group analyses. Correlation analyses were performed using Pearson’s linear regression coefficient. A
two-tailed P value <0.05 was considered significant.

Ethics

Informed consent was obtained from each patient before entry into the studies. The studies were
approved by the Ethics and Radiation Protection Committee at the University of Gothenburg and by
the Medical Products Agency, Uppsala (III-IV). The estimated maximum effective radiation dose was
2 mSv.
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Results

Paper |
Consequence of radiation dose reduction on tissue area determinations

The deviations in tissue area estimates of AT and MT were less than the expected maximum of 1 % of
the total tissue area except in 4 out of 42 area comparisons. In these four cases, the deviations were >2
%. In the group with transverse diameters <35 cm, 3 out of 9 deviations were >1 %. For the group
with transverse diameters >35 cm, only one comparison of AT area in the abdomen exceeded the
expected maximum, with a deviation of 1.2 %. Area deviations for AT and MT of the abdomen are
shown in figure 9. The area deviation for AT and MT of the thighs were generally smaller than in the
abdomen, data not shown.

Tissue area measurements of the abdomen

800 -
700 -
600 - _
< 500 - - - i
400 -
300 -
200 -

100

Area (cm

1 2 3 4 5 6 7 8 9 10 1
Patients

O Adipose tissue B Muscle tissue

Figure 9. Comparison of areas of adipose tissue (0) and muscle tissue (m) of the abdomen
determined from images acquired with clinical standard scan parameters (standard dose) as
represented by the first of the two columns vs. areas determined from images acquired with patient
specific scan parameters as represented by the second of the two columns (reduced radiation dose).

Measured tissue areas ranged from 140 cm® to 722 cm’, and larger deviations were seen for the
smallest areas. The duplicates made with patient specific parameters showed the following SE’s; AT
area of abdomen 0.3 %, AT area of the thigh 0.3 %, MT area of the abdomen 0.7 %, and MT area of
the thigh 0.3 %.
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Consequence of radiation dose reduction on mean CT number for muscle

There was no significant differences in measures of mean CT number of MT in images acquired using
standard clinical parameters vs. images using patient-specific parameters. The difference from each
comparison was plotted against the average; the mean difference was 0.28 HU its (=SD) was 0.51 HU
and all individual differences were within £1 HU and inside +2 SD, figure 10a. The SE of the CT
numbers obtained from duplicate scans with patient-specific parameters was 0.7 %. Linear regression
analysis gave a slope of 0.969 (95 % CI 0.903 to 1.035), an intercept of 1.57 (-1.19 to 4.34) and
r=0.995, figure 10D.
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Figure 10. Comparison of mean CT numbers (HU) in muscle tissue of the thigh measured in images
acquired with standard clinical parameters vs. patient-specific scan parameters. Differences are
plotted against their means. Lines represent the mean difference and +2 SD (standard deviations) of
the mean differences (a). Linear regression line of CT number of muscle tissue acquired with patient
specific scan parameters (reduced radiation dose) y-(axis) on standard parameters as the
independent variable (x-axis) (b).

Image noise levels when using the patient specific scan parameters

The image noise levels remained below the specified limit of 30 HU (SD) for transverse diameters in
the range of 31-35 cm, and below 20 HU (SD) for diameters in the range of 3647 cm despite the
large reductions in radiation dose when using the patient specific scan parameters. Figure 11 shows the
increased image noise in the images acquired with patient specific scan parameters.

Figure 11.The image in figure 11a was acquired using standard clinical scan parameters; 120 kV, 200
mA, 1s, relative radiation dose 100 %. The image in figure 11b was acquired using patient specific
scan parameters; 120 kV, 60 mA, 1s, relative radiation dose 15 %. Note the markedly higher image
noise level in the image in figure 11b.
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Paper Il
Whole-body comparisons between MRI, CT, and DXA

The correlation coefficients between volumes measured by CT and MRI were high, for total volume
r=0.998, for adipose tissue 7=0.995, for SAT r=0.977, and for VAT r=0.987. Differences are
recorded as mean (SD) The MRI analysis underestimated total adipose tissue volume and VAT
volume by —0.61 L (1.17 L) and —0.79 L (0.75 L), respectively and overestimated SAT volumes by
2.77 L (2.41 L). The whole body fat weights estimated from the MRI analysis did not differ
significantly from the whole body fat weights estimated by CT —0.56 kg (1.08 kg). DXA was found to
underestimate the total fat weights compared with both CT —5.23 kg (1.71 kg) and MRI —4.67 kg
(2.38 kg). The total fat weights measured by CT, MRI and DXA for the 10 subjects are given in figure
12.

Whole body fat weigth
Figure 12.
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Slice-wise comparisons

Total slice areas

Total slice areas were often underestimated by the MRI-based method compared with CT. The
absolute slice area was underestimated in 11 slice positions and overestimated in 2 slice positions.
Linear regression on all absolute area differences showed a significant dependence on slice area
(MRI-CT = -0.053 CT + 19.1; r=0.584, p<0.0001). The slice positioned at the top of the skull
(position 27) was found to overestimate the area from the MRI-based method compared with CT by
more than 30 cm” in eight of the subjects.

Subcutaneous adipose tissue areas

SAT areas were often overestimated by MRI compared with CT Significant differences were found in
19 slice positions. Slices from MRI positioned at the ankle joint, knee, pelvis, thorax and wrists were
found to overestimate the SAT areas, whereas slices at the level of the third lumbar vertebra and at the
level of the lower orbital border (positions 12 and 25) underestimated the SAT areas when compared
with CT. Linear regression on all differences showed a dependence on the SAT area measured by CT
(MRI-CT = 0.041CT + 16.7; r=0.161, p,0.0001). Significant differences were seen in five positions.
After manual exclusion of bone marrow from MR images, significant differences were seen in four
positions. The absolute differences in SAT areas were significantly reduced in slice positions 2, 4, 6,
7, 8, and 9 after subtraction of bone marrow. SAT was overestimated in slices at the lower border of
the pubic symphysis and at the upper border of the acetabulum (positions 6 and 8) after exclusion of
BM, whereas the slices at the ankle joint and calf (positions 2 and 3) were underestimated after the
exclusion of BM, figure 13.
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Figure 13. Slice-wise comparison of SAT differences (MRl — CT) are given as mean * confidence
interval. Dotted line represents the difference after the manual subtractions of BM from the MRI.

Visceral adipose tissue areas

VAT areas were underestimated by MRI compared with CT. Significant differences were seen in eight
slice positions. Slices between the upper border of the acetabulum and at the level of the first lumbar
vertebra (positions 8—13) and at the positions of the lowest point of the thoracic diaphragm and 7 mm
above this position (positions 16 and 17) were underestimated by MRI compared with CT. Linear
regression on all differences showed a dependence on the VAT area measured by CT (MRI —CT =
—0.155CT — 0.459; r=0.575, p<0.0001). The SE for inter-operator imprecision for VAT by CT was
1.1 %. Figure 14 shows all differences in VAT area when measurements by MRI was compared with
measurements by CT. Note that VAT was measured in 7-13 slices in the ten subjects. Thus, each
subject contributed several data points.
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Figure 14. Slice-wise comparison of VAT area differences (MRI — CT). VAT area by CT is on the x-
axis. Dotted line represents no difference (0).
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In papers I, II and IV a single slice technology was used to generate a proxy for VAT volumes. The
relationship between VAT area and the VAT volume by CT is shown in figure 15.

Figure 15. The relationship between visceral adipose
VAT volume vs. VAT area tissue (VAT) area in a single slice and the total VAT
14 volume by CT. The data are from the study described in
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Paper lll
Imprecision of body composition measurements

Table 6 shows the mean obtained from images from the two centres together with imprecision. The
within-scanner SE was below 2.3 % for all within-scanners measurements except for VAT, for which
SE was 6.0 % and 7.5 % for Centre 1 and Centre 2, respectively. Centre 1 showed a higher within-
scanner variance for thigh SAT compared with Centre 2 (p<0.01, F-test). The imprecision was higher
at Centre 1 and the within-scanner SE was 2.3 % as compared to 1.4 % at

Centre 2. For all other measures, there were no differences between the centres regarding the within-
scanner variance. The between-scanner SE was about the same (VAT; 5.5 %) or somewhat higher than
the corresponding within-scanner imprecisions, with the exception of the SE for liver CT-numbers
which was 9.4 %.

Table 6. Body composition and imprecision data obtained by two CT systems

Liver (HU) L4 (cm?) Thigh (cm?)
SAT VAT MT SAT MT

Within-scanner Centre 1 (n=50)
Mean 50.0 446 146 172 170 153
Mean difference (SD) -0.3(1.2) -3.4(11.9) 0.7(12.6) 0.4 (2.3) 13(53) 0.2(1.6)
Reproducibility duplicates, SE (%) 2.0 2.0 6.0 1.0 23 0.7
Within-scanner Centre 2 (n=40)
Mean 56.5 442 144 173 173 156
Mean difference (SD) -0.1 (1.5) -0.7(8.6) -3.5(16.1) 0.2 (2.3) 2.2(3.2) -0.3(1.9)
Reproducibility duplicates, SE (%) 1.8 1.4 7.5 0.9 1.4 0.9
Between-scanner Centre 1 vs. 2
(n=40)
Mean difference (SD) 6.4(3.0) -42(17.2)-2.6(12.0) 1.8 (4.3) 3.4(7.5) 2.5Q2.9)
Imprecision SE (%) 9.4 2.8 5.5 1.9 3.4 1.7

Abbreviations; L4 level of the fourth lumbar vertebra; VAT visceral adipose tissue, SAT subcutaneous
adipose tissue, MT muscle tissue area, SE standard error according to formula described in materials
and methods section, HU Hounsfield units
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Repeated readings of the same image by two operators regarding area measurements resulted in SE
below 1.1 %, which should be compared with the within-scanner imprecision that was 0.7-7.5 %.
Linear regression and Bland Altman difference plots of inter-operator comparisons of VAT are shown
in figure 16. Repeated readings of the same image by two operators regarding CT numbers of liver
tissue resulted in SE of 1.7 % and 0.1 % for Centre 1 and Centre 2, respectively. Six patients at Centre
1 and two patients at Centre 2 did not fit into the FOV.
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Figure 16. Results of repeated readings of the same image by two operators to evaluate the inter-
operator reproducibility of visceral adipose tissue area measurements by CT.

Comparison of body composition measurements from two centres

Comparisons between the two centres were made pair-wise with regression analyses (n=40). All but
one of the comparisons showed excellent agreement as the 95 % confidence intervals of the slopes and
intercepts included one and zero, respectively. The exception was the equation for the measurement of
liver CT numbers. The intercept of the OLR line was 5.7 HU and the 95 % CI did not include zero.
Further comparisons of liver CT numbers were performed with Deming linear regression analysis. The
intercept with this analysis was 4.2 HU and the 95 % CI did not include zero. Both 95 % CI of the
slopes included one.
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Summary of differences in area measurements (l-111)

To illustrate the magnitudes of the deviations observed under the experimental conditions described in
papers I-11I respectively, a single slice measurement of total adipose tissue areas was performed. The
relatively small differences in total adipose tissue area induced by radiation dose reduction, the
underestimation of area measures from MR images vs. CT images, and the differences in area
measures from CT images from CT-scanners at centre 1 vs. 2 are shown in figure 17.
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Figure 17. Summary of difference plots for total abdominal adipose tissue area of the abdomen. The
differences related to mean area measured with different techniques a) patient specific vs. standard

dose protocol (#), paper |, b) MRI vs. CT protocol (A), paper Il, and ¢) CT system 1 vs. 2 (O), paper
Il

Paper IV
Growth hormone treatment in postmenopausal women with abdominal obesity

Mean body weight increased in both groups, 7 of 15 women in the GH-treated group and 11 of 19
women in the placebo group gained more than 1 kg in weight, whereas the remaining women were
regarded as weight stable. No changes were seen in either group or between groups for Waist
circumference, sagittal diameter, or waist-to-hip ratio. MT area in the thigh increased in the GH
treated group. No changes were measured in abdominal or thigh SAT area.

Changes in visceral adipose tissue and relationship to glucose disposal rate

After 12 months, GH treatment reduced VAT area, figure 18a. Although VAT area decreased after 12
months in the GH group, an increase occurred in the placebo group resulting in a significant between-
treatment difference Figure 18a. Correlation analysis revealed an inverse relationship between changes
in IGF-I and VAT in the GH-treated group (r = —0.53; P <0.02). A reduction in visceral fat mass and
an improvement in glucose disposal rate (GDR) occurred particularly in women who were weight
stable, figure 18b. At baseline, an inverse correlation was found between VAT and CT number for
liver tissue (r=—0.49; P < 0.04).
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Figure 18. Change in VAT expressed as A percent in VAT after 12 months of GH/placebo treatment.
P < 0.003 represents overall treatment effect analyzed using one-way ANOVA; **, P < 0.01 compared
with baseline (a). Figure 18b Reduction in VAT expressed as A percent VAT from baseline to 1 yr of
GH/placebo treatment with stable weight/ after 1 yr of treatment. (m) Stable weight, (GH n=8, Placebo
n=8). (») Weight gain, (GH n=7, Placebo n=11) J Clin Endocrinol Metab 90: 1466-1474, 2005

Changes in hepatic fat content and relationship to GDR

The percentage change between baseline and 12 months of treatment the CT number for liver tissue
showed a positive linear correlation with the percentage change of GDR (r= 0.65, P <0.01) in the GH-
treated group. The reduction in hepatic fat content (increased CT numbers) and an improvement of
GDR was seen among the GH-treated women who had a stable weight or experienced a weight
reduction throughout the study period, figure 19. Serum aspartate aminotransferase and alanine
aminotransferase activities were inversely correlated with increased CT number for liver tissue in the
GH-treated group (r =-0.84, P <0001; and » =—0.81, P < 0.0001, respectively).
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Figure 19. Reduction in hepatic fat content expressed as A percent in liver attenuation in GH/placebo
treatment with stable weight/weight gainafter 1yr of treatment. (m) Stable weight, (GH n=8, Placebo
n=8). (») Weight gain, (GH n=7, placebo n=11) J Clin Endocrinol Metab 90: 1466-1474, 2005

Insulin sensitivity and glucose metabolism

GDR was similar in both groups at baseline. Between-group analysis did not reveal any difference in
GDR after one year of treatment with GH. Within-group analyses showed slight initial decrease in
GDR at six months, followed by a significant increase at 12 months in the GH-treated group. No
changes were seen in the placebo group. In women with baseline values below the median for the
group (median=8.4 mg/kg-min) the increase in GDR was more marked.
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GH dose and serum IGF-|

The mean maintenance dose of GH was 0.51 (0.05) mg/day. The baseline mean serum IGF-I
concentration was 121 = 24 ug/L in the GH group and 105 + 31 pg/L in the placebo group. In response
to GH treatment the serum IGF-I increased in the GH group after six months, with no further change
at 12 months.

Descriptive statistics for postmenopausal women with abdominal obesity

The variables defining the inclusion criteria regarding abdominal obesity in this study, i.e. BMI of 25—
35 kg/m” and in addition a WHR >0.85 and/or a sagittal diameter >21.0 cm is compared with VAT
area by CT at baseline, figure 20. The relationship between VAT area and circumference is also
shown.
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Figure 20. Filled markers represent women who received GH treatment in the study and unfilled
markers received placebo The figure illustrates the relationship between visceral adipose tissue area
(VAT) by CT and BMI, VAT and waist circumference, VAT and waist-hip-ratio, and VAT and sagittal
diameter.
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Discussion

CT and MRI in body composition

CT determination of body composition has several advantages. Image acquisition time is short and CT
numbers are given on a fixed scale directly corresponding to tissue property, mainly tissue density.
This makes tissue characterization robust. CT also has a high geometrical resolution and few artefacts.
The analysis of the CT images can be made semi-automatically rendering a large number of tissue
compartments and regions. Further, the equipment is widespread and the costs are lower as compared
to magnetic resonance imaging but may still be regarded as expensive. lonizing radiation received by
the subject is the major disadvantage of the CT technique. The T, mapping MRI technique described
in this thesis yields a better separation of adipose tissue than standard T, protocols (47). The technique
can solve the problems with the inhomogeneous signal intensities in standard T; weighted imaging.
The new method was validated with the CT technique as a reference and can be used in an almost
fully automated post-processing. The technique has great potential for research applications including
whole body studies in children and adolescents, for whom radiation protection issues are of greater
importance than for older individuals.

Radiation dose, image quality, and image noise (Paper )

The CT scan is defined by several technique factors, which influence the radiation dose to the subject
as well as the qualities of the produced image. Such technique factors are x-ray tube voltage, x-ray
tube current and its modulation to object size and object properties, x-ray beam filtration, x-ray beam
collimation, detector efficiency, section thickness, reconstruction matrix and field of view, and
reconstruction filter. The reconstruction filter determines the balance between spatial resolution and
image noise when reconstructing the projection dataset to an image. If no subject specific optimization
is done, differences in the size and density of the examined object will generate a large variation in
detector irradiation. This causes a corresponding variation in image noise (68). The most common way
to determine the radiation dose required for a specific task is to define what image quality is necessary
and then record the corresponding image noise level. Then, the CT scan is individually optimized so
that the patient should not receive a radiation dose that is larger than necessary, still limiting image
noise to the specified level. Usually image quality requirements are higher for small subjects than for
large ones and thus image noise levels may need to be lower for small subjects. When high image
quality is not necessary, there is a large potential for dose reduction (77). Thus, the radiation dose can
be reduced for a large number of patients by selecting scan parameters according to their body size,
thereby creating more equal image noise levels for different sizes and over various parts of the body.
In a phantom study designed to produce a technique chart for paediatric imaging by Boone and co-
workers (88), phantoms with diameters between 12 cm and 35 cm were examined. They showed that a
20 cm phantom required only 4.5 % of the mAs required for a 35 cm phantom to achieve the same
noise level. In our studies applied in patients, we demonstrated a corresponding reduction in radiation
dose with a similar change in largest patient diameter. In paper I, the size of the patient was defined as
the largest transverse diameter, as the x-ray beam would be attenuated the most in the projection along
this diameter. The shape of the tomographic section is also an important factor when adapting
technique factors for constant image quality. Kalender et al, utilized the fact that the largest
contribution to image noise comes from projections with the largest attenuation through the
tomographic section and achieved a substantial radiation dose reduction without a corresponding loss
in image quality (89, 90). In addition, the largest diameter of the subject is easy to determine and
should be an accurate estimation of the highest attenuation through the tomographic section. Different
body size parameters have been tried for individual dose adaptation, i.e. body weight or body
circumference (91). In a study on dose reductions in abdominal imaging, the scan parameters were
adjusted to body weight (68). However, it is obvious that patients with the same weight can show a
large variation in size of the tomographic section. In the method described in paper I, the radiation
dose was reduced to achieve a specific and constant image quality, and thus noise level. Dose
reduction achieved by automatic exposure control can further reduce the radiation dose while
maintaining the same image quality (89, 90). Although the work in paper I was performed using a
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single-slice scanner, the same principles for dose reduction also apply to multi-slice scanners.
However, if only separated single sections need to be examined, a multi-slice CT might, depending on
beam collimation and scanning mode (axial or helical), expose the subject to a larger radiation dose.
Therefore, multi-slice CT should be operated in axial single-slice mode for body composition
measurements in separated single sections to attain the radiation dose reduction described in this work.
Routine CT examinations, in which each patient is scanned with the same scan parameters, show a
large variation in the number of photons reaching the detector owing to variations in patient size,
resulting in a correspondingly large variation in image noise. Instead, the adequate outcome of a
specific CT examination should be to produce the same image quality for each patient, regardless of
size. One can also argue that, for patients with little body fat, a slightly increased image quality may
be required for certain diagnostic tasks, as lack of a surrounding fat layer makes tissues and internal
organs more difficult to delineate. Nevertheless, a substantially lower effective radiation dose should
be sufficient for patients with small diameters.

Image noise values were measured after subtraction of two images obtained in identical cross sectional
scan position, with identical patient-specific parameters, which should make the variance depend only
on the image noise and not on anatomy or heterogeneities in the tissues examined. In contrast, the SD
of CT numbers measured in ‘“homogeneous’’ tissue is composed of both image noise and tissue
heterogeneity. Therefore, the SD measured after subtraction is generally lower. The subtraction of two
identical scans makes it possible to evaluate image noise in areas that have an anatomically complex
composition, e.g. the central parts of the abdomen. In all cases, the image noise was below the
predefined limits of 20 HU (SD) and 30 HU (SD) for patients with large and small diameters,
respectively (77).

Methodological considerations in comparative studies (Papers I-Il)

In paper I, a new method with a lower radiation dose was compared with an established method using
standard radiation dose. In paper I, an MRI method was compared with a CT method. In paper 111,
two different equipments were compared to assess the imprecision for each equipment as well as to
reveal any bias between the equipments.

Evaluation of imprecision

It is important to control the pre-analytic variables and have a rigid standardization of the conditions
under which imaging for body composition is performed. Examples of patient related variables that
may need to be standardised are time of day, timing and amount of food intake, and recent physical
exercise. Care should be taken to relate the pre-analytical variables to the aim of the investigation. In
paper I, where a low dose protocol was to be evaluated, the scans were performed within seconds. On
the other hand in the evaluation of two CT-scanners used in a multi-centre study, paper III, the
subjects had to leave the CT table and repeat all the steps of the scanning procedure.

The imprecision is a measure of the closeness of a series of measurements of the same material (92).
Investigating the imprecision is usually one of the first steps in a method comparison study. It can be
expressed as the standard deviation (SD) or as coefficient of variation (CV), which is the SD divided
by the mean, usually expressed as a percentage. Since a large number of repeated measurements is
required to calculate the CV, this can be difficult to achieve in patient studies. Thus, it would not have
been reasonable to make more than duplicate measurements at the two centres because of the potential
hazards of ionizing radiation, paper III. An alternative way to obtain an estimate of the imprecision is
to make duplicate measurements and calculate the SD, i.e. the sum of squares of the differences
between the duplicates divided by twice the number of pairs, and the SD is its square root (92). This
can be related to the grand mean, which is the mean of all duplicate measurements, to get a standard
error of the grand mean. This can be expressed as a percentage, see equation 3, which expresses the
imprecision for the sample used for the measurements. In the studies in paper I and III the imprecision
was generally low. Such calculations were performed for the evaluation of any differences in the
measurements of CT numbers for liver in paper III, further discussed in “Comparison of CT number of
muscle and liver tissue”.
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Evaluation of agreement

In papers I-111 tissue areas, tissue volumes, and CT numbers were compared. These are all quantitative
data and thus parametric statistical methods might be possible to apply, provided that the values are
normally distributed. That this is the case can be tested by a normality test (93). This should be true for
the material as a whole or at least for the differences of the compared material as in paper I11.

There are two types of bias between methods, systematic and proportional bias. A combination of the
two is also possible. Bias can be revealed and illustrated by Bland Altman difference plots as was
made in papers I and III (87). The differences for each paired observation by method A and method B,
respectively, are plotted on the y-axis and the means of the two methods on the x-axis. A confidence
interval can be calculated for the resulting difference. This analysis was performed for several
measurements in papers [-1II and revealed the bias more evidently than an ordinary linear regression
(OLR) plot based on least square calculations (87). OLR defines a straight line between an
independent x and a dependent y variable assuming that the SD of the y values is normally distributed
for each value of x. The method assumes no error in the x variable. The test gives a value of the slope
and the intercept. The null hypotheses for the intercept and for the slope are that they do not differ
from zero and one, respectively. The assumption that the independent variable x is determined without
error is a disadvantage and the effect of such errors results in a slope that is smaller and an intercept
that is greater than the true values. These differences become greater the smaller the range of
measured values. This is problematic if an equation is to be constructed to pool the data from the
different methods as in the multicenter study described in paper III (73, 76). Calculations of regression
lines were parts of the methodological investigations in papers I-IIl. The correlation coefficient r
describes how close the slopes of x on y and y on x agree. If the points lie on a straight line, » is 1.0
regardless of the slope. The probability for » can be calculated to give the statistical strength of
association. For method comparison it would be surprising if there was no statistical correlation
between method A and method B, therefore this operation is irrelevant in such a case (87), i.e. papers
I-III. However, in the assessment of the slope and the intercept, the correlation between methods needs
to be high, one proposed level is at 7>0.995 when based on a wide range of data. In a case where the
range of data is less than one decade, i.e. the range is from the minimum value to ten times the
minimum value, an r value >0.975 is considered sufficient (94).

Due to the limitations of the OLR method, there are other linear regression models that assume errors
in both x and y, which can be used. The Deming regression model minimizes the deviations from the
regression line taking errors in both x and y into account (94). As it uses the imprecision of both
methods, duplicate measurements are needed. As OLR, the Deming regression is highly influenced by
data pairs that are higher or lower than the majority of data. In our study of two CT scanners, paper III,
it cannot be assumed that any of the scanners is without error. Since the narrow confidence intervals of
the slope and intercept from OLR included 1 and 0, respectively and the agreement was good, further
analyses were unnecessary except in the case of CT numbers for liver. If an equation was to be
constructed, the Deming method would be preferred from a statistical point of view. In all method
comparisons there is a need to define agreement as the problem is one of estimation rather than
hypothesis testing (87). The statistical methods applied are used to assist in the decision of agreement.
The method comparisons made in papers I-I1I demonstrated the assessments of both agreement and
bias, which are further discussed in following sections.

Comparisons of tissue areas and volumes (Papers I-111)

Classification of tissues

Many causes contribute to differences in volume and area measurements with imaging methods. As is
seen in paper I, a lower radiation dose increases the image noise. This leads to an increased
distribution of CT numbers in the histogram of the image as the CT numbers for different tissues will
have a larger spread. The result is lower peaks for AT and MT. Due to the increased spread of CT
numbers with reduced radiation dose, pixels from the tissue of interest may fall outside its specified
segmentation interval. In this way, a broad peak in the histogram can influence the tissue
categorization of pixels. This will contribute to a difference in area or volume determinations as
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compared to measurements in an image with a standard radiation dose. In addition, the proportions of
the areas influence this error due to partial volume effect (78). The new MRI T; mapping technique,
paper 11, had an improved histogram compared with standard T, weighted MRI techniques, figure 4.
The pixel value is given as a specific T, relaxation time for the voxel, measured in milliseconds. Since
the pixel values are given on the fixed scale of T, relaxation times they are comparable between scans
in the same patient as well as between patients. This is analogous to CT numbers, which are given on
the fixed Hounsfield scale. The reduced variation of pixel values from inhomogeneous tissue is one of
the reasons for the reduced number of ambiguous pixels in the MRI images and would hence reduce
the number of misclassified pixels (47).

Differences in classification of tissues occurred when comparing MRI and CT. VAT was
underestimated by MRI as compared with CT, paper II. One possible explanation for this is that CT
pixels partially containing intestinal gas and partially containing intestinal content will be categorized
as adipose tissue. A previous study has shown that the intestinal content might contribute ~20 % to the
VAT area measured by single-slice CT (95). There was no evident effect of gas in the intestines in
MRI but gas is known to lower signal intensity due to susceptibility effects. Thus, intestinal content
could possibly affect the results from the separate modalities differently.

The MRI method only separates total AT, SAT, and VAT from other tissues. In the MRI method, SAT
was defined as all adipose tissue that is not VAT. In the CT method, adipose tissue is usually divided
into SAT, IMAT, VAT, and white bone marrow. From the arecas recorded as SATcr the areas of
IMAT, VAT, and white bone marrow are subtracted. This could be part of the explanation that the
MRI method was frequently seen to overestimate the SAT areas measured especially in the knees,
pelvis and thorax, i.e. in slices containing relatively large amounts of bone marrow. The differences
were smaller when bone marrow was manually subtracted also in the MRI, see figure 13.

In paper II there was a slice-wise comparison between the CT and MRI technique. However, for the
whole-body comparisons of tissue volumes the contiguous 8 mm slices of the MRI was compared to
the 28 slice positions in the CT model. Thus, this comparison should be regarded as a comparison of
the techniques as a whole in contrast to the more detailed, but on a whole body level, less valid
comparison of the techniques slice by slice.

The MRI method is adapted for automated post-processing (47) but in the present study the separation
between VAT and SAT was made manually. In a work by Kullberg and co-workers an automated
separation between SAT and VAT has been described (96). On the other hand, the CT images are
evaluated by a semi-automatic method and the evaluation of a whole CT data set is done in ~2 hours.
However, more tissue compartments are separated with the CT-method, described by Chowdhury and
co-workers (54), the most important being SAT, IMAT, VAT MT and visceral organs (and white bone
marrow for exclusion). It also records CT numbers for liver and muscle tissue. For an example of the
details, see the descriptions in Appendix A. In conclusion, there are differences between the CT and
MRI methods but they are generally small. Both methods are possible to use for body composition
measures but the described MR method mainly determines adipose tissue depots.

Differences due to repositioning and motion

In paper I, where repeated scans were acquired within seconds without repositioning, subtraction
artefacts caused by minor motion of the subject was seen. Duplicates as acquired in paper 111, differed
in slice position, due to the repositioning of the patient between the scans. Furthermore, for the images
of the abdomen differences due to peristaltic movements and the patient’s ability to reproduce the
same respiratory status are added. Both CT and MRI scans of the abdomen are sensitive to peristaltic
movements, especially when single slice techniques are used. Further, even if there is a perfect match
of abdominal level with reference to the spine, the position of the bowel and mesenteric fat can be
different between occasions in longitudinal studies. It is also difficult for patients to reproduce the
same respiratory status between occasions. The MRI sequence was sensitive to motion artefacts from
the heart, which led to an underestimation of lung volumes as compared to CT. To limit the problems
with repositioning specially trained staff should perform the positioning of the patients. Training
breath-hold technique is well known to improve the subjects’ ability to repeat the same respiratory
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status. However, in conclusion, the influence of motion and repositioning technique in studies I-11II
were generally small.

Limitations in equipments

In paper 1II the shapes of the CT and MRI table-tops differed slightly. In cases where patients that did
not fit for the FOV (Papers II and III), the results of the measurements of the contralateral half of the
tomographic section was used as a substitute for the missing area and it increased the variance of the
measurements from these patients. This contributed to the higher variance seen at Centre 1 for the
measurements of SAT area of the thigh in paper III. Further, when the whole subject does not fit in the
FOV in CT it also induces an artefact in the reconstructed image in the form of shifted CT numbers.
The shifted CT numbers can also contribute to differences in classification of pixels according to the
scale of characteristic CT numbers for tissues, table 3. Another possible cause for differences in area
measurements is the tomographic section thickness. In paper I, the slice thickness had to be decreased
in order to achieve the lowest radiation doses, since it was not possible to decrease the tube current
below 40 mA on the CT equipment used. The slice thickness influences the partial volume effect. MRI
is more sensitive to the presence of metal than CT and the presence of dental metal in one subject gave
artefacts that are more pronounced in MRI. Larger gantries are developed for both CT and MRI. In
new scanners there is an increased distance in table top movement as compared with older ones. This
would improve the methods and make it possible to examine larger subjects and to perform whole-
body examinations without repositioning.

Comparisons of CT number of muscle and liver tissue (papers | and 1)

The large reduction in radiation dose, paper I, did not affect the mean CT number in MT (mean
difference 0.28 HU; SD+0.51 HU). Goodpaster et al. (65) showed that an increased fat content in
muscles, estimated by decreasing CT numbers, is related to insulin resistance. In that study, duplicate
scans with unchanged scan parameters were performed for six patients. They reported differences that
were comparable to the differences in our study when CT numbers were measured in images obtained
with standard clinical parameters vs. scan parameters for reduced radiation dose. Changes in muscle
CT numbers over time have been studied in patients with acromegaly before and after adenomectomy,
where the mean muscle CT number decreased from 53 HU to 48.5 HU (36). In view of these earlier
results, the proposed scheme, with patient-specific scan parameters to reduce the radiation dose should
be sufficient to evaluate mean CT numbers of tissues accurately. In paper III the within-scanner
imprecision was small for CT numbers of liver tissue at both centres. However, between-scanners
performance was also studied regarding CT number measurements of liver tissue. Comparisons were
made pair-wise with regression analyses. The intercept was +4.2 HU, using the Deming linear
regression, and the CI did not include zero. The CI for the slope included one and the correlation was
0.972. Thus, the investigation revealed a systematic bias in measurements of liver CT numbers. This
has to be taken into consideration and makes it problematic to define scanner independent thresholds
e.g. for fatty liver assessment. In clinical practice one of the most commonly used diagnostic decisions
based on a threshold for CT numbers is the one for adrenal lesions. A high lipid content (<10 HU)
strongly indicates that the adrenal lesion is benign while a higher HU value, thus indicating less lipid,
suggests that the lesion might be malignant. From an evaluation of attenuation values of adrenal
tumours mean differences up to 4.6 HU (range 1.7-7.0 HU) between scanners have been reported (97,
98). The magnitude of the difference is comparable to the one found in our study. These differences
could be referred to individual scanner performance including image reconstruction algorithms.

DXA (Paper Il)

Our study confirms that reliable results from DXA can be difficult to obtain in subjects with a body
weight over =100 kg (99). DXA underestimated fat weight especially in the largest subjects. The three
heaviest subjects exceeded the FOV, leading to an underestimation. Large obese subjects (>120 kg)
have previously been reported to give false results (99, 100). The number of pixels that are determined
to contain bone is increased with increased fat in the measured FOV, which could influence the
calculated amount of body fat by DXA (101). Differences in results obtained by two Lunar DPX-L
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machines, identical according to the manufacturer, have been reported as well as differences due to
machine type and manufacturers (81, 100, 102). Advantages with DXA are that the within-scanner
reproducibility of DXA is high and the radiation dose received by the subject is low. The scanning as
well as the evaluation is performed quickly. In contrast to most CT measurements, interpretation of
results from different DXA scanners in one study, cross sectional or longitudinal, may be difficult

(81).
Effect of GH treatment on body composition (Paper V)

Assessments of body composition by CT scan showed a clear reduction in VAT and an increased
amount of thigh muscle mass in the GH-treated postmenopausal women with abdominal adiposity. In
a similar study involving middle-aged men with abdominal obesity who received GH treatment for 9
months, abdominal SAT decreased (33). This was not seen in our study, suggesting that
postmenopausal women are less responsive to the lipolytic effect of GH in the subcutaneous fat depots
(103, 104). Data comparing in vitro abdominal and gluteal subcutaneous adipose tissue metabolism
suggest that the menopausal status is associated with changes in AT metabolism that predispose to
lower lipolysis and higher activity by lipoprotein lipase, in abdominal and gluteal SAT (105). The
results in paper IV suggest major responsiveness by VAT compared with SAT, which is in agreement
with previous data in GH-deficient subjects (106, 107).

The relative change between baseline and 12 months of the CT number for liver tissue showed a
positive linear correlation with the relative change of glucose disposal rate (r= 0.65, P < 0.01) in the
GH-treated group. There are data that suggest that an increase in CT number could be caused by an
increase in glycogen in the liver (108). However, this would most likely have been linked to an
increased insulin resistance and our data suggest that, on the contrary, it is linked to an improvement
in glucose metabolism with a higher GDR. The correlation found between changes in GDR and CT
number of liver in combination with a reduction of VAT and cholesterol (total and LDL cholesterol) in
the GH treated group suggest that the improvement of some of the features of the metabolic syndrome
was associated with a reduction in hepatic fat content. This is consistent with previous observations
showing that the degree of insulin sensitivity is strongly linked to CT number of liver and hepatic fat
content (109, 110). VAT has a direct connection to the liver through the portal vein. Visceral obesity
probably increases the delivery of fatty acids to the liver, contributing to hepatic fat accumulation. GH
treatment, with its strong lipolytic action on VAT, might therefore induce or aggravate non-alcoholic
fatty liver disease. This could be an early effect however, our data suggest that 12 months of treatment
reduces the hepatic fat content as a result of reduced VAT and/or an increase in the output of fat from
the liver by enhanced VLDL production and secretion (111) or increased biliary lipid output (112).
These data therefore support the hypothesis that the improvement in insulin sensitivity exhibited might
be mediated by a reduction in hepatic fat content. A more effective peripheral glucose use by the
increase in muscle mass might also have contributed to the improvement in insulin sensitivity.
However, the positive correlation between liver attenuation and GDR, but not between muscle mass
and GDR, suggests that the reduction in hepatic fat content was more important. The correlation
analysis and subgroup analyses performed suggest that women who had a stable weight or lost weight
during the study were more responsive to the metabolic effects of GH than women who gained weight
during the trial, figures 18 and 19. GH treatment may therefore have an additive beneficial effect over
and above the weight loss obtained by modifications in caloric intake or any other form of lifestyle
interventions.

In subjects of both genders with the metabolic syndrome, with predominantly abdominal obesity, low-
calorie regimens have not proved to be successful in long-term interventions (113). Physical activity
of moderate intensity is not sufficient for effective weight control (114). Higher levels of exercise,
particularly in combination with other lifestyle modifications, have been shown to reduce the risk of
developing DM in individuals with glucose intolerance (115). The improvement in insulin sensitivity
and muscle mass, as well as the reduction in VAT, is less likely to be explained by caloric restriction
or increased exercise, as the participants did not receive any dietary intervention and did not show any
change in physical activity. It can be summarized that assessment of body composition by CT is an
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important tool for the understanding of the associations between morphological and hormonal factors
in the metabolic syndrome and its treatment.

Measurements of body composition

Computed tomography for body composition and radiation dose reduction

In body composition studies with a single-slice CT technique, reliable area measures and CT numbers
can be obtained with a radiation dose of only 2— 60 % of the radiation doses resulting from standard
clinical scan parameters. The total radiation dose with the proposed patient specific scan parameters
resulted in a calculated effective radiation dose for a single slice of <0.1 mSv, equating to the dose
delivered by natural background radiation in a few weeks (116). At such a low risk level, CT for body
composition can also be justified in research investigating larger populations. The proposed scheme
also makes it possible to perform whole-body investigations as described in paper II (74, 75) with an
effective radiation dose of less than 2 mSv. For lean to normally built persons, the effective radiation
dose is considerably lower. It is also possible to justify CT examinations on wider indications for
clinical patients and for performing repeated examinations over time as in paper IIl and IV. If
radiation dose needs to be avoided altogether, the whole-body MR T; mapping method proposed in
paper 11, can be used.

Whole-body MRI for body composition

The proposed method for MRI, T, mapping body composition that allows a high degree of automated
post-processing was validated with the results from a whole-body CT protocol as reference. The MRI
method gave measurements of total AT volumes with only small differences from the whole-body CT
method. The whole-body MRI T, mapping method, proposed in paper II, gave reliable results and can
thus be used in assessment of body composition in research and clinical settings. Due to its absence of
ionizing radiation, the method is suitable for use in longitudinal studies, even when children and
adolescents are included.

Assessment of body composition on a tissue level

Whole body techniques, CT or MRI, for determination of tissues provide valuable information that is
hard to obtain by surrogate measures. However, they are still foremost research tools. Single slice
evaluation of adipose tissue shows a high correlation with VAT volume (49, 57, 117). In the limited
material in paper II the correlation was #=0.967 which is comparable to these results, figure 15. In the
placebo controlled trial of GH treatment of postmenopausal women with central adiposity, the changes
and differences in VAT would not have been detected by other anthropometric measures that have
been used as surrogates for VAT, i.e. BMI, waist circumference, sagittal diameter or waist-hip ratio.
This study thus demonstrates the value of accurate assessment of body composition. A limit of 130
cm” has been suggested as a marker of an increased VAT level that constitutes an increased risk of
cardiovascular morbidity (60, 118). Karelis and co-workers observed that VAT area by CT was larger
in the group showing three or more features of the metabolic syndrome, table 2, than in those with a
lower number of features (119). Furthermore, they showed that statistical control for two of the
features, i.e. visceral fat and fasting triglycerides (but not total body fatness and/or waist
circumference) abolished the differences in insulin sensitivity among obese postmenopausal women
categorized for the severity of the metabolic syndrome.

Based on the findings in study 1V, a potential improvement in clinical studies concerning obesity, the
metabolic syndrome and T2D could be to use the CT derived VAT area as one of the inclusion
criteria. With the proposed radiation dose reduction scheme, a single slice could be justified in
examining obese patients. With an added scan ad mid liver level an assessment of hepatic fat content
can be obtained and obese persons with an increased risk of developing chronic liver disease could
possibly be detected early and preventive measures could be intensified. CT assessment might also
have a potential to help to identify obese persons at increased risk of developing the metabolic
syndrome or T2D. Single slice CT performed with reduced radiation dose thereby should be sufficient,
since it is easy to perform and analyse and carries negligible risk for harmful effects caused by
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ionizing radiation (116). The more elaborate whole body methods are still costly and time consuming
even if there is promising development in reducing MRI scanning times (120-122). Combined with
automated post-processing, this can develop into a method usable for larger patient groups (47, 96). So
far the present technique has been proven useful in a study of lipid mobilization following Roux-en-Y
gastric bypass (123).

Future perspectives

Further developments in imaging techniques will probably not focus so much on the basic adipose
tissue quantifications. The new dual energy computed tomography technique might, however, improve
contrast resolution of tissues and thereby make it possible to reduce the effective dose further. Body
composition methods for tissue determinations have been research tools for a long time but possible
clinical applications could be investigated. For instance, the usefulness of the single slice, low dose
method, to assess and select obese patients for treatment alternatives could be evaluated. For research,
methods are being developed to assess “new” compartments that are of interest for body composition
researchers. Relationship with features of the metabolic syndrome and insulin resistance has been
shown with fat between muscle bundles (15, 124, 125) and perivascular fat (126). Arrhythmogenic
right ventricular dysplasia is associated with epicardial fat (127). Brown adipose tissue might be
possible to assess using FDG PET-CT due to its increased metabolic activity (128). Fat in organs has
also been assessed using 'H magnetic resonance spectroscopy in the liver (129), myocardium (130),
and muscle (131). For the question of fibrosis MR and ultrasound elastography could be developed
into safe, non-invasive techniques with excellent diagnostic potential for assessing hepatic fibrosis
(132, 133). A clinical application may be to assess patients who are under consideration for biopsy. A
new quantitative magnetic resonance equipment used to determine whole-body fat and lean mass in
humans is being evaluated (134).
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Conclusions

II.

III.

IV.

In assessment of body composition using CT, the radiation dose to the subject can be
reduced to 2-60 % of the standard radiation dose used for diagnostic purposes while
maintaining accurate measurements of adipose tissue areas, muscle tissue areas, and
muscle tissue attenuation. The resulting effective dose for a single slice examination is
<0.1 mSv, a dose level associated with trivial risk. At such a low risk level, CT for
assessment of body composition can be justified even in large populations or for
repeated examinations.

Compared with CT, the MRI method slightly overestimated subcutaneous adipose tissue
volume and slightly underestimated visceral adipose tissue volumes, but it can be
considered sufficiently accurate for measurements of adipose tissue volumes in
assessment of body composition.

The within-scanner reproducibility and between-scanner agreement were high for
measurements of adipose and muscle tissue area by CT. For measurements of liver
attenuation, the within-scanner reproducibility was high while a systematic bias was
revealed in comparison between scanners. Therefore, comparisons of CT numbers for
liver from different scanners can be unreliable.

GH treatment of postmenopausal women with abdominal obesity reduced visceral

adipose tissue and improved insulin sensitivity. CT revealed adipose tissue changes not
detectable by waist-to-hip ratio, sagittal diameter, or waist circumference.
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Sammanfattning pa svenska

Datortomografi (DT) och magnetisk resonanstomografi (MR) &r bildgivande metoder som har ett brett
anvindningsomrade inom medicinen. Med hjédlp av DT och MR kan till exempel kroppens olika
vavnader framstéllas. Férandringar av dessa vivnaders storlek kan ocksé foljas 6ver tid. For studier av
kroppssammanséttning, har teknikerna anvants sedan 1980-talet.

Fetma utgdr ett stort folkhélsoproblem. Férekomsten av fetma har okat i vérlden och i1 Sverige. Idag
lider ca 10 % av den svenska befolkningen av fetma. En 6kad méngd fettvdvnad inne i bukhélan, sa
kallat visceralt fett, dr kopplad till det metabola syndromet, ett tillstdind som dessutom kédnnetecknas av
nedsatt insulinkénslighet, hogt blodtryck och férhéjda blodfetter. Tillstdndet dkar risken for utveckling
av typ 2 diabetes. Patienter med fetma och det metabola syndromet har ocksé ofta en 6kad mingd fett i
levern som i sin tur kan leda till inflammation i levern och ”skrumplever”, ett tillstind som kan kréva
transplantation. Tillvixthormon som bildas i hypofysen har tydliga effekter pa kropps-
sammansattningen. Tillstand med brist pa tillvixthormon uppvisar manga likheter med det metabola
syndromet. For att 6ka kunskapen om fetma och dess foljdsjukdomar, och kunna f6lja effekterna av
nya behandlingsalternativ dr det viktigt att ha tillgdng till tillforlitlig och noggrann teknik for
undersokning av kroppssammansittning.

En nackdel med datortomografi for bestimning av kroppssammansittning ar att individen som
undersoks utsétts for joniserande stralning. Generellt géller att man ska anvénda en straldos som ar sa
lag som mojligt men &ndad ger anvindbara resultat. Vid undersdokning med DT utnyttjas att varje
vévnad har ett karakteristiskt mitvarde som frimst &r beroende av vévnadens téithet. Detta vérde kallas
attenueringsviarde och anvidnds vid bestimning av kroppssammansittning for att skilja olika
vavnadstyper at, till exempel fett- och muskelvivnad. Motsvarande absoluta méitvéirden erhélls ej vid
MR-undersokningar dér vivnaderna istillet har en varierande och relativ signalintensitet. Da
signalintensiteten varierar inom en och samma individ, sd har MR haft en viktig begrinsning jaimf{ort
med DT. En MR-metod har utvecklats som miter den sa kallade T, relaxationstiden vilket resulterar i
mer specifika vivnadsmétningar.

Syftet med och resultaten fran de underékningar som redovisas i denna avhandling var:

I. Att undersoka om det dr mojligt att minska strdldosen vid undersdkning av kroppssammansittning
med DT genom att anpassa tekniken efter individens storlek. Tio patienter av olika storlek undersoktes
vid standardiserad och reducerad strdldosniva. Studien visade att strdldosen kan reduceras med 2-60 %
av standardnivan utan att nimnvért paverka matvardena for fett- och muskelvavnad.

II. Att jamféra en MR-metod, som bestimmer T, relaxationstiden, med en DT-metod vid
helkroppsundersdkningar av kroppssammanséttning. Tio patienter undersoktes med bégge teknikerna.
Resultaten visade att Gverensstimmelsen mellan teknikerna var god. Jimfort med DT foreldg en
mindre Overskattning av miangden underhudsfett och en mindre underskattning av visceralt fett.

II. Att undersdka om en datortomograf ger samma resultat vid upprepad métning, och om tvé olika
datortomografer ger samma resultat vid bestimning av kroppssammansittning. Femtio patienter
undersoktes tva ganger efter varandra med en datortomograf, dérefter upprepades underdkningarna
med en annan datortomograf. Varje enskild utrustning visade god O&verensstimmelse mellan
mitningarna. Det fanns ocksd en god Overensstimmelse mellan utrustningarna nir méingden
fettvivnad och muskelvdvnad bestimdes. Det karakteristiska métvirdet, attenueringsvérdet, for lever
skiljde sig mellan utrustningarna.

IV. Att studera om tillvixthormonbehandling har gynnsamma effekter hos postmenopausala kvinnor
med bukfetma. Fyrtio kvinnor fick under ett & med tillvixthormonbehandling eller placebo.
Behandlingens effekter pa kroppssammansittning, métt med DT, och si kallad insulinkinslighet
undersoktes. Resultaten visade att den viscerala fettmdngden minskade medan muskelméngden 6kade
under behandlingen med tillvixthormon. Kvinnor som fick tillvixthormon fick ocksd en okad
insulinkénslighet och man fann ett samband mellan forbattrad insulinkénslighet och minskad
leverforfettning. Sammanfattningsvis visar studierna att det dr viktigt att utveckla och forfina teknik
for bestdmning av kroppssammanséttning. Anvandning av denna teknik ger inte bara information om
kroppens sammanséttning i sig, utan kan ocksd bidra till véirdefull kunskap om processer med
betydelse for hilsa och sjukdomsutveckling.
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Appendix

2. L4, Trunk

CL

AR
AR
CI
DI
DI
AR

AR

AR
AR

AR

03

68
40
65
55
56
04

08

13
28

70

All tissues(AR68,40,04,08,13,28,C165 and DI55,56)
The determination line is drawn in surrounding air and circumscribes all tissues.
(Automatic)
Total area of all tissues and gas

% visible skin circumference
Circumference

Sagittal diameter
Transversal diameter

MT total skin, muscles, organs, spinal

channel and RBM

AT total subcutaneous, intermuscular,

intraabdominal and WBM

BT total bone tissue and calcification.

Gas intraabdominal

BT vertebra

-29 to +151 HU

-190 to -30 HU

+152 to +2500 HU
-191 to -1000 HU

+152 to +2500 HU

The determination line circumscribes vertebra bone tissue. (Manual)

AR 01 Muscles, organs and RBM
The determination line is drawn in the subcutaneous adipose tissue and

circumscribes muscles and organs. (Automatic)

AR 45 AT intermuscular, intraabdominal and

WBM

-29 to +151 HU

-190 to -30 HU

The determination line is adjusted to the muscle fascia and circumscribes

muscles and adipose tissue inside fascia. Do not include subcutaneous adipose

tissue. (Manual)

AR 26 AT intraabdominal
The determination line is drawn in the muscle bone wall of the trunk. Draw the
line on the inside border of the rectus abdominal muscles, the transversal

abdominal muscles, the iliac crests, the quadratus lumbar muscles, muscle of

-190 to -30 HU

cm’
%

mm
mm

mm

2
cm

cm

2
cm

2
cm

cm

cm

cm

2
cm

psoas and the anterior aspect of the vertebral body. Do not include adipose tissue
between muscle bundles. (Manual)
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AR 44 AT intraperitoneal -190 to -30 HU cm’
The determination line is drawn in muscles and an invisible line in abdominal
adipose tissue and circumscribes the intra peritoneal area. Ventrally use the
determination line described in AR 26. Find the point between the rectus muscle
and the transversal abdominal muscle and draw the line in the abdominal

adipose tissue to the lateral aspects of colon. Encircle the colon and then proceed
between the intestines and the muscle of psoas. The line is continued between
intestines and the great vessels to the contralateral side where the line is drawn
likewise. Do not include adipose tissue posterior to colon or the iliac vessels.
(Manual)

AR 27 AT in triangular pad -190 to -30 HU cm’
Use the determination line as described in AR 26 or AR44 as anterior border.

Find the thickest parts of the rectus abdominal muscles and join them with a

line. If the line crosses intestines, then move the line ventrally. (Manual)

AR 29 Organs abdominal -29 to +151 HU cm’
The determination line is drawn in the adipose tissue inside the muscle bone

wall of the trunk and circumscribes the visceral organs. Do not include muscles.
(Manual)

CL 06 Bone marrow (AR16,19)
The determination line is drawn in cortical bone. (Automatic)

AR 16 White bone marrow ( WBM) -190 to -30 HU cm’
AR 19 Redbone marrow ( RBM) -29 to +151 HU cm’
AR 43 Spinal channel 29 to +151 HU cm’

The determination line is drawn in cortical bone and circumscribes the spinal
channel. Close scattered lines in the spinal channel border. (Manual)
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