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Abbreviations

E Excluded; indicates that the fibrous structures embedded in the SAT

are not included in the thickness value.

F Thickness of embedded fibrous structures
| Included; indicates that the fibrous structures are included
ROI Region of interest

SAT Subcutaneous adipose tissue

uUsS Ultrasound

BS Body segments

S Surface area

T Total

v Volume

HE Head

NE Neck

AT Anterior trunk

PT Posterior trunk

BU Buttocks

AU Upper arms

FA Forearms

HA Hands

TH Thighs

LE Legs

FE Feet

Parameters and variables:

b Biceps girth flexed and tensed, in m

g Gluteal (hip) girth, in m

h Stature, in m

m Body mass, in kg

S Sitting height, in m

t Thigh girth at the site front thigh, in m
w Waist girth, in m



d SAT thickness at a given site, in mm (this is the average of the distances

measured in the US image within the region of interest)

D Sum of SAT-thicknesses at all eight sites in a given participant, in mm
p Density kgm™

k Calibration factor: k =k (D); k= dm216/dms
f Normalisation factor f= 100/dm2160
BMI Body mass index: BMI=m/h?, in kgm™
C Cormic index: s/h

MI, Mass index: MI1=0.53-m/(hs), in kgm™
W Waist to height ratio W=w/h
Statistics:

M Mean value

MD Median

N Number of values

SD Standard deviation

SEE Standard error of estimate

US Sites:

UA Upper abdomen

LA Lower abdomen

EO External oblique

ES Erector spinae

DT Distal triceps

BR Brachioradialis

LT Lateral thigh

FT Front thigh

MC Medial calf
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Groups used:

Skin patterning N=100 (50 men and 50 women)

Mean SAT thickness N=10 (all male)

Intra-observer N=39 (26 men and 12 women)
Group 1 (G1) N=19 (12 men, and 7 women) BMI <24.9 kgm™
Group 2 (G2) N=19 (14 men, and 5 women) BMI >25 kgm™

Fat patterning, fibrous structures, and SAT correlations with anthropometric indices

N=153 (82 men and 71 women)

Group 3 N=57 (men) BMI <24.9
Group 4 N=25 (men) BMI >25
Group 5 N=65 (women) BMI <24.9
Group 6 N=6 (women) BMI >25
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Zusammenfassung

Hintergrund: Die menschliche Korperkomposition ist eng mit der Gesundheit und der
korperlichen Leistungsfihigkeit verbunden. Eine, vor kurzem entwickelte, standardisierte
Ultraschalltechnik (US) stellt die genaueste und zuverldssigste Methode zur Messung des
subkutanen Fetts (SAT) dar. Die Methode wurde bisher nur bei Sportlerlnnen und
normalgewichtigen Personen getestet, jedoch nicht bei Gruppen mit Ubergewicht bzw.
Fettleibigkeit.

Ziele: (a) Optimierung der US: Anwendung bei tibergewichtigen und adipdsen Personen,
Untersuchung der Hautdicken an den standardisierten Stellen, Vergleich der mittleren SAT-
Dicken zwischen den acht und 216 Messstellen.

(b) Intra-Observer-Reliabilitdtsuntersuchung mit einem breiten Spektrum von schlanken bis
adiposen Personen.

(c) Untersuchung der Eigenschaften der Korperkomposition: Fettverteilung, Menge der
eingebetteten Faserstrukturen, mogliche Korrelationen der SAT-Dicken mit ausgewéhlten

anthropometrischen Parametern.

Methoden: 82 Minner und 71 Frauen mit einem BMI zwischen 17 und 40 kgm™ und einem
breiten Spektrum an SAT-Dicken wurden untersucht. Die eingesetzte Bildauswertesoftware
ermoglichte halbautomatische Mehrfachdickenmessungen im SAT und die Quantifizierung
der eingebetteten Faserstrukturen (Faszien). Die US enthélt folgende Messstellen:
Oberbauch (UA), Unterbauch (LA), Erector Spinae (ES), distaler Trizeps (DT),
Brachioradialis (BR), lateraler Oberschenkel (LT), vorderer Oberschenkel (FT) und mediale
Wade (MC). Die frither gemessene Stelle External Oblique (EO) wurde in dieser
Dissertation durch die Stelle LT ersetzt. In einer Subgruppe von zehn Teilnehmern wurden
SAT-Dickenmessungen an 216 randomisierten Stellen durchgefiihrt. Die Hautdicken
wurden aus den zur Fettbestimmung aufgenommen Ultraschallbildern ausgewertet. Die
Genauigkeit der US lag im Bereich von etwa 0,1 mm (bei 18 MHz Sondenfrequenz) bis etwa

0,3 mm (bei 6 MHz).

Ergebnisse: Die Stelle EO verursachte grofle Probleme bei libergewichtigen und adipdsen
Personen, weshalb die neue Stelle LT verwendet wurde. Die Hautdicken waren an allen
Stellen, mit Ausnahme von ES, in der méannlichen Gruppe signifikant hoher als in der
Weiblichen. Alle Hautstellen unterschieden sich signifikant voneinander (p < 0.05). Die

Mittelwerte der acht Stellen tiberschétzten die Mittelwerte der 216 randomisierten Stellen,
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da typische Fettdepotstellen {iberreprisentiert darin vorkommen. Die mittlere Dicke der 216
Stellen ergab das 0,65-fache (SD 0.05) des Mittelwerts der acht Stellen (Mittelwerte der acht
Stellen lagen zwischen 3 und 10 mm). Der Korrelationskoeffizient (p) der Intra-Observer-
Studie betrug 0,999, der Standardfehler der Schéitzung war 1,1 mm und 95% der Messungen
lagen innerhalb von + 2,2 mm. In der Subgruppe mit Summen der SAT-Dicken unter 77 mm
lagen 95% der Messungen innerhalb von + 1,4 mm. Mit Ausnahme von BR zeigten alle
Stellen signifikante Unterschiede in der mittleren SAT-Dicke zwischen den Geschlechtern.
Die SAT-Dickensummen unterschieden sich ebenfalls signifikant, wenn Ménner (Median
40,3 mm) und Frauen (Median 76,0 mm) verglichen wurden. An den Stellen ES, DT, LT,
FT, MC und in der Summe der acht Stellen (15% bzw. 9%) wurden signifikante
geschlechtsspezifische Unterschiede in der Menge der Faserstrukturen festgestellt.

Conclusio: Eine hohe Reliabilitdt der US zur Bestimmung von SAT-Dicken kann von sehr
schlanken bis zu adipdsen Personen erwartet werden. Es wurde gezeigt, dass die
Abweichungen bei der Fettschichtdickenmessung mit steigender SAT-Dicke zunehmen, die
prozentualen Abweichungen (in Bezug auf die gegebene SAT-Dicke) jedoch abnehmen. Ein
ausgeprigter Dimorphismus zwischen Ménnern und Frauen wurde fiir die folgenden
Variablen gefunden: Summen der SAT-Dicken, Hautdicken, Menge der Faserstrukturen und
in der Fettverteilung. Es ist daher von Bedeutung bei der Erstellung von Referenzdaten und
bei der Suche nach Grenzwerten fiir medizinische Diagnosen zwischen den Geschlechtern

zu differieren.
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Abstract

Background: Body composition, health and physical performance are closely related. The
most accurate and reliable method for measuring subcutaneous adipose tissue (SAT)
thickness is the recently developed and standardised brightness mode ultrasound (US)
technique; however, the application of this method has not been tested in overweight and
obese people before.

The aims of this thesis were:

(a) to contribute to the methodical developments of the standardised US technique by testing
the applicability of the method in overweight and obese persons, by investigating the skin
thicknesses at the eight standardised sites, and by comparing mean SAT thicknesses of eight
sites to means of 216 randomly distributed sites.

(b) to conduct intra-observer reliability tests in all groups from lean to obese.

(c) to analyse the participants' body composition characteristics in terms of fat patterning,
amounts of fibrous structures embedded in the SAT, and correlations of SAT with

anthropometric indices.

Methods: The 82 men and 71 women investigated covered a wide range of SAT thicknesses,
and BMI ranged from 17 to 40 kgm™. The image evaluation software enabled semi-
automatic multiple thickness measurements in SAT and quantification of the embedded
fibrous structures (fasciae). US measurements were made in accordance with the
standardised method at the eight sites: upper abdomen (UA), lower abdomen (LA), erector
spinae (ES), distal triceps (DT), brachioradialis (BR), lateral thigh (LT), front thigh (FT) and
medial calf (MC). The previously used site external oblique (EO) was replaced by LT.
Additionally, in a subset of ten participants, SAT thickness measurements were performed
at 216 randomly distributed sites. Skin thicknesses were also measured. Obtainable accuracy
of US measurements ranged from about 0.1 mm (at 18 MHz probe frequency) to about 0.3

mm (at 6MHz).

Results: The site EO caused major problems in overweight and obese persons, therefore, the
new site LT was introduced instead. Mean skin thicknesses were significantly higher in men
compared to women at all sites, except for ES, and the thicknesses were also significantly
different at all sites (p<0.05). The means from the eight sites (means of SAT thicknesses

ranged from 3 to 10mm) overestimated the means obtained from 216 sites because typical
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fat depot sites are overrepresented in the set of the eight sites. Within this range of SAT
thicknesses, the 216-site mean was 0.65 (SD 0.05) times the mean of the eight sites.

The intra-observer study resulted in a correlation coefficient of p=0.999, the standard error
of the estimate (SEE) was 1.1 mm, and 95% of measurements were within £2.2 mm. In the
subgroup with sums of SAT thicknesses below 77mm, 95% of measurements were within
+1.4mm. Except for BR, all sites showed significant differences in median SAT thicknesses
between men and women. SAT thickness sums differed significantly when men (median
40.3mm) and women (median 76.0 mm) were compared. Significant sex differences in the
amounts of fibrous structures were found at the individual sites ES, DT, LT, FT, MC, and

also for the sums of the eight sites (15%, and 9%, respectively).

Conclusion: In a wide range of body fatness from extremely lean to obese, high reliability
can be expected when using the standardised US method for measuring SAT. The thickness
measurement deviations increased with increasing SAT thickness, but the percentages of
deviations (with respect to the given SAT thickness) decreased. Pronounced dimorphisms
between men and women was found for the following variables: sums of SAT thicknesses,
skin thicknesses, amount of fibrous structures embedded in SAT, and in the fat patterning.
Therefore, it is of predominant importance to distinguish between men and women when
normative datasets are collected, and when searching for cut-off values for medical

diagnoses.

Keywords: Body composition, Subcutaneous adipose tissue, Overweight, Obesity,

Ultrasound measurement precision.
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1. Introduction

1.1 Anthropometry, body composition and physical performance
Body composition is an important determinant of both health and physical fitness. Body

mass or composition, size and shape are important to enhance performance in many sports
(3). It is common practice to monitor anthropometry and body composition amongst athletes
which provides insights into growth, diet and training adaptions which would otherwise not
be available (4). The impact of physical morphology or physique varies across sports and
competition levels. At elite level, specific and often extreme morphological characteristics
are critical for success e.g. in professional bodybuilders or sumo wrestlers, whereas a wider
range of morphologies are acceptable in other sports such as football, netball, softball etc.
Often, this phenomenon can be explained by special positions in team sports such as a centre
back versus a winger in football, or competition rules in weight category sports. In individual
sports with diverse physique characteristics (e.g. golf, archery etc.), success can be
connected more closely to skill or psychological attributes rather than anthropometric

attributes (3).

Especially weight-sensitive sports are affected by extreme methods to reduce body mass
rapidly or maintain a low body mass to gain competitive advantages (5). According to
Ackland et al. (6), weight-sensitive sports, which are associated with low percentage of body
fat, frequent mass fluctuation and eating disorders, can be summarised into three groups:
gravitational sports, weight class sports, and aesthetic sports.

In gravitational sports, mass restricts performance due to mechanical and gravitational
reasons. For example, in endurance sports body weight is carried over a distance and this
results in a significant energy cost and increased heat production (3). Low body mass, a
smaller stature and lean mass is a noticeable advantage as it minimises heat production (7)
and reduces the energy cost of locomotion (8). Sports in which the power to weight ratio is
important, as gravity has to be “overcome” (ski jumping, high jumping), are another example

of gravitational sports.

In weight class sports, unhealthy body mass reductions can be observed, because of possible
advantages gained when competing in a lower weight category (6). Reale et al. (9) and
Wroble & Moxley (10) showed some evidence that heavier athletes are more successful
within a specified weight category, but this remains a contentious issue and can vary
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depending on the sport discipline and level of competition (3,10-13). Weight class sports are
wrestling, judo, boxing, tackwondo, weight lifting, and light weight rowing.

In aesthetic sports higher scores are expected when the body shape matches a perceived ideal
(6). Coaches and athletes know, that failure to attain the right appearance will result in
lower scores for artistic impression (3). This concerns judged and particularly female sports
of rhythmic and artistic gymnastics (14-16), diving (17), figure skating, and synchronised
swimming (6). According to O'Connor & Catterson the desired physique can be dictated by

social attractiveness more than athletic performance (18).

In biomechanical terms, body fat can be seen as ballast, but adipose tissue also functions as
an endocrine organ and is important for health (5,6). Team doctors and other healthcare
professionals are confronted with the difficult question of how to minimise health and
performance risks for athletes (19,20). The popularity of rapid weight loss and dieting among
athletes seems to be as common and inappropriate today as it was many years ago in weight-
sensitive sports (20,21). Referring to Sundgot-Borgen et al. (20,22), up to 94% of elite
athletes who compete in weight-sensitive sports, report dieting and the use of extreme weight
control measures in order to accomplish their target weight prior to competitions. In all three
groups of weight-sensitive sports (as described above), a high prevalence of disordered
eating and eating disorders has been reported in female athletes. In male athletes, the highest
values can be found in gravitational sports. For female athletes in aesthetic sports, the
prevalence is estimated to be about 40% and in weight class sports approximately 30%. For
male elite athletes the values are 18% in weight class sports and 24% in gravitational sports
(20). Corresponding values in team sports are 5% in male and about 15% in female elite
athletes and in technical sports 4% and 17%, respectively (23,24). Various methodological
factors may explain the dispersion of the reported prevalence e.g. differently used definitions
and assessment tools, different sport disciplines, and different examined athlete groups
(performance level, age etc.). The reports show a higher prevalence in elite athletes than in

athletes at a lower competitive level and the control group (20,23,25,26).

Overall, characteristics such as stature, skeletal lengths and breadth are not adaptable, but
body mass, lean and fat mass are adaptable. According to Slater, O’Connor & Kerr (3),
practitioners who work with athletes and want to change the morphology of the athletes,
should always be motivated by performance improvements. They have to consider the

influence of variance in physique traits on competitive success. On the one hand, it is
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necessary to understand, that physique is just one of an array of fitness traits that can
contribute to the success of athletes, and that the link between physique traits and
competitive success should not be over emphasised. On the other hand, the routine
monitoring of physique traits can offer insights into adaptions of training or dietary
interventions. This allows the practitioner to create an individual database to make an
informed opinion on what can be considered on morphological optimisation for the

individual athlete within their respective sport (3).

1.2 Body composition and health
The World Health Organization (WHO) defines health as:”...a state of complete physical,

mental, and social wellbeing and not merely the absence of disease or infirmity” (27). Health
is an indispensable factor for growth, daily living, improved productivity and quality of life.
The double burden of malnutrition, that includes both under- and over-nutrition, is a
significant global health problem (28). The WHO reported the worldwide prevalence of
obesity nearly doubled between 1980 and 2014. More than 1.9 billion adults are overweight,
and more than half a billion of them are obese (29). In 2010, overweight and obesity were
estimated to account for 3.4 million deaths per year and 93.6 million disability-adjusted life
years (29,30). At the same time, eating disorders are increasingly recognised as an important
cause of morbidity and mortality in young individuals (31). Malnutrition and eating disorders
can cause underweight and body composition disturbances that may lead to severe diseases
like anorexia nervosa, which is associated with alarming mental and physical implications
and a high mortality rate (32-35). Data of Lackner et al. 2019 showed that body composition
assessment in this group can be essential to choose treatment (36).

To optimise performance in physical activity, exercise, and sport settings maintenance of
health is crucial. An increased risk of developing numerous health problems can be caused
by a severely malnourished status (28). As described in chapter 1.1, this phenomenon is
common especially among female athletes in weight-sensitive sports and is known as Female
Athlete Triad (Triad). According to Mallinson and De Souza (37):” Triad represents a
syndrome of three interrelated conditions that originate from chronically inadequate energy
intake to compensate for energy expenditure”. This circumstance leads to insufficient stored
energy to maintain physiological processes, which is known as low energy availability.
Associated with low energy availability, physiological adaptions in turn contribute to
menstrual cycle disturbances or Amenorrhoea. Further, bone health is affected by the

synergistically working downstream effects of low energy availability and suppressed

3



oestrogen concentration, leading to low bone mineral density, compromised bone structure
and microarchitecture, and a decrease in bone strength. Often poor bone health does not have
obvious symptoms and develops silently, incomprehensibly to athletes. Highlighting the
long-term health consequences of Triad, compromised bone health among female athletes

raises the risk of fractures throughout the lifespan (37).

1.3 The development of a novel approach to measure body composition
The impact to develop a new body composition measurement approach, which is designed

for applications in all persons or patients, came out of problems concerning body
composition disturbances and low weight problems or rapid weight changes found in many
sports. The starting point was ski jumping in which low weight and associated body
composition problems caused severe health problems and several cases of anorexia nervosa
(19,38-43). Within the framework of the International Olympic Committee (IOC) Award,
for a project during the Olympic Winter Games 2002 in Salt Lake City, USA, a field study
on low weight and body composition problems in sports was conducted by Wolfram Miiller.
This research led to changes of the ski jumping regulations for the health benefit of the
athletes. The body mass index (BMI)-rule in ski jumping was introduced as well as an
improved measure for the relative body weight termed mass index (MI) (40). It was during
the course of this project that it became obvious that body composition assessment
approaches which are applicable in the field are not as precise and accurate as necessary for
investigations of athletes (19,20). This also holds true for many fields of medical diagnoses,
particularly in diseases which are caused by eating disorders and/or underweight
(6,19,20,34,35).

Based on the success in improving severe health problems in ski jumping, the International
Ski Federation (FIS) has changed the ski jumping regulations, W. Miiller was invited to join
another IOC research group and to contribute to the Consensus Statement on the Female
Athlete Triad. In a following step (2009), the IOC Medical Commission (Arne Ljundquist,
President; Lars Engebretsen, Scientific Director; Patrick Schamasch, Medical Director)
appointed W. Miiller to coordinate and lead a Working Group on Body Composition, Health,
and Performance in Sports (44). In accordance with the primary concern of the IOC Medical
Commission, the protection of the athlete's health must have precedence over all other
perspectives (44). Research projects in the field of Body Composition, Health and
Performance were given prime importance and supported by the IOC Medical Commission

in order to further develop this trans-disciplinary field of research, which is of high
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importance for both sports practice and basic medical research. Most recently, a publication
on relative body weight and standardised ultrasound measurement of subcutaneous fat in

athletes has been published by this research group (45).

1.4 Considerations for physique assessment in athletes
Particularly in athletes, preliminary considerations must be done before measurements are

taken. According to Slater, Shaw & Kerr (46), a range of factors have to be considered to
select the most appropriate technique including technical issues of safety, validity, precision,
and accuracy of measurement. Further, practical issues have to be considered such as
availability, financial implications, portability, invasiveness, time effectiveness, and
technical expertise necessary to conduct the procedures. The ability of body composition
methods to accommodate the unique physique trait characteristics of some athletes also
must be considered. For many reasons, special body types e.g. tall, broad, very muscular, or
extremely low body fat levels, can be more challenging to assess. It is important to
understand the variables of interest to be assessed and have an understanding of whether the
assessment is an one-off measure, or a measure to track changes longitudinally, which most
often occurs in athletic groups (4). Finally, when collecting data, the highest priority should

always remain the physical and emotional well-being of the athlete (46).

1.5 Body Composition assessment methods
The assessment of human body composition has played an important role in various fields

of medicine and over the past century a great number of techniques and equations have been
proposed. But each method has its advantages as well as limitations. According to the
Position Statement of the I[OC Medical Commission Working Group on Body Composition,
Health, and Performance (6), there is no universally applicable criterion or “gold standard”
methodology to quantify body composition at the moment. To better deal with the wide
variety of methods, Lohman, Milliken & Sardinha (47) categorised all methods by level of

accuracy in estimating body fatness (see table 1).



Table 1: Body composition methods by level of percent fat accuracy.

Adapted with permission from T.H. Lohman, L.A. Milliken, and L.B. Sardinha, “Introduction to Body
Composition and Assessment,” in ACSM's Body Composition Assessment, edited by T.H. Lohman and L.A.
Milliken for the American College of Sports Medicine (Champaign, IL: Human Kinetics, 2020), 2.

Level 1 Level 2 Level 3 Level 4
Reference methods Laboratory methods Field methods Field methods
(1%-2%) (2%-3%) (3%-4%) (5%-6%)
Body mass index

Multicomponent models Dual-energy X-ray absorptiometry (DXA) | Skinfolds (BMI)

Densitometrie: Water displacement Bioelectrical
Magnetic resonance imaging | densitometry, or air displacement impedance analysis
(MRI) plethysmography (BIA) Body size indexes
Computed tomgraphy (CT) | Body water (Hydrometry) Cirumferences
Cadaver dissection Ultrasound *

Three-dimensional scanning combined

with US

* Remark: Ultrasound is also applicable in the field. Concerning the accuracy, image resolution of today's B-
mode US systems (probe frequencies 12- 18 MHz) for measuring thicknesses of SAT layers is app. 0.1 to 0.2

mm, and reliability was found to range from + 1.1 mm to + 1.2 in athletes, and from * 2.2 to £ 2.9 in persons
with larger fat amounts

The level 1 category includes the reference methods which are the most accurate. Level 2
contains the laboratory methods and the third and fourth levels the field methods, where the
third level is more accurate than the fourth level (47). The different methods (reference,
laboratory and field) are described in the following chapters (1.5.1 to 1.5.3). All categorised
methods (see table 1) are introduced in this thesis, and at the end of each section a table
summarises the characteristics.

It also has to be mentioned that within the molecular and anatomical approaches body
composition methods can be further classified as direct, indirect or doubly indirect (6). Direct
methods measure the specific/targeted aspect or process, e.g. cadaver dissection, total body
water (TBW), isotope dilution, and neutron activation etc.(48). Indirect methods measure a
surrogate parameter to estimate tissue or molecular composition. Doubly indirect methods
use one indirect measure to predict another indirect measure (e.g. via regression equations).
Using regression equations also means that these approaches are sample specific (6).
According to Hawes and Martin (49) these categories can be classified as levels of

validation.

1.5.1 Reference methods
Reference methods are the most accurate techniques for assessing body composition. They
have often been employed as criterion method to validate other techniques. Reference

methods presented in this thesis are multi-component models, medical imaging (magnetic
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resonance imaging, MRI; computer tomography, CT), and cadaver dissection. As described
in chapter 1.4 also in reference methods, considerations have to be made based on limited
applicability for monitoring athletes. These limitations include feasibility (cadaver
dissection), time and financial costs involved (MRI), a lack of published normative data
(multi-component models), and unnecessary radiation exposure (CT). Also, sensitivity
(acuteness) of some of the accepted reference methods is not completely clear (6). For a
better understanding of body composition, the following part gives a brief description of

human body composition analysis approaches and the different models (50-52).

Human body composition analysis approaches:

In 1992, Wang, Pierson & Heymsfield. (52) proposed a five-level model for organising body
composition research (53).

Aragon et al. (48) summarised the work of Lee (53) in their review, regarding the five levels
of human body composition and their assessment methods as follows: “Each level has
different components, eventually deemed compartments, and have undergone further
organization to include two (2C), three (3C) and four (4C) compartments”.

This organisational structure is listed below, and additionally to these chemical (molecular)
approaches, the anatomical 4C model (tissues) is added (6):

1. Atomic level: hydrogen, oxygen, nitrogen, carbon, sodium, potassium, chloride,
phosphorus, calcium, magnesium, sulfur

2. Molecular level: Fat mass (FM), (TBW), total body protein, and bone mineral content
are included in the 4C model. The 3C model contains either FM, TBW, and nonfat
solids or an alternate model FM, bone mineral, and residual mass. In the 2C model
FM and fat free mass (FFM) are included.

3. Cellular level: In the 3C model cells, extracellular fluids (ECF), and extracellular
solids (ECS) are included. In the 4C model body cell mass, FM, ECF, and ECS are
included.

4. Tissue-organ level: 4C model includes adipose tissue, skeletal tissue, muscle and
connective tissue, and other (e.g. visceral organs)(6).

5. Whole body level: head, trunk and appendages.



Models of human body composition:

This part of the thesis is dedicated to the different models of human body composition. First,
the simpler models with more assumptions are introduced followed by the more complex
and accurate multicomponent models (several methods are involved) with viewer
assumptions.

Two-component model

The two-component model (2C) estimates FM and FFM on the chemical level. FM includes
all ether-extractable lipid in the body and FFM all other tissues (54). Methods using the 2C
model are hydrodensitometry (under water weighing - UWW), air displacement
plethysmographie (ADP/Bod Pod), body water, skinfold thickness, and bioelectrical
impedance analysis (BIA). The 2C model operates under the assumption that water, protein,
and mineral content of FFM are constant. E.g. when estimating body fatness via
densitometry by UWW in adults it is usually assumed that the density of fat is 0.90 g/cm?,
the density of FFM is 1.1 g/cm? and that FFM contains 73.8% water, 19.4% protein, and
6.8% mineral (54). Using the hydrometry method, it is assumed that water makes up a
constant fraction of the FFM (54-56). Although methods using the 2C model are reasonably
accurate in most people, variability among individuals in the assumed parameters results in
considerable errors in the assessment of body composition. (54,57). In some subgroups
(children (58), diseased subjects (59), and athletes (60,61)), systematic errors exists as the
makeup of the FFM is different than assumed. According to Bea et al. (54), in these groups
different constants have to be used for accurate body composition assessment when using a
2C model.

Because of their relatively low cost, non-invasiveness, and ease of operation, 2C model-
based methods are common in clinical practice, and sports settings and represent the most

commonly used approach for adults (48).

Three-component model
The first of the multi-component models adds an additional estimate of some component of

FFM like TBW (i.e., fat, water, residual), using tritium- or deuterium-labelled water dilution
techniques (54). According to Ackland et al. (6), it is the most practical multi-component
model and can estimate fatness within standard errors of estimate of 2.0-2.5%. The measured
components are body weight, TBW, and body volume to get FM, TBW, and dry FFM
(mineral and protein) (54). Specific hydration levels are assumed using this assessment of

body composition (55). It is still subject to confounding from inter-assessment differences in



hydration, glycogen, and muscle creatine levels that can be significant in athletic groups with
distinct exercise and recovery cycles (48,62,63). Additionally, other 3C model exist where
other components of FFM are measured directly (54) (e.g. bone mineral content, FFM, and

FM based on DXA).

Four-Component Model
The 4C model adds an estimate of mineral (i.e. fat, water, mineral, and residual) to the 3C

model. Due to the comprehensiveness and accuracy, the 4C model is the state of the art
method, to which all other models should be compared (48,64,65). But logistical challenges
limit the method to occasional use in primary research (48). It determines the total body fat
content measuring the hydration status (D>O-diliution method), density (UWW or ADP),
bone mineral density (DXA), and body mass (scale), (2).

The 4-component equation is always in the form of:
Fat mass = C; BV-C; TBW+C; M-Cs BM

where components (C) 1 to 4 are body volume (BV), total body water (TBW), bone mineral
(M) and body mass (BM) (6).

Five Component Model
Streat, Beddoe & Hill (66) tried to improve the 4C model by using a five-component model

in which the body is conceived as consisting of water, protein, mineral, glycogen, and fat. In
this model, neutron activation analysis (NAA) is used to measure total body protein (TBP)
and tritium dilution is used to measure TBW. Total body mineral (TBM) and TBP are
assessed by assuming a constant relationship to TBW: The FFM is the sum of the first four
components. The difference of BM and FFM yield to the fat component. On the one hand,
the advantage of this model compared to the ones described above is that TBP is measured

directly. On the other hand, body mineral and glycogen are not directly measured (54).

Six-Component model
Heymsfield et al.(67) proposed a 6-component chemical model in the search of a more

refined, definitive reference method. In this model, the body consists of water, protein,
glycogen, osseous bone mineral, non-osseous bone mineral, and fat. Neutron activation
methods are used to measure total body nitrogen, calcium, chloride, sodium, and carbon.
Whole-body potassium-40 counting to measure total body potassium and tritium dilution

method for assessing TBW are used. All components in the model are measured directly,



accounting for over 97.5% of body weight. Compared to the 4C and 5C model, the 6C model
has the advantage that TBF is directly measured from total body carbon and not calculated
(54). In the study of Heymsfield et al. (67) a high correlation between body weight and
calculated body weight, and density and calculated density from the 6C model existed.
Therefore, this approach seems to be very accurate. Wang et al. (68) used a slightly modified
approach and compared the fat content from the 6C model with estimates from 16 other
laboratory and field methods. The results showed very high agreement between the estimates
of the 6C model and the estimates from the 3C and 4C models, which included measurement
of TBW. When using a 3C model based on DXA or a 2C model based on UWW slightly
less agreement was found. Bea et al. (54) consider the 6C model to be the most accurate
method for measuring body composition in living humans, but access to the appropriate

measurement techniques limits its applicability.

1.5.1.1 Multi-component models

Multi-component models are the best reference methods for estimation of total body fat
(6,51,64,65,69). Their precision and accuracy are both in the order of 1-2% (6). Multi-
component models measure TBF on the molecular level (which is not identical with total
adipose tissue on the tissue-organ level). As described above there are 6-, 5-, 4-, and 3- multi-
component models available for body-fat estimation (50,70). However, multi-component
models require access to expensive and sophisticated technology and are time consuming.

This often places them out of reach for practical applications in sport (6).

Table 2: Features of Multi-component models
Advantages Limitations

Cautions and Assumptions

- Currently most - Long analyses process - Bone mineral includes

appropriate reference (depending on the number | other mineral in other

method of compartments from one | tissues

- Considers variability of
water and bone mineral
content and in this way
invalidates the 2-

component model

to more than six hours)
- Expensive technology
- Lack of published

normative data

- Constant proportion of
protein to water
- Constant densities of each

component were assumed

Cited from Ackland et al. (6)
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1.5.1.2 Medical imaging: magnetic resonance imaging and computed
tomography

MRI and CT are imaging techniques which provide highly accurate measurements of human
body composition at the tissue-organ level (52,71-73). Due to the high precision and validity
of both methods, they are considered as reference methods (6,72). According to Heymsfield
et al. (73), the techniques provide high image resolutions of body tissues (adipose tissue,
connective tissue, vessels, skeletal muscle and organs) in the sagittal, coronal and axial
anatomic planes.

MRI uses a strong magnetic field (1.5-3.0 TESLA) to align positively charged protons in the
body’s tissues (72). A radio frequency system is used for signal generation and processing
(6). The system sends a radio frequency wave which activates the protons and they absorb
the wave until the pulse ceases at which time the protons release energy. Depending on the
water content, different tissues contain different amounts of hydrogen. The properties of the
protons (alignment, relaxation time and density) in different body tissues are determined.
The data is digitised to provide a grey scale image which quantifies the different body tissues
(72). Detailed information on MRI can be found in Runge et al. (74) or in Liang & Lauterbur
(75).

MRI is on the one hand a safe and non-invasive method using magnetic fields. On the other
hand, it is a very costly technique that requires powerful software for analysis involving
setting thresholds for different tissues. The used software packages are not designed for
quantifying tissue dimensions beyond the organ level (6). Ross showed that whole body
scans are possible but take about 30 minutes in total, depending on the used machine and
technique (76). Full body composition assessments by MRI are limited by the accuracy of
measurement due to the pixel size of about 2x2 mm? commonly used for these scans. This
problem especially affects measurements in lean athletes. Further, there are difficulties in
the selection process of boundaries between tissue layers which limits sensitivity (6). To
address some of these limitations, a new technique named quantitative magnetic resonance
(QMR) has been developed. QMR measurements take from 0.5-3.0 minutes for a whole-
body scan, but more validation work in humans is necessary (72).

The CT process measures the attenuation of X-rays through the tissues of the body and are
shown as cross-sectional images. They are displayed by a two-dimensional map of pixels
and given a numerical value. These numerical values are called Hounsfield Units (HU)
related to the electron density. The HU ranges of different tissues (e.g. skeletal muscle, bone,

visceral organs and brain) are known and represented by different shades. The shades range
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from most dense (white, water) to least dense (black, air) (72,77). To get the tissue area, the
pixels of known depth and the number by the width of the cross-sectional image are
multiplied. This allows the creation of a three-dimensional image. Software’s of CT-
machines are able to automatically analyse the tissue type based on HUs and provide
summary information (72). For further detailed information on CT the readers are referred
to Heymsfield et al. (73), Silver et al.(78), and Prado & Heymsfield (79)

Due to an unjustifiable high radiation dose, full body composition assessment is not feasible
(6). According to MacKenzie-Shalders (72) CT can ethically not be supported for individual
or repeat body composition assessments. Especially the latter would be necessary for
athletes.

All in all, the techniques are generally only used for athletes as part of a research project or

for clinical purposes due to constraints in cost and availability (72).

Table 3: Features of MRI and CT

Advantages Limitations Cautions and Assumptions
- High accuracy and - Expensive and long - MRI and CT are designed
reproducibility analysis procedure primarily for diagnostic use
- MRl is a safe method - Cannot accommodate rather than quantifying
using magnetic fields large body size (e.g. BMI > | tissue dimensions
- Clear compartmental 40) - Assumptions about tissue
tissue data (bone, - High radiation exposure densities are necessary
subcutaneous, regional and | with CT relating anatomical
visceral adipose tissue, - Slight movement can dimensions to tissue masses
connective tissue, vessels, | impact measurement and - For assessing deep fat
skeletal muscle and organs) | require a re-measurement depots more assumptions

- Missing reference ranges | and vast computing power

for body composition are required

assessment

Cited from Ackland et al. (6), Aragon et al. (48), Lee & Gallagher(53), and MacKenzie-Shalders (72)

1.5.1.3 Cadaver dissection

Cadaver dissection provides the best data on human body composition (80). Although body
composition is popular, there are only a few dissection data (81). Despite the obvious
limitations (time, costs, and ethical barriers) cadaver studies were important to test several

assumptions related to body composition assessment (81-83). As individual analyses cannot
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be utilized with the dissection method, practitioners have turned to other reference,

laboratory and field methods to estimate body composition (6).

Table 4: Features of cadaver dissection

Advantages Limitations Cautions and Assumptions
- Can be used to validate - Small number of cadavers | - Due to the limited number
other indirect methods and none were athletic of dissected specimens,

- Limited range of these cannot be

structures representative for the range

- Tedious method of different body types and

- Body fluid gets lost compositions, especially

- Cannot be used for among athletes

individual analysis

Cited from Ackland et al. (6)

1.5.2 Laboratory Methods

Nowadays laboratory methods (particularly for the assessment of athletes) have a higher

status in practice as the availability has increased, and the costs have dropped.

1.5.2.1 Dual Energy X-Ray Absorptiometry

About 30 years ago DXA was developed (84). It has been historically used to assess bone
mineral content and density to diagnose osteoporosis and osteopenia and considered to be
the reference method for such assessments (85-87). However, in recent years DXA has been
used increasingly in the quantification of soft tissue. DXA allows whole body measurements
of fat and lean mass and can be used to get information on regional body composition
including visceral adipose tissue (87,88).

The DXA method uses filtered x-ray beams at two different photon energies. They were
transmitted through the body which are attenuated differentially by bone, fat and lean tissue
(6). In theory, to assess all three components, measurements of three different photon
energies would be necessary. Therefore, the DXA technology can only be used to estimate
the fractional masses of two components in any one pixel (87,89). In non-bone containing
pixels, fat and bone mineral free lean can be measured and in bone containing pixels, bone
mineral and soft tissue can be measured. In bone containing pixels the proportion of fat and
bone mineral free lean is assumed to be the same as the neighbouring non-bone containing

pixels (segment constancy is assumed). The software automatically integrates single pixel
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data into a whole-body output (87,89). In a whole-body scan, this assumed ratio (fat to bone
mineral free lean) in soft tissue is applied to upwards of one-third of pixels. Lands et al.(90)
and Roubenoff et al. (91), showed that the identification of composition changes in regions
of low bone-free pixels like thorax, arm or head are less reliable. At the moment, there are
three different types of beam technologies in use: pencil-, fan-, and narrow-fan beams.
Depending on the particular type that is used differences in scanning time, radiation exposure
and potentially the accuracy of the estimates occur (87,92).

The radiation exposure to participants and technicians is one of the concerns with DXA.
Although the dose from one whole-body scan is small, cumulative exposure from serial
scanning as normally used in athletes could be significant (87,93,94). Ackland et al. (6)
recommends using not more than four measurements per annum. This is firstly because of
the cumulative radiation dose and secondly, due to the error of measurement. The error of
measurement affects the ability to detect small changes in body composition over time.
DXA has been validated against the four-compartment model. While the data of Prior et al.
(61) suggests a good agreement in healthy, young males and females, other studies came to
the conclusion that DXA underestimates body fat (95), especially among leaner individuals
(96,97). Stewart et al. (98) even described negative fat values on the torso in an athletic
population. Possible reasons could be individual variation in fat free mass hydration (95) or
differences in anterior-posterior tissue thickness (97). Further validation studies concluded
that DXA can predict regional (99) and whole-body (100) skeletal muscle mass accurately.
Ackland et al. (6) summarised the DXA method in his review as follow: ”"DXA, though a
reasonably precise whole-body method, is not reliable in producing accurate fat estimates
of lean athletes, although its assessment of total and regional FFM is generally acceptable

if total scanned mass equates to scale mass.”

Table 5: Features of dual energy x-ray absorptiometry (DXA)

Advantages Limitations Cautions and Assumptions
- High accuracy and - Small amount of radiation | - Soft tissue gets
reproducibility exposure interpolated where bone is
- Whole body approach - Not portable detected

- Regional compartment - Expensive equipment - Magnification errors and
analysis possible - Limited scan bed size beam hardening are

- Valid measure of visceral | (especially athletes) assumed to be insignificant
adipose tissue
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- Cost and time efficiency
- Independent of hydration
status

- Non-intrusive

- Gold standard for
diagnosing osteopenia and

osteoporosis

- Trained technician
required

- Different calculation
algorithms are used from
manufacturers and are not
published

- Accuracy differences in
pencil- vs fan-beam

- Cannot scan if pregnant
- Lack of comprehensive

normative data for athletes

- Estimation of fat mass is
confounded by trunk
thickness (error increases
alongside degree of trunk
thickness)

- DXA may be unreliable
for longitudinal studies of
subjects who undergo
major changes in glycogen
or hydration status between

measurements, when

compared to 4 component

model

Cited from Ackland et al. (6), Aragon et al. (48), and Slater, Nana & Kerr (87)

1.5.2.2 Densitometry

The term densitometry refers to the general method of determining body composition
through body density (101). Body density is the body mass divided by the body volume. The
mass 1s first determined via a calibrated scale. There are two ways to get the volume:
hydrodensitometry (UWW) or air displacement plethysmography (ADP). Both methods are
based on the 2-component model. As described in point 1.5 the 2C model estimates FM and
FFM. Therefore, a constant density of each component is assumed and then relates the
measured whole-body density to a percentage of body fat (6,56,102). The specific gravity of
water 1s 1000 kg/m?. Lipid is the only constituent of the body which has a lower one, and its
buoyant force is opposed by all other, denser constituents (6). According to Going, (101)
the utility of this approach as a reference method is limited, as the variations in water and
bone mineral content of the FFM among populations and individuals affect its density.
Traditionally, UWW has estimated total body volume via Archimedes’ principle. ADP
follows a similar approach, but the participants are placed in a sealed air capsule with two
chambers instead under water. Previous attempts, using Boyles Law which states that the
product of density (P) and volume (V) of the two chambers is equal (P1V1 = P»V>), had
shown the principles of ADP (103). However, Gnaedinger et al.(104) and others (105)
reported significant errors using this approach. The errors resulted by violating the

isothermal requirements of Boyle’s Law due to the introduction of a participant in the
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measurement chamber (103). In 1995, the Bod Pod (Life Measurement Inc., Concord, CA,
USA) was introduced. The system comprises a sealed measuring chamber and a reference
chamber (beneath the seat) linked by a flexible airtight diaphragm, which is perturbed to
induce small pressure changes between both chambers (6,103). Using Poisson’s Law, the
Bod Pod measures the inverse pressure-volume relationship between the chambers (at a
fixed temperature), to calculate the volume of the participant (6,103,105). In both
measurement techniques, the estimation of residual lung volume is necessary and needs
additional equipment and expertise (6). The Bod Pod offers the possibility to estimate the
thoracic gas volume by its in-built pulmonary plethysmography device (103). Clothing is
also an important factor. Swimwear is recommended, as errors occurred in test retest
reliability wearing gym apparel (106).

The Bod Pod has been shown to be a reliable device for fat measurements across different
body types, ages and ethnicities (107-111). The technical error of measurement for percent
body fat is between 0.4 and 1.24% (112,113) and the coefficient of variation between 2.0
and 5.3% (107,110). ADP has been shown to underestimate fat mass when compared to MRI
(114) , DXA (115), 3C (115) and 4C (116,117) methods. Differences in the percentage of
body fat have been shown between sexes for UWW and ADP (118). Comparisons between
UWW and ADP showed that ADP underestimated body fat in absolute terms by 8% in lean
female athletes (119), underestimated TBF at lower fat values as well as overestimated TBF
at higher fat values in male children (120), and mostly underestimated fat mass (average of
2%) due to a higher measured body density in male college football players (115).

Despite their popularity both techniques (UWW and ADP) adopt the 2C model and therefore
assume density of FFM to be constant. In many groups of athletes, this assumption is
violated. Hence, caution is necessary when interpreting body-fat results from these

approaches (6).

Table 6: Features of densitometry

Advantages Limitations Cautions and Assumptions
Uww

- Whole body approach - UWW requires - UWW requires estimation

- Simple calculation considerable participant of residual volume and

- Good test-retest reliability | involvement (completely other entrapped air spaces

- Accurate in determining exhaled, submerged)

body density
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- Many reference data are
available (also for athletic

populations)

- Errors in measurement of
thoracic gas volume can
confound the assessment of
body composition

- The density of FFM is
assumed as constant, but
can vary within age, sex,
race and training status

- Individual tissue
components can not be
deduced by the density

- The method does not
support strength trained
individuals, children and

people with osteoporosis

- UWW uses invalid
assumptions regarding the

density of fat-free tissue

ADP

- High reliability for body
fat percentage, body density
and thoracic gas volume in
adults

- Non-invasive

- Quick

- Same-day test-retest
reliability has been shown
to be slightly better than
Uuww

- ADP is easier to
administer, more time
efficient and requires less
participant involvement
and/or discomfort than

hydrodensitometry

- Tends to underestimate
FM compared to MRI,
DXA, the 3C and the 4C
model

- Disease states can reduce
accuracy

- Errors can occur in
reliability due to clothing,
facial/body hair and
exercise prior testing

- Expensive

- The method does not
support strength trained
individuals, children and

people with osteoporosis

- Assumptions about the
thermal air properties
within the measurement
chamber are made by ADP
- Estimation of other
entrapped air spaces are
necessary using ADP.
Therefore, invalid
assumptions regarding the
density of fat-free tissues

are in use.

Cited from Ackland et al. (6), Aragon et al. (48), Going (101) Shaw & Kerr (103), and Davis et al. (121)
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1.5.2.3 Hydrometry

Except in very obese people, water is the largest single component of the body comprising
about 50-70% of body mass (6). The water content of different tissues varies. Water is mostly
found in the fat-free body in a relatively constant amount of 70-80% (6,122). For adipose
tissue different amounts of water content (10-20%) were found in the literature (123,124).
Assuming a constant hydration (72-73%) TBW can be used to estimate both FM and FFM.
Variations in hydration status is the main limitation of this approach related to athletes (6).
The doubly labelled water technique is a non-invasive technique to measure the rate of
carbon dioxide production in participants over a period of 7-14 days. Doubly labelled water
means water that contains higher concentrations of both deuterium (*H) and oxygen-18
(180). They are stable and non-radioactive isotopes, which are naturally found in the human
body, in water, and in other molecules which contain hydrogen and oxygen. Doubly labelled
water is consumed by drinking. Timed samples of two body fluid samples from urine, blood
or saliva are taken before (natural background level) and after consumption, allowing enough
time for penetration of the isotope (122,125-127). The volume in which the isotope has been
diluted can be calculated when the amount of isotope, the baseline, and equilibration
concentrations are known (127).

Currently, deuterium is the most commonly used isotope for the measurement of TBW
(6,122,125). According to Schoeller (127), oxygen-18 would have the advantage that its
dilution space more closely approximates TBW, but it can only be measured adequately by
isotope ratio mass spectrometry. Further, the costs of '*O-labeled water are about 15 times
higher than that of deutertum. Deuterium can be measured in two ways: infrared
spectrometry and mass spectrometry. Mass spectrometry should be preferred as greater
technical errors were found using the infrared approach (122).

The dose of the isotope that is being administered as well as the chosen analytical method
are the depending factors for the precision of measuring TBW (127). The precision for the
dilution method using mass spectrometry, particularly high-precision isotope ratio mass
spectrometry is stated in the literature with 1-2% (122,127-130). According to Blew
Sardinha & Milliken (122) the accuracy of dilution techniques to estimate TBW is excellent,
but a bias in the estimation can occur if there is failure to reach equilibrium. As stated by
Schoeller et al. (127) the accuracy of dilution techniques dependents on the estimate of
nonaqueous exchange, corresponding to about 1%. In terms of body composition, the major
source of error arises when using TBW to estimate FFM, as the use of 2C hydrometric

models is necessary, which assume a constant hydration of 72.3% (122). The main limitation
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of this method is the variation in hydration levels among participants particularly in athletes
(water comprises about 74% of skeletal muscle (60)). According to Ackland et al. (6), body
water can be used to determine fatness within 3% and when combined with body density, to
within 2%.

All in all, TBW can be accurately and reliably measured but expenditure of time, cost, lack
of availability and technical issues make it uncommon especially amongst athletic
populations (122,125). The assessment of body fat is based on the 2C model and therefore,
assumes a constant hydration. If a standardised protocol could be developed to manage the
total water status to be constant between 72-73% 24h before the test, then TBW could
become a reference method to estimate FM and FFM (122).

Table 7: Features of hydrometry

Advantages Limitations Cautions and Assumptions

- Whole body approach - Time consuming (~6h) - The tracer is not
- Easy to administer - Expensive metabolized and distributed
- Minimal  participant | - The assessment is affected | homogeneously equally
involvement by a acute ingestion of a | across all components

- Urine, saliva or blood can | large bolus of fluid - Invalid assumptions are

be used to estimate the | - Method do not support | used regarding the hydration
dilution people with cardiac or | of fat-free tissues

kidney disease or those with
oedema and other fluid

retention problems

Cited from Ackland et al. (6), Blew Sardinha & Milliken (122), Rush (125), and Schoeller (127)

1.5.2.4 Three-Dimensional Scanning

Three-dimensional (3D) photonic scanning is used to measure surface anthropometry
characteristics such as body volume, segment lengths, and girths in a time-saving way. Laser,
light or infra-red technologies are used to acquire the shape. The most common devices use
class 1 (eye safe) lasers or structured light projected onto the body surface. The position of
the projected light is captured by multiple digital cameras (arranged in columns and
measured from head-to-toe in a co-horizontal plane). A software reconstructs the body
contour of the acquired image using a mathematical algorithm based on triangulation (131).
Currently, there are only a few data of 3D anthropometry scanning for research purposes in

health and sport science available (131,132). 3D scanning data have shown fundamental
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differences between men and women in BMI-shape relationships (133), have investigated
the effect of age in varying shape at a given body size (134), and have found out the
contrasting shapes of different ethnicity with similar BMI levels (6,135). In 2006, Wang et
al. (136) validated a 3D photonic scanner against UWW and tape measure for the
measurement of body volumes, dimensions, and percentage body fat. The values obtained
with a 3D scanner were significantly greater than those obtained by UWW for body volume,
and then those obtained with a tape measure for circumferences. The values for percentage
body fat were not significantly different between 3D scanner and UWW (136). Ryder and
Ball (137) compared body fat percentage measured by DXA, Bod Pod and 3D scanning in
85 male participants and the results showed significant differences between the three
methods.

On the one hand, the 3D scanning approach measures body volume with some accuracy but
includes the same assumptions and limitations (constant density assumed, lung volume
determination necessary) as the densitometry when estimating FM and FFM. On the other
hand, the rapid profiling enables great numbers of participants to be measured within the
limitations of time and cost. In future body composition research, the combination of 3D

scanning with other methods like ultrasound or DXA could represent a major advance (6).

Table 8: Features of three-dimensional scanning

Advantages Limitations Cautions and Assumptions

- Minimum subject - Clothing colours and - Clothing tightness does

involvement textures can affect image not influence the body’s

- Rapid data acquisition quality profile

(10-15 sec.) - Hirsutism influences body | - Overestimation of body
volume volume due to hair or

- Method does not support | clothing

strength trained individuals | - Uses invalid assumptions
and other populations such | regarding the density of fat
as osteoporotic and children | and fat free mass

- Lack of data in athletic

population (percentage fat)

Cited from Ackland et al. (6)
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1.5.3 Field Methods

Many field techniques are in use to estimate body composition. They are used in sports as
well as in health applications, but with varying degrees of validity (6). In this chapter,
skinfolds, circumferences, bioelectrical impedance analysis (BIA), and different indexes of

body size are covered.

1.5.3.1 Surface anthropometry

In 1921, Matiegka (138) introduced the acquisition of surface dimensional measurements as
surrogate parameters of body composition. Many different approaches were developed and
already in 1988 over 100 body-fat prediction equations had been developed from skinfold
measurements (6,139). According to Lohman (6,139), the differences in sampled
populations and lack of rigour in standardisation leaded to inconsistent outcomes. Therefore,
the Anthropometric Standardization reference Manuel (139) was published. For the first
time clinicians and researchers had a standardised set of anthropometric dimensions. In
1986, the International Society for the Advancement of Kinanthropometry (ISAK) was
formed and established a carefully designed training and certification process for
anthropometrists (140). In 2001, the first edition of the International Standards for
Anthropometric Assessment (141) was published. To assess body size, shape and
composition the ISAK protocols should be followed. For a restricted profile, this approach
includes two basic measures, eight skinfolds, five girths, two breadths, and takes
approximately 10 minutes. The full profile contains four basic measures, eight skinfolds
thirteen girths, eight lengths and heights, nine breadths, and takes up to 30 minutes (142).
The skinfold approach assumes that a double layer of skin (fold) plus the underlying
subcutaneous adipose tissue (SAT) are representative of overall body fatness, as over 50%
to 70% of body fat is located subcutaneously (140). According to Brandon et al. (140) several
skinfold thicknesses can be used to estimate total percent body fat with a SEE in the range
0f 3% to 4%. The methods are reliable and valid if ISAK training is undertaken (142) . Hume
et al. (143), investigated the importance of accurate skinfold measurement site location using
ISAK standardised sites. The study showed, that varying the site by as little as one centimetre
produces significant differences in the majority of obtained values when experienced
anthropometrists (ISAK Level 4) measure the same subject. No site was totally free from
this variation. Therefore, it is essential to identify, mark and measure the defined sites

correctly (142). Currently both, raw skinfold data and converted values to body density and
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percent fat are in use (4). On the one hand Lohman (144) showed the well-established
relationship of skinfolds to body fatness. On the other hand, a multitude of equations exist
for predicting percent body fat and body density. Many of these equations have not been
cross-validated or are sample specific (140). Sinning et al. (145,146) investigated the validity
of generalised equations from Durnin and Womersley (147), Jackson and Pollock (148) and
Lohman (144) for the use in male athletes and equations by Durnin and Womersley (147),
Jackson, Pollock and Ward (149) for the use in female athletes. Of the 21 evaluated equations
for male athletes only three had not significantly different values from UWW percentage of
fat (146). In female athletes, only two equations were shown to be acceptable (145).

Data published by Kerr and Stewart (150) show that the average skinfold magnitude across
sites assessed by qualified ISAK anthropometrists, is generally higher in females than in
males and varies considerably by sport. In both, extreme obesity and extreme leanness, the
sexual dimorphism becomes less apparent (fat patterning becomes similar) (6).
Circumferences also have been used to measure body fatness independently (SEEs 3% to
4%), or in combination with skinfolds to assess body composition (140). In the past decades,
more than 17 circumferences have been used to calculate percent body fatness (abdomen,
arm, waist, calf, and forearm are the most often used) (151-153). However, according to
Thorland et al. (154) combining circumferences and skinfolds does not increase the body fat
prediction compared to the skinfold approach alone. Skeletal breadths were also tested to
estimate body fatness with a SEE of >4% and therefore offers no improvement over the
skinfold approach (6). Waist circumference (WC) is often associated with abdominal
adiposity. According to Brambilla (155), WC is a good predictor of visceral adipose tissue
(VAT). However, Bouchard et al. (156) showed that WC is better correlated to TBF than to
VAT and that body mass index, fat mass and WCs are equally correlated to VAT. Another
approach to predict VAT are abdominal diameters. They have been associated as indicator
for visceral fat (157) , metabolic syndrome (158), cardiovascular risk (159) and change of
shape during weight loss (160). According to Ackland et al. (6), abdominal dimensions
might not initially seem to be a strong candidate for the use in athletes, but it is possible that
they could provide a framework for a normal anticipated shape, once normative data have
been established.

On the one hand there is the advantage of a simple and highly portable field method with a
big data pool available for comparisons of athlete measures for many sports. On the other

hand, skinfold calipers compress the SAT and two times the skin resulting in variations of
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the measurements. Skilled technicians and standardised equipment are needed for valid and

reliable results (142).

Table 9: Features of surface anthropometry

Advantages

Limitations

Cautions and Assumptions

Reliable values with
trained technicians
Regional assessment
possible

Many norm values
available to compare
Legitimate for test -re-
test on individuals
Low cost, easy data
collection

Useful for monitoring
fat changes in children
because of their small
body size and their fat
stores are primarily

subcutaneous

Most skinfold calipers
have an upper limit (45-
60 mm). Therefore, the
application is limited to
moderately overweight
and thin participants
Measurement reliability
depends on the
experience and skill
level of the technician
Only samples the
subcutaneous fat
deposit

Can be intrusive for
some individuals

Some sites are difficult
to achieve
Standardisation of the
method is essential
Numerous equations
available and they are

sample specific

Consistent fat
patterning

Fixed relationship of
subcutaneous to internal
fat

Constant skinfold
compressibility
Constant ratio of skin to
adipose tissue

Lipid fraction and water
content of adipose

tissue

Cited from Ackland et al. (6), Aragon et al. (48), Brandon et al. (140), and Hume et al. (142)

1.5.3.2 Bioelectrical impedance analysis

BIA uses the principle that the total volume of a conductor can be estimated from its length
(L) and the resistance (R) to a single frequency electric current (L?R) and applied this
approach to body composition (6). The method assumes that the human body consists of a

series of cylinders which have equal resistivity to an electrical current that passes through
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water-containing tissue (e.g. fat-free mass) and therefore, the current is distributed
throughout the conductor uniformly (6,161,162). Once the current is measured, the used
device calculates its impedance, resistance, and reactance (161). This is then converted into
TBW, intracellular and extracellular water in the measurement results. Pre-programmed
algorithms then estimate body composition via fat-free mass, fat mass and fluid distribution.
BIA is a doubly indirect measurement and considered to be a safe, non-invasive and cost
effective tool with instantaneous TBW results (161,163,164). Although, BIA is used widely
to estimate body composition, its accuracy is limited in estimating body water and body
fatness (162). As the conductivity of electrical current is related to body water, acute changes
in hydration status (due to food or fluid ingestion or exercise) impact the results (161).
Rodriguez-Sanchez and Galloway (165) showed an effect of exercise on body composition
assessment due to hypo-hydration. Using BIA any fluid deficit resulted from exercise is
identified as fat mass (161). Furthermore, as an effect of exercise, precision of BIA is
influenced by increased cutaneous blood flow and skin electrolyte accumulation (166). Heiss
etal. (167) showed significant differences in the percent body fat values after a one litre fluid
load right before the measurements. Acute ingestion of fluid can overestimate fat mass by
3.2% (168). This shows the necessity of a standardised protocol in terms of fluid ingestion
(169). Bosy-Westphal (170) showed that bioelectrical impedance consumer devices are
inaccurate compared to whole body MRI and DXA. Another investigation of Lohman et al.
(65) compared skinfolds and BIA measurements in wrestlers with a standardised
measurement protocol. Both approaches predicted percentage of body fat from densitometry
with a SEE of 3.5%. This shows the accuracy limits of these techniques, especially
considering that the resulted SEE values are for a specific group, and not for mixed groups
of athletes (6).

Allin all, BIA is low in accuracy and reliability. Regional assessment is possible, but invalid.
The method is athlete friendly and quick, but defined protocols have to be used due to the
fluid dependence of the method (161). In general, BIA is capable of determining body
composition of groups and monitoring changes within individuals over time (48). However,
the use of this approach to make single measurements in individuals is not recommended

(171).
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Table 10: Features of bioelectrical impedance analysis

Advantages Limitations Cautions and Assumptions
- Economical - Poor accuracy - Assumes geometric
- Safe (no radiation) - Validity is population similarity between
- Quick specific and influenced individuals
- Minimum participant by sex, age, height, - Tissue resistivity is
involvement disease state, and race assumed to be similar
- BIAis able of - Validity may be between individuals
delineating TBW into limited to healthy, - Input data (age, height,
intracellular and young, euhydrated weight, athletic status)
extracellular water and adults are responsible for high
therefore allows an - Results affected by (up to 85%) of variance
estimation of body cell hydration status in the dependent variable
mass - Trunk is under- - - Subject compliance to
represented, and limbs the testing prerequisites
are over-represented in is assumed
value

Cited from Ackland et al. (6), Aragon et al. (48), Brandon et al. (140), and Kerr et al. (161)

1.5.3.3 Relative measurements (weight and height indexes)

The body mass index (BMI=m/h*, m body mass; h body height) is widely used for
distinguishing between underweight, overweight, and obesity. It is often used as a screening
tool for interventions, but this approach is misleading because: (a) the BMI is only a rough
measure for relative body weight (172) that does not considers the individual's sitting height,
and (b) it is just a measure of ponderosity, but not of body composition, particularly not of
body fat (5,6). This inability of BMI to assess adiposity has been reported by Nevill et al.
(173).

When ponderosity is to be assessed, leg length or sitting height should also be measured (6).
The mass index (MI) (19,41,174) is an extension of the BMI and has the advantage of

considering the individual'’s sitting height: M1 = BMI (g)k, with C being the Cormic index
C=s/h (s = sitting height and & = height), and C with a value of 0.53, which is a value in the

middle of the Cormic index continuum, representing the “mean sitting height”; and k
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weights the impact of the Cormic index (6). For k = 0 there is no consideration of the
individual leg length, the MIp and the BMI are identic. For k = 2, the MI» is related to sitting
height only, MI> = 0.53% m/s>. This measure ignores the contribution of the legs for assessing
relative body mass (175). For a relative measure which considers both s and /4, k = 1 should

be chosen: MI; = 0.53 m/(hs).

Table 11: Features of weight and height indexes

Advantages Limitations Cautions and Assumptions
- High precision - High variability among | - Assumes constant fat-
- Minimal subject individuals in fat free mass to height
participation content with the same proportions
- - Quick data acquisition BMI - Constant body segments
- Muscularity, are assumed
proportions and frame - Weight changes are
size independently related solely to
influence the BMI adiposity
- - Diurnal variations to
body height and body
mass have to be
considered

Cited from Ackland et al. (6)

1.5.4 Ultrasound

Ultrasound (US) is a laboratory method, but also applicable in the field. The ability of US to
measure fat thickness accurately was first investigated in the sixties of the last century
(176,177). Since then, many studies have shown US to be an accurate and precise method to
measure tissue thicknesses compared to more established laboratory techniques (178-184).
But there were also studies concluding ultrasound to be less accurate and not better in
assessing body fatness than commonly practiced field techniques, such as BIA or skinfold
measurements (122,185-188) .

US imaging is based on the pulse-echo technique, whereby a probe/transducer comprises
piezoelectric crystals which are producing high-frequency sound waves and transmits an
ultrasound pulse through the skin (122). This pulse travels through the given tissue with the
speed of sound (c). Conventional diagnostic US systems use a speed of sound of 1540 ms™

to calculate the distance from the transducer to the boundary between two tissues (6). As

26



each tissue type (e.g. fat, muscle, bone) has a different density, it also has a specific
resistance to the ultrasound beam passing through (acoustical impedance). Therefore, when
the ultrasound beam crosses the interface between different tissues, the beam will reflect at
different echo strengths. The detector converts these signals to images to provide depth and
tissue-type information (122). To assess body composition, two different US modes are in
use: amplitude mode (A-mode) and brightness mode (B-mode). US A-mode devices utilise
a narrow beam to scan tissue borders, represented by a change in the amplitude of the signal
(188). A validation study of Smith-Ryan et al. (188) showed high reliability, but questionable
validity for A-mode ultrasound compared to a 3C model (>4% BF error). Wagner et al. (189)
got similar results for women (5%) but only small mean differences between A-mode US
and Bod Pod for men (1.5%). According to Ackland and Miiller (190), several manufacturers
distribute A-mode ultrasound equipment employing unknown algorithms to estimate
subcutaneous adipose tissue (SAT). Serious errors can occur using A-mode devices, as
fibrous structures embedded in the SAT cannot always be detected correctly (e.g. the
automatic processing algorithm misleadingly perceives embedded fascia as muscle fascia).
In B-mode ultrasound, beams are sent sequentially into the tissue to create a two-dimensional
image in which the brightness of the screen corresponds to the echo intensity in the plane of
the scan (6). Due to diffraction and technically obtainable minimum pulse length, lateral and
axial resolution is limited approximately to the wavelength used. Frequencies from 3 to 22
MHz are generally used in diagnostic US probes, which corresponds to a wavelength in soft
tissue of 0.5-0.07 mm (6). B-mode ultrasound yields a clearer image of the SAT-layer
compared to A-mode devices and provides real-time, two-dimensional images, where
anatomical structures contained (e.g. fascia, blood vessels) in the SAT can be detected by
the operator (122).

The ultrasound method to assess body composition is relatively simple but has been limited
until recently by its lack of uniform guidelines (122). In the last view years, a standardised
US method to measure SAT and embedded fibrous structures has been introduced
(1,2,5,190-192). This approach developed by Miiller et al. (192) offers image capture from
any standard B-mode ultrasound device followed by a semi-automatic image analysis
procedure and avoids tissue compression, which can lead to an error of up to 37% in SAT
measurements (193). The method uses a newly developed software (191,192,194) to
accurately detect the contour of the adipose layer. The procedure was shown to be highly
correlated with vernier caliper measurements, using excised pig tissue (195). In this

investigation, a linear probe (7.5 MHz) was used and positioned with its centre at a marked
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position on the skin of the excised tissue. The US measurement was made without
compression due to a thick layer of gel and the SAT was evaluated on the vicinity of the
centre of the US image. SEE was 0.21 mm and the slope of the regression line was 0.98
using conventional speed of sound. The best fit for these data with a slope of 1.00 was found
when using a lower sound speed of 1510 ms™ in SAT (190,195). The technique was
compared to skinfold thickness at the eight ISAK sites and found to be more accurate and
reliable (194). During this study the authors discovered that several ISAK sites are not suited
for US measurements. At these sites, complex structures surround the SAT and thickness
changes in the SAT-layer can occur in the vicinity of the centre. To obtain maximum
accuracy and reliability, a new set of sites and a standardised protocol for landmarking and
the correct US measurement procedure were developed by Miiller et al. (192), and are
presented in the methods section of this thesis. The method was already applied in various
groups including anorectic patients (36), overweight and obese (1) (results presented in this
thesis), children (196,197), youth athletes (198), weight sensitive athletes (45), gymnasts
and swimmers (192) , elite judokas (175), rowers (198), and endurance athletes (199).
Results of intra- and inter-observer measurements (1,45,191,192,197) are summarised in the
discussion section (table 38). US is a promising body composition assessment technique,
whereby adipose tissue layer thickness can be measured with an accuracy not reached by
any other method (1,4-6,191,192,194). At the moment, there is a lack in normative data to
compare, but preliminary normative data for both athletes and the general population are
available (190). According to Blew Sardinha & Milliken (122) US as a laboratory technique
has the advantage over other medical techniques, such as DXA or CT. On the one hand,
there is no ionising radiation, it’s cheaper, the portability, and the speed of measurement are
assets. On the other hand, this method still needs to be validated against a four-component

model. If this proves to be valid, it would be both a laboratory method and a field method.
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Table 12: Features of ultrasound

Advantages Limitations Cautions and Assumptions
- High accuracy and - Skilled technician is - No image distortion
reliability required - Correct sound speed
- Applicable in the field |- Inherent confounders chosen for the given
- No tissue compression such as fascia and blood tissue
- Tissue thickness up to vessels can complicate | -  Correct tissue layer
300 mm measurable the interpretation of the detection
- Non-invasive (no results
radiation exposure) - Only samples the
- Minimal subject subcutaneous fat
involvement deposit
- Price
- Many thickness

measurements from a
single image

- Rapid data acquisition

- Minimal subject
involvement

- Capable of measuring
muscle and bone
thickness

- Standardised protocol

available

Cited from Ackland et al. (6), Aragon et al. (48)

Table 13 shows a summary of the most common physique assessment techniques used in
medicine and sport science, the information they provide, and their strengths and weaknesses

for the use amongst athletes.
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Table 13: Summary of the most common physique assessment techniques available, and their features.

Adapted with permission from Slater G, Shaw G, and Kerr A, “Athlete Considerations For Physique
Measurement” in Best Practice Protocols For Physique Assessment in Sport, edited by T.H. Lohman and L.A.
Milliken. (Singapore, Springer, 2017), 55.

Time
Technique; . Level of analysis; . commitment; Athlete Skilled
) Accuracy; Regional Attributes o ) o
Commercial L Approch; No. of Minimum friendly; [technician
. Reliability |assessment measured . .
availability components assessment | Health risk | required
frequency
4- t t
(;:er::ﬁs;c:?én Hich: Hieh |Not bl b: Chemical: 4 FM, MM, RM, | Very slow =6 |Somewhat; v
.y, gn; nig Ot possible s hemical; BM hr; 8 weeks Medium e
Hard to find
3-compartment) _ _ FM,NOL, | Slow=1hr; |Somewhat;
methodology; | High; High |Not possible| D; Chemical; 3 Yes
. BM 4 weeks Low
Hard to find
Tissue
thickness/ .
D: area/volume: Medium up to Somewhat;
MRI; Available | High; High Possible g . ' 30 min; ! Yes
Anatomical; 4 Adipose, Low
8 weeks
Bone,
Muscle, Other
D; ick <10 min; Very;
CT; Available | High; High Possible " = MRI Quic min; er‘y, Yes
Anatomical; 4 8 weeks Medium
Dual X-
- err;ergy Medium; Possible NOL, BM Quick <10 min; Very;
.y .|u ! and D; Chemical; 3 T uie " .y, Yes
absportiometry; High . FM 8 weeks Medium
. reliable
Available
Bod Pod; Medium; . . FFM, FM, uick <10 min;
. . Not possible| I; Chemical; 2 Q Very; Low Ideally
Available High TBV 4 weeks
Deuteri
il etL"oEr:\rI:j/?r Medium; Not possible D; Chemical; 2 FFM, FM Very slow =6 |Somewhat; Yes
ilution; i
ution; ) y High P D; Chemical; 0 BW hr; 4 weeks Low
hard to find
3D Scanning; . I; Chemical; 2 FFM, FM, Ver ick <5
. ing Unknown Possible ! ] ] yaul Very; Low Yes
Available D; Anatomical; 0 TBV, SV min; 4 weeks
Possible but ia equation:
Surface . : u via equ I_ FM (via Moderately
Medium; not DI; Anatomical; 2 . . .
Anthropometry; . equation), |quick <15 min;| Very; Low Yes
. High recommend > SF:
Very available ) > SF 3 weeks
ed I; Anatomical; 1
Bioelectrical
i d
|m:e| ain;e Low: Low Possible but - Chemical: 2 FFM, FM, Very quick <1 Verv: Low | Ideall
analysts ow; Lo invalid s hemical; TBW min; 4 weeks ery; Lo eally
spectroscopy;
Very available
. Possible D; Anatomical; 3 mm of fat,
Ultrasound; High; . . skin, muscle .
. . and via equation: . Quick; 4 weeks | Very; Low Yes
Hard to find Medium . . FM (via
reliable DI; Anatomical; 2 .
equation)

BM = bone mineral content; D = direct; DI = doubly indirect; FFM = Fat free mass, FM = Fat mass; [ = indirect

MM = Muscle mass; NOL = non-osseous lean; RM = Residual mass; SV = Segmental volume; > SF = sum of

skinfolds; TBV = Total body volume; TBW = Total body water.
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1.6 Aims

Although the method has already been standardised, and accuracy of this ultrasound
thickness measurement technique is only limited by biological reasons (not technically
limited), and high inter- and intra- reliability has been found in athletes (45,192) and children
(196,197), additional steps are necessary to increase the potential of this method. This

doctoral thesis will contribute to the following three topics:

1.6.1 Methodical developments

1. Test of usability of the standardised sites in overweight and obese people

Miiller et al. (192) introduced the eight standardised sites and suggested to use an optional
site called lateral thigh (LT) in further applications of this novel method. The measurements
of this thesis include the new site LT for the first time. High inter-tester-reliability was found
in a small group of athletes before, but this has not been shown for the new site and for

overweight and obese persons.

2. Comparison of skin thicknesses at the standardised sites between men and women

In other body composition methods (e.g. skinfolds), skin thickness is integrated in the SAT
values, therefore, skin thicknesses are to be considered when US SAT measurements are
compared to such methods. Additionally, the knowledge of typical skin thickness at the
standardised measurement sites is important for detecting the SAT-skin-border correctly in

cases when fibrous structures are in the vicinity or attached to the skin.
3. Assessment of mean subcutaneous adipose tissue thickness

Although the eight standardised US sites represent the trunk, the arms, and the legs, it needs

further investigation whether these eight sites represent the mean value of SAT thickness.

1.6.2 Intra-observer reliability in overweight and obese persons

See point 1.6.1/1
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1.6.3 Fat patterning, fibrous structures, and SAT correlations with
anthropometric indices

1. Fat patterning differences between males and females in different groups of normal
weight, overweight, and obese persons
Differences between sexes in fat patterning were already found in athletes, but preliminary

data (200) indicated that these differences could vary in overweight and obese persons.

2. Quantification of the fibrous structures embedded in the SAT and a comparison between
males and females in different groups of normal weight, overweight and obese persons

Previous studies primarily concerned on reliability and accuracy of this novel ultrasound
method. Currently, there are only small sets of data of fibrous structures in the SAT available.
The amount and the expression of these structures at different fat layer thicknesses are going

to be investigated.

3. Comparison of the SAT sums ranging from 5.6 mm to 244.9 mm in this group, to their
BMI, and MI;

4. Comparison of different SAT values (d, D) to the waist to height-ratio
Waist to height ratio is a good predictor for years of life lost (201). The aim is to compare

different SAT values to W/h ratio to investigate a possible surrogate parameter.
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2 Material and Methods

As described above, this dissertation consists of three different examination parts embedded
in the field of use of this novel ultrasound method:
1) Methodical developments (new site, skin patterning, assessment of total SAT
volume and mass)
2) Intra-observer study
3) Assessment of various parameters of the US technique (fat patterning, embedded
fibrous structures, SAT tissue and relative body weight)
As different study protocols and numbers of subjects were used to check the established
hypotheses of the three parts, subchapters were built to simplify readability. Participants and
study protocols were described together for each part in the subchapters 2.3.1 to 2.3.3.

First, the methods used in all parts are described:

2.1 Anthropometry

Anthropometric measurements were carried out according to the International Society for
the Advancement of Kinanthropometry (ISAK)(202). Anthropometric parameters were
body mass (m), body height (%), sitting height (s) and the circumferences of thigh (¢), arm
girth flexed and tensed (b), hip (g) and waist (w).

Body Mass: According to Sumner & Whitacre body mass exhibits diurnal variation of about
one kg in children and two kg in adults (202,203). The most stable values can be obtained in
the morning twelve hours after the food intake and after voiding. As it is not always possible
to standardise the measurement time, the time of day when measurements were made, were
recorded as recommended by Stewart et al (202). For the measurements the Soehnle 7320
and the Seca 700 scale were used.

Body height: It has to be considered that there is diurnal variation in stature (202).
Participants are generally taller in the morning. According to the literature a loss of about
1% over the course of a day is common in stature (202,204,205) The stretch stature method
can reduce the effect of this diurnal variation and was used as described in the ISAK manual.

(202).

Sitting height: The person was sitting on a box or a table - like support such that the thighs
are supported by the horizontal surface and the legs are hanging down without touching the

floor. The person is to be motivated to stretch the vertebral column and to increase the upper
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body length as much as possible. This maximum length between the supporting surface and
the highest point of the head (with the head aligned such that the eyes look straight forward)

is the correct sitting height value. It is important to always capture the maximum length.

Circumferences: Arm girth flexed and tensed, hip and waist girth were measured according
to the ISAK manual (202). The thigh girth was measured perpendicular to the axis of the
thigh at the site front thigh (ultrasound site marking)(192) with the foot on the support box

(enabling 5 cm steps), the thigh in horizontal position, and the leg in vertical position.

Relative body weight: The body mass index (BMI=m/h*), and the mass index
MI=0,53m/(hs) were calculated. The MI; takes individual sitting height into account
(6,19,40,41).

2.2 Standardised US sites for measurement of SAT patterning

All eight standardised sites described by Miiller et al.(192) are relative to the size of the
individual (no fixed distances). All sites were marked on the right side of the body, in a
standing or sitting position, while all US measurements were made with the subjects lying
in a supine, prone, or rotated position (192). Figure 1 shows the eight standardised sites for
US measurements of SAT patterning. Table 14 summarises the modified site marking
(according to the protocol of Miiller et al. (192)). In the presented intra-observers study the
site lateral thigh (LT) was used for the first time for SAT patterning analysis (1) . Table 14
also includes notes on how to take the US images at the individual sites, and further detailed
instructions on the US measurement and evaluation procedure can be found in the appendix

of Miiller et al. (192).
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Figure 1: Sites for US measurement of SAT patterning
1: upper abdomen (UA), 2: lower abdomen (LA), 3: erector spinae (ES), 4: distal triceps (DT), 5:

brachioradialis (BR), 6: lateral thigh (LT), 7: front thigh (FT), 8: medial calf (MC). Body height was used as
the reference length for all distances.

Adapted from (Storchle P, Miiller W, Sengeis M, Ahammer H, Fiirhapter-Rieger A, Bachl N, et al.
Standardized ultrasound measurement of subcutaneous fat patterning: high reliability and accuracy in groups
ranging from lean to obese) with permission of publisher (Elsevier).
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Table 14: Description of ultrasound sites and measurement procedure of Miiller et al., 2016 (192):

Reproduced from [Subcutaneous fat patterning in athletes: selection of appropriate sites and standardisation of
a novel ultrasound measurement technique: ad hoc working group on body composition, health and
performance, under the auspices of the IOC Medical Commission, Miiller W, Lohman TG, Stewart AD, et al.,
50, 45-54, 2016] with permission from BMJ Publishing Group Ltd.

NOTES ON US [IMAGE
SITE NAME | DESCRIPTION OF THE SITES
CAPTURE
(1) Mark a vertical line at a distance d=0.02 h (ie, 2% of body
1| UA height h) lateral to the centre of the umbilicus (omphalion)
(2) Project vertically and mark a horizontal line at d=0.02 h L . .
. . o Lying in a supine position
superior to the omphalion. (In case this site is above a .. . .
Upper . . o .. Have the participant stop breathing at mid-
abdomen tendinous inscription of the rectus abdominis tidal expiration and then capture the image
(where subcutaneous adipose tissue (SAT) is thicker), move the
probe some mm to the end of this inscription and measure the
thickness there)
2LA (1) The same line (1) as for the upper abdomen Lvine in a supine position
(2) Project vertically and mark a horizontal line at d=0.02 h ying p . P . .
. . . Have the participant stop breathing at mid-
Lower inferior to the omphalion. . .. .
. tidal expiration and then capture the image
abdomen Measure always exactly at this point
o (1) Locate and mark the anterior superior iliac spine (ASIS). . . .
.. . . Lying in a supine position
(2) The participant assists by holding the end of the tape at the apex . . .
External o . . Capture the image with the probe held in the
A of the costal arch at the inferior margin of the sternum (where it . . . .
oblique direction of the perpendicular line

(optional site)

meets the xiphoid process). The participant looks ahead!

3ES

Erector spinae

(1) Mark a transverse line at d=0.14 h above the solid surface
(table) on which the person is sitting in a stretched upper body
position with thighs horizontal and legs unsupported

(2) Mark the site at d=0.02 h lateral to the spinous process of the

Lying in prone position

vertebra
4DT (1) Put the lower arm on a support surface (table) with the hand in | Lying in a prone position
the mid-prone position; mark a vertical line on the most Capture the image with the dorsal surface of
. ] posterior aspect of the arm. the hand on the table. Make sure the probe
Distal triceps . . . . . .
(2) Mark the site on the vertical line at a distance from the surface | orientation is
of d=0.05 h perpendicular to the skin
(1) The participant puts the forearm with the hand in the mid-
prone (‘shake-hands’) position on a support table and
contracts the brachioradialis (eg, against a resistance Lvine in a supine vosition
5BR provided by the hand of the measurer). yine . P 'p . .
L. . . Take the image with the arm in a mid-prone
(2) Draw a longitudinal line on the most anterior surface of the .. . . .
. . . position and in contact with the thigh
Brachio- brachioradialis muscle (muscles of the arm are relaxed)
radialis (3) Mark a transverse line at a distance d=0.02 h distally from the . . . .
. . . Avoid imaging the vein in case there is one
anterior surface of the biceps brachii tendon (press the end of | . C
in the vicinity
the metre rod onto the stretched tendon).
Project this line transversely to intersect with the longitudinal
line.
(1) Draw a horizontal line on the lateral side of the thigh at the Lvine in a rotated position
height of the gluteal fold (at the height of the fold at the most Y .g. P . .
6 LT dorsal { of the thigh) Participant rolls onto the left side with both
aspect of the thigh); . .
Lateral Thigh P g knees at a 90° angle, with the right leg over

(2) Mark the site on this line at the midpoint of the sagittal thigh
diameter. Use a caliper for (1) and (2)

the left leg

36




TFT (1) Put the foot on the anthropometric box which is placed in front
Front of a wall such that the thigh is horizontal and the big toe and the | Lying in supine position.
. knee touch the wall.
thigh (2) Mark the site at a horizontal distance d=0.14 h from the wall.
8§ MC (1) Place the foot on the anthropometric box such that the thigh is Lying in a rotated position
horizontal and the leg vertical Participant rolls onto the right side with the
Medial (2) Mark the site at d=0.18 h above the surface at the most medial | right knee at a 90° angle so that the lateral
calf aspect (use a ruler to determine the most medial aspect when aspect of the right leg is
looking vertically down. supported

Ultrasound imaging of SAT (B-Mode):
The linear US transducer was placed above a given site without any pressure by using a thick

layer of US gel between the probe and the skin to avoid compression of fat (typically, about
3 to Smm). Conventional US systems can be used; investigations were performed using the
ultrasound systems GE logig-e, GE logiq C5 premium, and Philips CX50. Ultrasound probes
with frequencies of 6 to 18 MHz were used (GE 12L-RS, 9 L-RS and Philips L12-3).

Semi-automatic thickness measurement:
US images were evaluated interactively using the FAT-software NISOS-FAT v 3.3,

Rotosport (Rotosport.at). The software is designed for multiple semi-automatic evaluations
of SAT layer thicknesses. A sound speed of 1540 ms! is used in conventional diagnostic US
systems to calculate the distance from the transducer to the boundary between two tissues.
According to Herman (206), sound speed was set to 1450 ms™! for distance determinations

in SAT (1,192).

Depending on the selected region of interest (ROI), the number of thickness measurements
in each individual image was typically 50 to 300. As recommended in the standardised
protocol (1,192) tissue segmentation was controlled visually and improved, if necessary, by
changing the parameters that influence the automatic contour detection. The FAT-software
also enables the operator to distinguish between distance values in which embedded
structures (e.g. fibrous tissues or vessels) are included (I) or excluded (E). Excluded values
corresponds to the pure fat thickness. Results are given as mean (mm), median (mm),
standard deviation (mm), minimum (mm), maximum (mm), lines (numbers), and area
(mm?). Figure 2 shows an example of an evaluation of the site LT. As described by Miiller
et al.(192) the centre line corresponds to the centre of the transducer, which had to be held
exactly above the site marking. The upper black layer corresponds to the thick layer of gel
between the transducer and the skin. Below the gel, the skin (epidermis and dermis) form a

light band. In this thesis the ROI was usually set symmetrically to the centre line to attain
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high accuracy and reliability. The blue ellipses (seeds) were set as starting zones between
the skin and the muscle fascia where the algorithm searches for the contours of SAT and
measures multiple thicknesses automatically. The red areas represent the subcutaneous fat.
It is interrupted by two white bands (fibrous structures). At the end of the evaluation process,
a visual control was taken to make sure, that the algorithm detected the SAT layer correctly
(1).

Gel
Epidermis
Dermis

SAT
Fibrous structure

Muscle fascia

Muscle

Figure 2: Example of an evaluated US image. (modified from Storchle et al., 2018 (2))

The red area represents the SAT in the region of interest (ROI). Marked are: the thick layer of US gel (which
prevents compression), the epidermis, dermis, SAT, embedded fibrous structure (F'S), the fascia of the
muscle, and the muscle underneath. In this example, the semi-automatic image evaluation software
(USTissue-FAT) measured 92 thicknesses with a mean value of d; 6.95mm, and dg= 5.51mm. The d;value
includes the thickness of the fibrous structures, de represents the pure fat (fibrous structures excluded).
Adapted from (Stérchle P, Miiller W, Sengeis M, Lackner S, Holasek S, Fiirhapter-Rieger A. Measurement of mean
subcutaneous fat thickness: eight standardised ultrasound sites compared to 216 randomly selected sites) with permission
of publisher (Nature Publishing Group).

2.3 Participants and study protocols

All investigations were approved by the ethics committee of the Medical University of Graz
(20-295 es08/09). All participants got an information letter and completed a written consent
form to use their data anonymously. As described at the beginning of the methods section,
the different investigations were performed with different numbers of participants. A total
sum of 153 participants were covered (82 men and 71 women). A wide range of SAT

thicknesses were examined. BMI values between 17.3 to 40.3 kgm™ were investigated.

38



2.3.1 Methodical developments

2.3.1.1 Skin patterning

To analyse skin patterning a group of 100 participants were investigated. Anthropometric

data are shown in table 15. The age of the group was from 18 to 36 years and the BMI from

17.6 to 32.3 kgm™.
Table 15: Characteristics and anthropometric data of participants of the skin patterning investigation
Variable N A m h s w g b t BMI Ml C w
Unit y kg m m mm mm mm mm kgm'2 kgm'2 1 1
Mean 23.8 69.0| 1.748| 0.921| 0.734 0.957| 0.311] 0.513 22.4 22.5 0.53 0.42
Al SD 3.1 12.8| 0.101] 0.050{ 0.081 0.053| 0.035| 0.041 2.6 2.6 0.01 0.04
100 |Median 23.5 66.4| 1.734| 0.920| 0.728 0.956| 0.307| 0.511 22.2 22.4 0.53 0.42
Min 18 47.6| 1.538| 0.816| 0.587 0.859| 0.245| 0.434 17.6 17.3 0.50 0.35
Max 36| 112.1| 2.010/ 1.060| 1.025 1.144| 0.393| 0.626 32.3 32.5 0.56 0.58
Mean 24.5 78.2| 1.824| 0.956| 0.793 0.967| 0.338| 0.532 23.5 23.7 0.52 0.44
SD 3.3 10.8| 0.076| 0.042| 0.064 0.056| 0.024| 0.040 2.7 2.6 0.01 0.04
Men 50 |Median 24.0 77.5| 1.811] 0.953| 0.789 0.966| 0.339| 0.526 23.1 23.7 0.52 0.43
Min 20 61.8| 1.674| 0.871| 0.685 0.877| 0.292| 0.468 19.1 19.2 0.50 0.38
Max 36| 112.1] 2.010/ 1.060| 1.025 1.144| 0.393| 0.626 32.3 32.5 0.55 0.58
Mean 23.1 59.8| 1.673| 0.886| 0.674 0.946| 0.285| 0.495 21.4 21.4 0.53 0.40
SD 2.7 6.5 0.058| 0.029| 0.045 0.048| 0.021| 0.032 2.0 2.0 0.01 0.03
Women 50 |Median 22.0 59.1| 1.671| 0.885| 0.673 0.947| 0.285| 0.494 21.4 21.2 0.52 0.40
Min 18 47.6| 1.538| 0.816| 0.587 0.859| 0.245| 0.434 17.6 17.3 0.50 0.35
Max 29 77.5| 1.876| 0.979| 0.754 1.074| 0.342| 0.583 27.2 27.2 0.55 0.46

To get a representative skin patterning at the eight standardised sites, people with different
body types were chosen (D; from 5.6 to 144.6 mm). Because of the age-related changes in
skin thickness, young adults (< 40 years) were selected with a mean of 23.8 years. The
ultrasound images were taken as usual for the SAT determination. Instead of the fat
thickness, skin thickness was evaluated with the Fat software. An example is shown in
Figure 3. Epidermis and dermis were measured together. The thin white band on top of the

skin is the epidermis and underneath is the dermis. Corresponding results are shown in

chapter 3.1.2.
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A= age, m= Body mass, #= Body height, SD = Standard deviation, s= Sitting height, BMI = Body mass
index, MI; = Mass index, C= Cormic index, W= Waist to height ratio, w = waist girth, g= gluteal girth, b
= biceps girth flexed and tensed, t= thigh girth




Epidermis
Dermis

Figure 3: Example of an evaluated US image to determine skin thickness.
The red area represents the skin thickness in the region of interest (ROI).

2.3.1.2 Mean SAT thickness

For this investigation (published in Scientific Reports(2)), 50 young male participants with
BMI values below 28.5 kgm™ were investigated at the eight standardised US sites. Ten were
selected out of this set, to cover a range of mean SAT thicknesses (from eight sites) from
approximately 3 mm to 10mm (dmg). Ackland and Miiller (190) published preliminary
normative data for SAT ranges and this group represents the SAT categories “desirable
range” (dmvsg from 2.5 to 7.5mm) and “noticeable ballast weight” (divs from 7.5 to 12.5 mm)
for men of the general public. For competitive male athletes, the desirable range is 2.5 to
3.8mm, noticeable ballast weight 3.8 to 6.3mm, and considerable ballast weight is above

6.3mm). For anthropometric data see table 16.
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Table 16: Characteristics and anthropometric data of the participants of the mean SAT thickness study

Unit| PL | P2 | P3 | P4 | P5 | P6 | P7 | P8 | P9 | PIO | ™ sD | MD | MAX | MIN
A y | 21| 26 | 27 | 23 | 22 | 26 | 20 | 21 | 212 | 31 | 238 | 36 | 225 31 | 20
m | kg | 66.0 | 646|716 951|724 | 625|962 856|841 927 | 791 | 132 | 783 | 96.2 | 625
h m |1.816|1.749|1.813|1.919|1.674|1.751|1.840|1.941|1.903| 1.853 | 1.826 | 0.084 | 1.828 | 1.941] 1.674
s m |0.940|0.947|0.964|1.060|0.892 | 0.911 ] 1.065 | 1.014| 0.982| 1.017 | 0.979 | 0.059 | 0.973 | 1.065 | 0.892
w m |0.831|0.716|0.745|0.773 | 0.735 | 0.776 | 0.883 | 0.830| 0.728| 0.693 | 0.771 | 0.060 | 0.759 | 0.883 | 0.693
g m |0.980|0.898|0.924|0.936 | 0.910 | 0.941 | 1.044 | 1.055 | 0.899 | 0.887 | 0.947 | 0.060 | 0.93 |1.055] 0.887
b m |0.337]0.298|0.300 | 0.345 | 0.300 | 0.325 | 0.367 | 0.363 | 0.329| 0.334 | 0.330 | 0.025 | 0.332]0.367] 0.298
t m |0.524|0.469|0.464|0.499 | 0.468 | 0.510 | 0.602 | 0.526 | 0.494 | 0.483 | 0.504 | 0.041 | 0.497 | 0.602 ] 0.464
BMI |kgm?| 20.0 | 21.1 | 21.8 | 25.8 | 25.8 | 20.4 | 28.4 | 22.7 | 23.2 | 27.0 | 236 | 29 | 23.0 | 284 | 20.0
MI, |kgm?| 20.5 | 20.7 | 21.7 | 24.8 | 25.7 | 20.8 | 26.0 | 23.1 | 23.9 | 26.1 | 233 | 23 | 235 | 26.1 | 205
C 1 |0.516]0.526|0.518]0.513]0.523]0.532]0.549 | 0.522 | 0.541 | 0.531 | 0.527 | 0.011 | 0.524 |0.549 | 0.513
w 1 | 044|040 041]045]041]043] 048|043 042|038 | 042 | 003 | 042 | 0.48 | 0.38

The group included young normal or slightly overweight males (BMI i = 20.0 kgm?; BMIy0 = 28.4 kgm™).
The table shows the individual values, mean values (M), standard deviations (SD), median (MD), maximum
(MAX), and minimum (MIN) values of the following personal data: A (age), m (body mass), h (body height), s
(sitting height), w (waist girth), g (gluteal girth), b (biceps girth flexed and tensed), t (thigh girth). Additionally,
the following indices are included: body mass index (BMI), mass index (MI,), cormic index (C), and the waist
to height ratio (W).

Reproduced from (Storchle P, Miiller W, Sengeis M, Lackner S, Holasek S, Fiirhapter-Rieger A. Measurement of mean

subcutaneous fat thickness: eight standardised ultrasound sites compared to 216 randomly selected sites) with permission
of publisher (Nature Publishing Group).

SAT was measured twice at eight standardised sites according to the above described
protocol. In addition, SAT was also measured with the same US technique at 216 (two series

of 108 measurements each) sites that were randomly distributed all over the body, as shown
in Fig. 4a-c. The study procedure has been described in the publication of Stérchle et al. (2)
as follow (adapted to the correct figure numbers, table numbers and citations in this thesis):

” ..Eleven body segments (Fig.4c) were covered with a number of sites proportional to their
contribution to the total surface area. The body segments were chosen in accordance with

the criteria of Lund and Browder(207), but without the segment “genitalia” (which was
ignored here). The surface areas of the head, hand, and foot correspond to 7%, 5%, and 7%
of the total surface area and should therefore be represented by 16, 12, and 16
measurements, respectively. However, it is extremely difficult to find such a high number of
useful sites on hands and feet because of many vessels and complex anatomical structures
there. Therefore, only half of the corresponding site numbers were measured, and these
values were considered twice. As it is very inconvenient for the participant to measure 16
sites on the head, the same approach was used for the head too.” Corresponding results are

presented in chapter 3.1.3.
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Figure 4: Ultrasound (US) measurement of mean subcutaneous adipose tissue (SAT)

(a) and (b): of exemplarily show randomly distributed measurement sites on the upper body of one of the ten
participants. Crosses (+) belong to the first measurement series of 108 sites distributed all over the body, squares (0)
to the second series. (c) Schematic drawing according to Lund and Browder (207) indicating the 12 body parts. The
segment genitalia was ignored in our study. In order to obtain integer numbers also for subsets of 108 and 54 sites,
the following numbers of sites on the individual body parts were used: head HE (7%, 16 sites), neck NE (2%, 4 sites),
anterior trunk AT (13%, 28 sites), posterior trunk PT (13%, 28 sites), buttocks BU (5%, 12 sites), upper arms AU
(8%, 16 sites), forearms FA (6%, 12 sites), hands HA (5%, 12 sites), thighs TH (19%, 40 sites), legs LE (14%, 32
sites), and feet FE (7%, 106 sites). Adapted from (Stérchle P, Miiller W, Sengeis M, Lackner S, Holasek S, Fiirhapter-Rieger
A. Measurement of mean subcutaneous fat thickness: eight standardised ultrasound sites compared to 216 randomly selected sites)
with permission of publisher (Nature Publishing Group).

For the intra-observer study, published in Ultrasound in medicine and biology (1), 39
participants (26 men and 12 women) with a BMI from 18.6 to 40.3 kgm™ were investigated.
Two groups were observed by two observers. Characteristics of the participants are shown

in table 17. During this study a new measurement site was introduced (see Results 3.1.1).
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Table 17:Characteristics and anthropometric data of the participants of the intra-observer study

Variable N A m h s w g b t BMI MI, C w
Unit y kg m m mm mm mm mm kgm'2 kgm'2 1 1
Mean 32.5 68.7 1.754| 0.927| 0.738 0.955 0.309 0.567 22.2 22.3 0.53 0.42
SD 8.3 10.4 0.079] 0.037| 0.078| 0.035 0.036 0.043 1.9 2.1 0.01 0.03
G1 19 |Median 30.0 69.6 1.775| 0.918| 0.757| 0.964 0.310 0.569 21.8 22.7 0.53 0.42
Min 23.0 51.2 1.619| 0.864| 0.615| 0.891 0.249 0.511 18.6 18.2 0.50 0.37
Max 55.0 83.0 1.885| 0.981| 0.866| 1.014 0.362 0.619 24.9 26.3 0.55 0.47
Mean 47.4 88.3 1.732| 0.913| 0.964| 1.075 0.339 0.634 29.4 29.5 0.53 0.56
SD 15.6 14.9 0.082| 0.040| 0.105| 0.099 0.032 0.055 4.2 4.0 0.01 0.05
G2 19 |Median 50.0 85.5 1.750f 0.919/ 0.950 1.040 0.335 0.622 27.7 27.9 0.52 0.55
Min 20.0 66.3 1.571| 0.813| 0.832| 0.982 0.283 0.545 23.6 23.1 0.51 0.48
Max 76.0| 128.6 1.900f 0.968| 1.236| 1.328 0.400 0.758 40.3 39.6 0.55 0.69
Mean 39.9 78.5 1.743| 0.920f 0.851| 1.015 0.327 0.618 25.8 25.9 0.53 0.49
SD 14.5 16.2 0.080| 0.039| 0.146| 0.095 0.036 0.059 4.9 4.8 0.01 0.08
Gl1+G2 38 |Median 36.5 77.8 1.755| 0.919| 0.834| 0.992 0.331 0.607 25.1 25.5 0.53 0.48
Min 20.0 51.2 1.571| 0.813| 0.615| 0.891 0.249 0.511 18.6 18.2 0.50 0.37
Max 76.0| 128.6 1.900f 0.981| 1.236| 1.328 0.400 0.758 40.3 39.6 0.55 0.69

A= age, m= Body mass, h= Body height, SD = Standard deviation, s= Sitting height, BMI = Body mass
index, MI; = Mass index, C= Cormic index, W= Waist to height ratio, w = waist girth, g= gluteal girth, b =
biceps girth flexed and tensed, t= thigh girth Adapted from (Stérchle P, Miiller W, Sengeis M, Ahammer H,
Fiirhapter-Rieger A, Bachl N, et al. Standardized ultrasound measurement of subcutaneous fat patterning:
high reliability and accuracy in groups ranging from lean to obese) with permission of publisher (Elsevier).

The study protocol was described by Storchle et al. (1) as follow “Groupl (GI1, N=19)
consisted of participants who were in the normal BMI range (18.5-25) kgm™ (172); they
were examined by observerl (OBI). Group2 (G2, N=19; observerll (OBIl)) included the
categories overweight (pre obese 25-30kgm™, N=13), obese class I (30-35kgm™, N=4),
obese class II (35-40kgm™, N=1), and obese class III (>40 kgm?, N=1). The BMI ranged
from 25.4 to 40.3kgm™. Three measurement series were performed in each participant on
two separate days within a week. On day one, the anthropometric and the US SAT thickness
measurements were conducted (measurement series M1). On the second measurement day,
marking was done again before performing M2, and, after applying a new layer of gel, the
third series M3 followed immediately (using the previous marking of M2)”. The

corresponding results can be found in chapter 3.2.

2.3.3 Fat patterning, fibrous structures, and SAT correlations with
anthropometric indices

The data of the several investigations were merged and resulted in 153 participants.
Participants were assessed during a time span of three years from 2015 to 2018. A wide
range from elite athletes to obese class III persons are included in the dataset. Characteristics
of the participants are shown in table 18. Those were used to analyse fat patterning in

different groups (corresponding results 3.3.1.), amount and differences of embedded fibrous
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structures (point 3.3.2), the correlations of SAT thickness sums and relative body weight

(3.3.3), and to compare SAT tissue thickness sum with the weight to height ratio (3.3.4).

Table 18: Characteristics and anthropometric data of all participants

Variable N A m h s w g b t BMI | mI, | C w
Unit y kg m m mm | mm | mm | mm kgm'2 kgm'2 1
Mean 27.8| 70.9/1.745| 0.922| 0.829| 1.005| 0.322| 0.497| 23.1| 23.2| 0.53| 0.44
All 153 SD 10.4| 14.4/0.095| 0.048| 0.150| 0.095| 0.039| 0.054| 3.6 3.6/ 0.01| 0.06
Median 24.0| 68.7|/1.739| 0.919| 0.825| 0.987| 0.325| 0.501| 22.5| 22.7| 0.5 0.4
Min 18| 42.211.538| 0.813| 0.586| 0.840( 0.241| 0.414| 17.3| 17.2| 0.50| 0.35
Max 76| 128.6/2.010| 1.065| 1.236| 1.328| 0.400| 0.626| 40.3| 39.6| 0.58| 0.69
Mean 28.9] 79.6/1.810{ 0.951| 0.882| 1.005| 0.336| 0.539| 24.3| 24.5| 0.53| 0.46
SD 9.9| 12.4/0.070| 0.039| 0.127| 0.089| 0.031| 0.051| 3.6 3.5| 0.01| 0.06
Men 82 Median 25.5| 78.7|/1.800| 0.947| 0.842| 0.988| 0.333| 0.539| 23.7| 24.0| 0.52| 0.44
Min 19| 57.3|1.674| 0.871| 0.693| 0.887| 0.283| 0.462| 18.6| 18.6| 0.50| 0.38
Max 60| 128.6/2.010| 1.065| 1.236| 1.328| 0.400| 0.626| 40.3| 39.6| 0.58| 0.69
Mean 26.6| 60.9|1.671| 0.887| 0.735| 1.003| 0.295| 0.487| 21.8| 21.8| 0.53| 0.41
SD 10.8| 8.9/0.058| 0.032| 0.143| 0.107| 0.039| 0.057| 3.3| 3.2| 0.01] 0.05
Women 71 Median 24.0| 59.8/1.671| 0.885| 0.670| 0.987| 0.285| 0.491| 21.3| 21.0f 0.5 0.4
Min 18| 42.2/1.538| 0.813| 0.586| 0.840| 0.241| 0.414| 17.3| 17.2| 0.51| 0.35
Max 76| 96.7(/1.876| 0.979| 1.057| 1.261| 0.366| 0.551| 37.2| 36.2| 0.56| 0.63

A= age, m= Body mass, /= Body height, SD = Standard deviation, s= Sitting height, BMI = Body mass index,
MI, = Mass index, C= Cormic index, W= Waist to height ratio, w = waist girth, g= gluteal girth, b = biceps
girth flexed and tensed, = thigh girth

2.4 Statistical analysis

SPSS Statistics Version 25 software was used. For a group smaller than 50 persons Shapiro-
Wilk test was used to determine normal distribution. For groups >50 persons, Kolmogorov-
Smirnov test was used.

Skin thickness differences were compared using repeated-measures analysis of variance
(ANOVA). Mauchly’s test for sphericity was used and the Greenhouse-Geisser correction
was applied. Bonferroni’s post hoc test was used to assess the differences between each site.
Differences between men and women in skin patterning were tested using the T-Test for two
independent samples. Levene-Test was used to assess the equality of variances.

Statistical analysis included the standard errors of the estimate (SEE), linear regressions
including coefficients of determination R?, and limit of agreement (LOA)(208).
Differences between not normally distributed data were tested with the Mann-Whitney-U-
Test. Spearman’s p was used to determine correlations. Boxplots were used to sketch the

distributions of measurement differences.
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3. Results — Findings

3.1 Methodical developments

3.1.1 Usage of a new measurement site: lateral thigh (LT)

The investigation of a group of male and female participants with SAT thickness sums (D)
ranging from 12.46 to 244.8mm showed that SAT measurements of the previously measured
site external oblique (EO) caused major problems in several cases: in overweight and obese
persons, the skin and SAT built a large fold at this site which prohibited reliable and accurate
marking. Therefore, the site EO is replaced by LT. It turned out that the site LT which was
used for the first time in our research approach showed significant differences between

females and males (see section 3.3.1 fat patterning in males and females).

3.1.2 Ultrasound measurements of skin patterning

Cutis and subcutaneous tissue are easily distinguishable when using B-mode ultrasound
imaging (see figure 3). ANOVA showed significant differences between all skin thicknesses
(p< 0.05). Skin thicknesses in this group ranged from a minimum of 0.92 mm at the site BR
up to 3.85 mm at the site ES. The mean skin thicknesses obtained from 100 participants are
shown in figure 5, and the corresponding values in table 19. Mean skin thicknesses were
1.95 mm for all participants, 2.05 mm for males and 1.86 mm for females. ES was with a
mean of 2.72 mm the site with the highest and BR with 1.48 mm the site with the lowest
values of skin thickness. Skin thicknesses are normally distributed. Differences between
males and females are illustrated in figure 6. At all sites the mean skin thicknesses were
higher in male participants (UA 6%, LA 5.4%, ES 5.6%, DT 20.45%, BR 15%, LT 9.7%,
FT 15.8%, MC 13.8%). Significant differences between men and women were found for all
sites except ES, using the T-Test. Normal distribution was tested using the Kolmogorov-
Smirnov test. Figure 7 shows a positive correlation (209) between BMI and the sum of the

eight skin thicknesses (R?= 0.171 p<0.05).
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Table 19: Measurement of mean skin thicknesses at the standardised eight sites

N Skin thickness UA LA ES DT BR LT FT MC Mean

Mean 2,33 2.21|  2.72 1.66| 1.48| 1.92| 1.74 1.56 1.95

SD 03| 031 043 0.26| 022 0.26] 0.24 0.21 0.28
All 100 Median 234 2.21 2.7 1.59 1.44 1.9 1.72 1.54
Min 1.65| 1.37| 1.93 1.18| 0.92| 1.37| 1.15 1.16
Max 3.15| 3.12| 3.85 2.72| 2.09| 2.45| 2.33 2.31

Mean Male 2.4 227 2.8 1.81 1.58 2.| 1.87 1.66| 2.05

SD Male 0.31 0.29 0.4 0.25| 0.19/ 0.23] 0.22 0.21 0.26
Men 50 Median 2.4 229 281 1.78| 1.59| 2.02| 1.89 1.63
Min 1.67| 1.37 2. 1.46| 1.29| 1.39| 1.45 1.35
Max 3.15 3.|] 3.85 2.72|  2.09| 245 2.33 2.31

Mean Female 2.27|  2.16| 2.65 1.51 1.37| 1.83] 1.61 1.46 1.86

SD Female 0.28/ 0.31| 0.44 0.16 0.2| 0.26] 0.18 0.17| 0.25
Women 50 Median 2.21 2.1 2.64 1.5 1.34| 1.78| 1.64 1.43
Min 1.65| 1.55| 1.93 1.18| 0.92| 1.37| 1.15 1.16
Max 3.01] 3.12 3.8 1.83 1.84| 2.43| 1.93 1.85

Upper abdomen (UA), lower abdomen (LA), erector spinae (ES), distal triceps (DT), brachioradialis (BR),
lateral thigh (LT), front thigh (FT), medial calf (MC).

[MM] Mean skin thickness

3.5

W

. IIII]

0.5

UA LA ES DT BR LT FT MC

Figure 5: Mean skin thickness at the eight standardised sites:

Upper abdomen (UA), lower abdomen (LA), erector spinae (ES), distal triceps (DT), brachioradialis (BR),
lateral thigh (LT), front thigh (FT), medial calf (MC). Mean skin thickness was 1.95 mm with a standard
deviation of 0.28 mm. The highest mean value was found at the site ES with 2.72 mm, and the lowest mean
value at the site BR with 1.48 mm.

46




imm]  Mean skin thickness in males and females
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Figure 6: Skin patterning in males (N=50) and females (N=50).
Blue columns correspond to males and pink columns to females. Significant differences (p<0.05) between
sexes were marked (*) and found for the sites UA, LA, DT, BR, LT, FT and MC.
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Figure 7: Correlation between the sum of the skin of the eight standardises sites (Dskiv) and the BMI (kgm™)
A moderate positive correlation was found R?>=0.171 (p<0.05) (209)

3.1.3 SAT thicknesses measured at 216 sites

The data of this investigation were published in scientific reports (2) and are quoted literally
in the following, adapted to the correct figure numbers, table numbers and citations in this
thesis. Figures and tables have also been taken over with the permission of publisher (Nature

Publishing Group).
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“In a group of ten male participants (table 16), subcutaneous adipose tissue (SAT) was
measured twice at eight standardised sites using a recently developed ultrasound (US)
method (1,192). As an example, the US image of SAT at one of the eight standardised sites
(lateral thigh, LT) is shown in figure 2. In addition, SAT was also measured with the same
US technique at 216 sites that were randomly distributed all over the body (figure 4a-c). The
sums of the eight SAT thicknesses (D) of all 10 participants are shown in table 20, and mean
values of these eight measurements (dus) are presented in table 21. Thicknesses including
the fibrous structures embedded in the SAT are indicated by the index "I", measurements
where these structures were excluded are indicated by the index "E", and "F" indicates the
thicknesses of the fibrous structures. For SAT thicknesses at individual measurement sites,
the lower case letter "d" is used, and for the sums obtained from the eight sites at each
participant, capital "D" is used. Table 20 also presents the surface areas (S) of the
participants according to DuBois (210), Haycock (211), Mosteller (212); and also the means
(Su) of these three.
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Table 20: Sums of subcutaneous adipose tissue from eight sites (Storchle et al., 2018 (2))

Unit | P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 M SD MD | MAX | MIN

D, | mm | 235 | 284|318 | 36. | 39.7 | 455 | 516 | 59.6 | 62.1 | 81.6 | 46.0 18.0 | 42.6 | 81.6 | 23.5
Dy | mm | 185 | 23.2 | 259 | 309 | 349 | 39.2 | 449 | 535 | 51.8 | 74.6 | 39.8 17.0 | 37.1 | 74.6 | 185
D | mm | 50 | 52 5.9 51 | 48 | 6.3 6.7 6.1 | 103 | 7.0 6.2 1.6 6.0 | 10.3 | 4.8
D/D,| 1 0.21 | 0.18 | 0.19 | 0.14 | 0.12 | 0.24 | 0.13 | 0.10 | 0.27 | 0.09 | 0.14 0.04 | 0.14 | 0.21 | 0.09
S, m? | 1.85| 179 | 1.91 | 225 | 1.82 | 1.76 | 2.19 | 2.17 | 2.12 | 2.17 2.0 0.19 | 2.02 | 2.25 | 1.76
S, m? | 1.82 | 1.77 | 1.90 | 2.26 | 1.85 | 1.74 | 2.24 | 2.14 | 2.11 | 2.20 2.0 0.21 | 2.00 | 2.26 | 1.74

S3 m?> | 1.82 | 1.77 | 1.90 | 2.25 | 1.83 | 1.74 | 2.22 | 2.15 | 2.11 | 2.18 2.0 0.20 | 2.00 | 2.25 | 1.74
Sm m? | 1.83 | 1.78 | 1.90 | 2.25 | 1.83 | 1.75 | 2.22 | 2.15 | 2.11 | 2.18 2.0 0.20 | 2.01 | 2.25 | 1.75
VSAT, | dm® | 3.49 | 405 | 523 | 6.73 | 6.16 | 6.45 |10.70| 9.45 | 9.75 | 13.42 | 7.54 3.18 | 6.59 |13.42| 3.49
VSAT; | dm® | 2.82 | 3.26 | 445 | 5.63 | 5.05 | 549 | 9.61 | 8.31 | 8.16 | 12.09 | 6.49 2.96 | 5.56 |12.09| 2.82
TSAT, kg | 3.21 | 3.73 | 481 | 6.19 | 5.67 | 594 | 9.84 | 8.69 | 897 | 1235 | 6.94 292 | 6.06 |12.35| 3.21
TSAT; | kg | 259 | 3.00 | 409 | 518 | 465 | 5.05 | 884 | 7.64 | 7.51 | 11.12 | 5.97 2.73 | 5.12 |11.12| 2.59
TSAT,,, | % 49 | 58 | 6.7 | 65 78 | 95 | 10.2 | 10.2 | 10.7 | 13.3 | 8.56 2.64 | 8.66 |13.32| 4.86
TSATg,| % 39 | 46 | 57 | 54 | 64 | 81 | 92 | 89 | 89 | 120 | 7.33 251 | 7.25 | 12. | 3.93

The table presents the sums (D) of subcutaneous adipose tissue (SAT) thicknesses measured at the eight

standardised sites: Dj(fibrous structures included), D (fibrous structures excluded), Dr (fibrous structures).

818>, and S3represent the surface areas according to DuBois(210), Haycock (211), and Mosteller (212)
respectively.
The total SAT volume VSAT [dm?3] = dyfmm] - Sy [m?]. The total SAT mass TSAT=VSAT - p, with p= 920
[kgm™] for the density of fat (206). TSAT[%] = 100 - TSAT/m.

Table 21: Measurement of mean SAT (Storchle et al., 2018 (2))

P1 | P2 P4 | ps | p6 | P7 | P8 | P9 | PIO | ™
dwms | 2.94 | 3.55 | 3.98 | 450 | 4.97 | 5.69 | 6.45 | 7.46 | 7.76 | 10.20| 5.75
dows | 1.91 | 2.28 | 2.75 | 2.98 | 3.36 | 3.69 | 4.83 | 4.39 | 4.62 | 6.14 | 3.69
d miosa| 1.99 | 2.18 | 2.72 | 2.88 | 3.58 | 3.91 | 4.26 | 4.53 | 4.44 | 6.14 | 3.66
d mosn | 1.82 | 2.39 | 2.77 | 3.09 | 3.14 | 3.47 | 5.40 | 4.24 | 4.79 | 6.15 | 3.73
devs | 232 | 290 | 3.24 | 3.87 | 4.36 | 490 | 5.61 | 6.69 | 6.48 | 9.33 | 4.97
devors | 1.54 | 1.84 | 2.34 | 250 | 2.76 | 3.14 | 4.34 | 3.86 | 3.86 | 5.54 | 3.17
d eviosa| 1.60 | 1.74 | 2.32 | 2.41 | 2.95 | 3.34 | 3.75 | 4.00 | 3.69 | 5.56 | 3.14
d eviosn| 1.48 | 1.93 | 2.35 | 2.58 | 2.56 | 2.95 | 4.93 | 3.72 | 4.04 | 5.51 | 3.20
deve | 0.62 | 0.65 | 0.74 | 0.64 | 0.60 | 0.79 | 0.84 | 0.76 | 1.28 | 0.87 | 0.78
dewazs | 037 | 0.44 | 041 | 0.49 | 0.60 | 0.55 | 0.49 | 0.53 | 0.75 | 0.61 | 0.52
d rmiosa| 0.39 | 0.44 | 0.40 | 0.46 | 0.63 | 0.57 | 0.51 | 0.54 | 0.75 | 0.58 | 0.53
d miosn| 0.34 | 0.45 | 0.42 | 0.51 | 0.58 | 0.53 | 0.47 | 0.52 | 0.75 | 0.64 | 0.52

Mean SAT thicknesses du. The upper part shows mean SAT thicknesses obtained from eight standardised sites
(dus) (192) and from 216 randomised sites on the body of each of the ten participants. The latter
measurements were performed in two series of 108 measurements each (dus). The indices I, E, F stand for
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fibrous structures included in the thickness measurement, E for excluded, and F for the thickness of the
fibrous structures.

The measurements at the 216 sites resulted in the reference means of SAT thicknesses for
each of the participants (table 21). A comparison of the SAT means obtained with the eight
standardised sites (1,192) is presented in figure 8. Means of typically 50 to 300
measurements obtained from each US image were used to represent the SAT thickness at a
given individual site. The surface areas (Sy) are also displayed in table 20.
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Figure 8: Mean SAT thickness (Storchle et al., 2018 (2))

Black columns are the means (dus) obtained from the measurements at the eight standardised sites. White
columns are the means obtained from 216 sites (duzis) of each of the ten male participants. The participants
P11 to P10 are ordered according to increasing means of dms. The columns labelled M represent the mean
values of the ten participants. (i.e. the mean of all 2160 US measurements, each of them is a mean of typically
50 to 200 thickness measurements in each of the 2160 US images)
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(a) Mean thickness values including the embedded fibrous structures (dny).
(b) Mean thickness values excluding the embedded fibrous structures (dew).
(c) Mean thicknesses of fibrous structures (drvu=dm-dem)

The mean thicknesses obtained from the eight standardised sites deviated, as expected from
the means obtained from the 216 randomised sites. The factor k represents this for the
individual ten participants (table 22), and the mean of them can be used to calibrate results
obtained from the eight-site measurements. For measurements that included (index “I”)
fibrous structures the calibration equation is: dipris=dus - k216, and for measurements that
exclude (index “E”) fibrous structures: demz16=dgms - kemzis. The table also shows the factors
when the eight-site measurements were compared to 108-site measurements (the

measurement series of 216 sites was taken in two series of 108 sites each).

The k-values corresponding to 216 measurements with fibrous structures included (I), and
without (E), are shown in figures 9a and 9c, and for the 108-site measurement series in

figures 9b and 9d. Mean k values were 0.65mm in both cases.

Table 22:Mean SAT thickness calibration factor kv (Storchle et al., 2018 (2))
PL | P2 | P3| P4 | P5s | P6 | P7 | P8 | P9 | P10

Kuwzis | 0.65 | 0.64 | 0.69 | 0.66 | 0.68 | 0.65 | 0.75 | 0.59 | 0.59 | 0.60
K wosa | 0.68 | 0.61 | 0.68 | 0.64 | 0.72 | 0.69 | 0.66 | 0.61 | 0.57 | 0.60
K mosn | 0.62 | 0.67 | 0.70 | 0.69 | 0.63 | 0.61 | 0.84 | 0.57 | 0.62 | 0.60
kenz1s | 0.66 | 0.63 | 0.72 | 0.65 | 0.63 | 0.64 | 0.77 | 0.58 | 0.60 | 0.59
K emzosa| 0.69 | 0.60 | 0.72 | 0.62 | 0.68 | 0.68 | 0.67 | 0.60 | 0.57 | 0.60
K enosn| 0.64 | 0.67 | 0.73 | 0.67 | 0.59 | 0.60 | 0.88 | 0.56 | 0.62 | 0.59
K emz1s | 0.59 | 0.69 | 0.55 | 0.77 | 1.00 | 0.70 | 0.59 | 0.69 | 0.59 | 0.70
K enzosa| 0.63 | 0.67 | 0.54 | 0.73 | 1.04 | 0.73 | 0.61 | 0.71 | 0.58 | 0.66
K enaosn| 0.56 | 0.70 | 0.57 | 0.80 | 0.97 | 0.67 | 0.56 | 0.68 | 0.59 | 0.73

The calibration factor ks is defined as: kyzi16 = dyzi6/dus, and analogously krios = duios/dws. The calibration
factor allows assessing the mean SAT thickness of a person based on the measurements at the eight
standardised sites.
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Figure 9: Mean SAT thicknesses at eight standardised sites compared to measurements at 216 and at 108 sites.
(Storchle et al., 2018 (2))

Ten participants were measured at 216 sites (in two series of 108 sites each) distributed randomly all over the
body (compare to Figs. la-c), and also at the eight standardised sites. The ten participants are ordered
according to increasing mean SAT thickness (dms). The mean SAT thicknesses (du) obtained from
measurements at 216 (or at 108) sites deviate by a factor k from the means of the eight standardised sites: k6
= du216/dus, and analogously karios = dyios/dus. The factors for SAT thickness including fibrous structures (1)
are shown in (a), and the comparison with the two subgroups of 108 sites each are shown in (b).
(c) and d) display the factors for thicknesses with fibrous structures excluded (E).

Figures 10a and c show the correlations between the mean thicknesses obtained for the 216
randomised sites (duz1s) and the calibrated means (dus) from the eight standardised sites
according to: dusi=k - dus. The correlation coefficient R was 0.95 (p<0.01), and SEE was
0.34 for data including fibrous structures (figure 10a), and R? was 0.94 (p<0.01), and SEE
0.36 without fibrous structures (Fig.10c). Fig.10b and d show the respective limits of
agreement [-0.63, 0.72]mm and [-0.64, 0.76]mm, respectively.
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Figure 10:Application of the calibration factor & (Storchle et al., 2018 (2))

The application of the factor k on the eight standardised sites (dusi) compared with the 216 randomly
distributed sites (dwz1s) all over the body. In figures 10a and 10c, dusy is displayed over dyzis. Pearson’s
correlation coefficient was used. Data was normally distributed. (a) Embedded fibrous structures included (I):
R?=0.951, SEE=0.344. (c) Embedded fibrous structures excluded (E): R*=0.938, SEE=0.363. Figures (b) and
(d) present Bland-Altmann plots with the data for I: mean M=0.04, standard deviation SD=0.35, limits of
agreement were -0.63, and 0.72; for E: 0.06, 0.36, -0.64 and 0.76, respectively.

Mean SAT thicknesses of the 11 body segments (BS) head, neck, anterior trunk, posterior
trunk, upper arms, forearms, hands, buttocks, thighs, legs, an feet (du ss) are presented in
figures 11a and b and table 23. Highest mean value was 12mm at buttocks and lowest was
0.3mm at hands. The SAT percentages (SATv; ps) for each segment are presented in figures
llc and d and table 23. The columns represent the percentages of the SAT volumes (and

thus also of the fat masses) of the 11 body segments.
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Figure 11:Mean SAT thicknesses (dm,ss) at the 11 body segments (BS) (Storchle et al., 2018 (2))

This data set resulted from 10 - 216 = 2160 US images, captured at 11 body segments (for abbreviations see
figure. 4 or table 23). The individual values of the ten male participants are shown in table 23. (a) Mean SAT
thickness of each segment (compare to Fig. Ic) with fibrous structures included (dnps). (b) Data for
thicknesses where fibrous structures were excluded (dgyps). (c) and (d): the columns show the percentages
(SATo;s) of the body segment contributions to the total subcutaneous adipose tissue (TSAT). The mean SAT
thicknesses Mj 2160 and Mg 2160 (mean of 2160 SAT thickness measurements) of all 10 participants measured at
216 sites each were 3.69 and 3.17, respectively (see table 21); therefore, normalisation factors of fi =
100/3.6947 = 27.07, and fg= 100/3.1704 = 31.54 result. For SAT thicknesses with fibrous structures included
(1) we get SAT 1585 = dnps* f1 - Sgs/S, and with fibrous structures excluded (E) SATE % ss = demps* fe * Sps/S.
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Table 23: Mean SAT thicknesses (dmss) and SAT percentages of the 11 body segments (BS) (Storchle et al.,
2018 (2))

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 | MD M SATy, s

dmue | 0.52 | 1.08 | 1.27 | 0.49 | 220 | 2.91 | 1.25 | 0.40 | 1.06 | 1.54 | 1.17 | 1.27 | 2.4
dmne | 0.50 | 1.20 | 1.51 | 1.19 | 2.09 | 2.45 | 0.67 | 0.79 | 3.14 | 1.43 | 1.31 | 1.50 | 0.8
dimar | 1.98 | 3.19 | 413 | 2.90 | 4.14 | 4.84 | 527 | 6.40 | 6.12 | 7.98 | 4.49 | 4.69 | 16.5
dimer | 2.66 | 2.03 | 3.56 | 3.20 | 2.84 | 4.04 | 3.86 | 454 | 499 | 591 | 3.71 | 3.76 | 13.2
dimau | 097 | 219 | 2.02 | 274 | 329 | 2.65 | 3.49 | 2.90 | 4.19 | 5.53 | 2.82 | 3.00 | 6.5
dimea | 052 | 058 | 1.37 | 063 | 0.99 | 1.30 | 1.61 | 0.73 | 2.41 | 1.37 | 1.15 | 1.15 | 1.9
dmua | 022 | 0.26 | 0.19 | 0.36 | 0.45 | 0.58 | 0.55 | 0.20 | 0.28 | 0.22 | 0.27 | 0.33 | 0.4
dimeu | 7.71 | 8.10 | 7.92 | 12.62|10.83|12.85|16.99 | 17.93 | 11.08 | 14.36 | 11.85 | 12.04 | 16.3
dm | 257 | 3.28 | 3.80 | 458 | 4.25 | 452 | 8.49 | 7.06 | 7.59 |11.08 | 4.55 | 5.72 | 29.4
dimee | 1.53 | 1.48 | 1.56 | 2.03 | 3.23 | 2.64 | 4.08 | 2.22 | 3.60 | 5.63 | 2.43 | 2.80 | 10.6
dmee | 019 | 0.24 | 0.24 | 037 | 0.84 | 0.50 | 0.56 | 0.33 | 0.35 | 0.31 | 0.34 | 0.39 | 0.7
dewmpe | 048 | 0.87 | 1.14 | 0.43 | 1.73 | 2.19 | 1.06 | 0.37 | 0.76 | 1.30 | 0.97 | 1.03 | 2.3

dewmne| 043 | 099 | 1.35 | 1.02 | 1.84 | 2.16 | 0.62 | 0.67 | 2.77 | 1.19 | 1.10 | 1.30 | 0.8
demar | 1.55 | 2.61 | 3.59 | 2.35 | 3.51 | 3.73 | 453 | 5.75 | 5.09 | 7.20 | 3.66 | 3.99 | 16.4

dewpr | 2.00 | 1.60 | 3.12 | 2.64 | 2.26 | 3.60 | 3.43 | 3.80 | 4.10 | 5.14 | 3.27 | 3.17 | 13.0
dewau| 0.81 | 096 | 1.86 | 2.29 | 242 | 2.13 | 3.05 | 298 | 3.50 | 3.77 | 235 | 238 | 6.0

dewea | 050 | 047 | 121 | 055 | 0.86 | 1.11 | 1.43 | 0.57 | 1.98 | 1.19 | 0.99 | 0.99 | 1.9
devua| 022 | 022 | 019 | 0.29 | 0.40 | 047 | 0.51 | 0.20 | 0.24 | 0.21 | 0.23 | 0.29 | 05
dewpu| 649 | 6.72 | 6.30 | 11.04| 9.42 | 11.43|16.25|16.47 | 9.70 | 13.41|10.37 | 10.72 | 16.9
deyma | 205 | 253 | 315 | 3.73 | 335 | 3.95 | 750 | 6.15 | 6.24 | 10.01| 3.84 | 4.87 | 29.2
dewue | 124 | 124 | 137 | 1.70 | 2.70 | 2.33 | 3.74 | 1.89 | 3.12 | 5.07 | 2.11 | 2.44 | 10.8
dewee | 018 | 0.23 | 0.22 | 0.36 | 0.70 | 0.45 | 0.52 | 0.26 | 0.34 | 0.30 | 0.32 | 0.36 | 0.8

The indices I and E stand for fibrous structures included in the thickness measurement and E for excluded.
SAT thicknesses of the ten participants were measured at 216 sites each (in two series of 108 each). The
numbers of sites on each of the 11 body segments according to Lund and Browder (207) were chosen
proportionally to the surface areas of these segments (figure. 4c): 16 on head (HE), 4 on neck (NE), 28 on
anterior trunk (AT), 28 on posterior trunk (PT), 16 on upper arms (AU), 12 on forearms (FO), 12 on hands
(HA), 12 on buttocks (BU), 40 on thighs (TH), 32 on legs (LE), and 16 on feet (FE). The according box plots
are shown in figures 11(a) and (b). The mean percentages (of all ten participants) of the fat mass contributions
of the individual body segments are also shown (SATops), this sums up to 99% because (1%) were ignored.
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3.2 Intra-observer study

This study was used to investigate if this novel ultrasound method is accurate and reliable in
all kind of body types. Three measurement series in each person were carried out in 38
untrained, normal weight, overweight and obese participants. The results were published in
Ultrasound in Medicine and Biology (1) and are quoted literally in the following. Figures
and tables have also been taken over with the permission of publisher (Elsevier).
Additionally, a comparison of the SAT data and total body fat in percent (TBF), which was
assessed according to the Body roundness model of Thomas et al. (213) was supplemented.
“Figure 12a shows the three sums of DincL obtained from the eight sites for the three
measurements (M1, M2, and M3). Values are plotted over the mean value of the three
measurement sums (in a given participant). Figure 12b shows the results for Dexcr, (without
fibrous structures). Statistical characteristics for Dincr are p=0.999 (p<0.01), SEE=1.1 mm,
and for Dexcr: p=0.997 (p<0.01), SEE=1.5mm. Several additional borders have to be
determined in order to measure the additional thicknesses of embedded structures for Dexcr,
whereas for Dinci deviations were slightly smaller because there is just one upper and one
lower border to be determined by the algorithm.

The corresponding correlations between the individual sites of the single measurements are
presented in table 24a and 24b. Spearman’s rank correlation coefficient (p) was calculated.
Including fibrous structures, the highest correlation exists for the site LA. With fibrous
structures excluded, UA showed the highest correlation. M2 and M3 showed the strongest

correlations (measurements M2 and M3 were done without re-marking the site).

The SAT thickness sums Dincr,mean ranged in G1 from 12.46mm to 77.41mm and in G2 from
44.34mm to 244.87mm. In both groups (most participants physically untrained), the

thickness sums Dinci,mean for women (N=12) ranged from 52.51mm to 244.87mm (mean:

117.3mm), and for men (N=26) from 12.46mm to 167.88mm (mean: 72.8mm).
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Figure 12: Sums of SAT thicknesses from eight sites measured three times (measurements M1, M2, and M3)
in 38 participants (Storchle et al., 2017 (1))
The sums D of each measurement series at the eight sites (in a given participant) are displayed over the mean

value of all three measurements.

a: Embedded fibrous structures included (Dinct). Spearman’s rank correlation coefficient (p) was used to
determine the correlation. p=0.999 (p<0.01), SEE=1.1mm

b: Embedded fibrous structures excluded (Dexct). p=0.997 (p<0.01), SEE=1.5mm
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Table 24: Intra-observer correlations (Storchle et al., 2017 (1))
Spearman'’s rank correlation coefficients (p) were calculated (p<0.01) for each individual site

Correlation of measurements for dinct Correlation of measurements for dexcr
p<0.01 (Spearman's-rho) p<0.01 (Spearman's-rho)
US-Site pumiv2 |\ pmims | pmaws US-Site pmim2 | pmims | Pmams
UA 0.995 0.994 0.996 UA 0.997 | 0.997 | 0.999
LA 0.997 | 0.996 | 0.999 LA 0.997 | 0.996 | 0.995
ES 0.968 | 0.971 0.994 ES 0.980 | 0.973 0.982
DT 0.940 | 0.930 | 0.956 DT 0.973 0.939 | 0.970
BR 0.975 0.975 0.993 BR 0.985 0.988 | 0.985
LT 0.991 0.988 | 0.995 LT 0.995 0.991 0.995
FT 0.994 | 0.989 | 0.998 FT 0.988 | 0.987 | 0.990
MC 0.982 0.982 0.989 MC 0.970 | 0.965 | 0.989
Mean 0.980 | 0.978 | 0.990 Mean 0.986 | 0.950 | 0.988
a: Correlations with fibrous structures b: Correlations with fibrous structures
included. The highest correlations were excluded: The highest correlations were
found at the site lower abdomen (LA), and found at the sites upper abdomen (UA),
the lowest at the site distal triceps (DT). All and the lowest at the sites distal triceps
correlations found for the measurements (DT) and medial calf (MC). In most cases
M?2 and M3 were higher than the others. highest correlations were between the

measurements M2 and M3.

Figures 13a and b show the deviations of the single measurement sums from their mean for
each participant. 95% of deviations were within the interval [-2.2mm, 1.9mm] with fibrous

structures included, and within [-3.24mm, 3.18mm] when fibrous structures were excluded.
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Figure 13: Differences from the mean of the three measurements (M1, M2, and M3) (Storchle et al., 2017
(1)

Three measurement deviations of the sums from the eight sites in each of the 38 participants (both groups
combined) are plotted (N=114).a: Ainct=Dinci—DinciL,mean is shown for all 38 participants. The 19 subjects
of each group are ordered according to increasing values of Divcr,uean. 95% of deviations were within the
interval [-2.2, 1.9] mm. b: Aexct=DEexci—DExcLmean is shown for all 38 participants. The 19 subjects of
each group are ordered according to increasing values of Dincrmean. 95% of deviations were within the
interval [-3.24, 3.18] mm.

Box plots in figures 14a and 14b visualize the absolute values of measurement deviations
from their mean. The two observers measured the sums of eight sites three times in their
respective groups (Gl and G2, respectively), each with 19 participants (resulting in
2x19x3=114 comparisons of SAT thickness sums). The deviations in the individual groups
and in both groups combined are displayed. In G1, the median of the absolute deviations
ABS(Aiver) was 0.43mm, and the median of ABS(Aexct) was 0.41mm, the interquartile
ranges were 0.70mm and 0.45mm, respectively. The highest deviations of the single
measurement — SUmMs of  thicknesses were  ABS(AncLmax)=1.63mm and
ABS(Aexcrma)=2.13mm; 95% of data were below 1.44mm (1.57mm). In G2, the medians
were in both cases 0.89mm. The highest deviations were ABS(Aincrmax)=4.16mm and
ABS(AExcr,ma)=6.05 mm; the interquartile ranges were 1.06mm and 1.48mm, respectively;
95% of data were below 2.86mm (3.78mm). ABS(Ainct) G1 and G2 together: median
0.61mm, interquartile range 0.91mm, and 95% were below 2.21mm. For ABS(Aexct):
median 0.59mm, interquartile range 1.18mm, and 95% were below 3.24mm. Deviations in

the normal weight group GI1 were lower than in G2.

Figures 14c and 14d represent the distribution of the relative errors Ayer =100-4/Dygan (in

percent). For Gl, the medians for AincrLrer and Aexcr,ret were both 1.1%. Maximum values
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were 6.4% and 5.8%. 95% were below 3.83% and 3.42%, respectively. For G2: median of
At ret was 0.5%, maximum was 2.8%, 95% of the values were below 2.16%. For Agxcr rel:
median was 0.9%, maximum 4.4%, 95% were below 3.03%. In G2, deviations were lower

than in the normal weight group G1.

Values for both groups together for Anct,rel (and Agxcr rel) were: median 0.75% (1.0%), and
95% of the data were below 2.78% (3.42%).
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Figure 14: Observer differences of their individual D-values from their means (Dwmean) (Storchle et al., 2017
(1)

Differences of the three sums from the eight sites in each of the 38 subjects (GI1: N=57, G2: N=57 and G1
plus G2: N=114).

a: Absolute differences: ABS(Ainct)=ABS(Dinci—Dincrmean) The according relative deviations are
presented in figure 14c.

b: Absolute differences: ABS(Aexct)=ABS(Dexci—Dexcr,mean) The according relative deviations are
presented in figure 14d.

c: Relative deviations in percent of Dincimean: AincL,re=100-ABS(AincL)/DiNcL,MEAN

d: Relative deviations in percent of Dexcr,mean: Aexcire=100-ABS(A4ExcL)/DExcL,MEAN
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In the figures 15a and 15b the absolute values of deviations of the three measurements at
each of the eight sites are shown. The deviation ¢ is the measurement deviation of each
measurement (M1, M2, M3) from the mean of the three measurements at a given site in a
given subject. The number of deviations ABS(9) in the box plots was 114 (38 participants,
three measurements). ABS(0ivct) refers to SAT thickness values with the fibrous structures
included, and ABS(Jexct) refers to SAT thickness values without fibrous structures. Table 25
presents the statistical characteristics of the box blots in figure 15. For both groups
combined, median values of ABS(doinct) ranged from 0.13mm to 0.26mm; for Gl from
0.07mm to 0.18mm, and for G2 from 0.18mm to 0.42mm. Interquartile ranges and maximum

deviations can also be found in table 25.
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Figure 15: Measurement differences (absolute values) at the individual eight sites (Storchle et al., 2017 (1))
Absolute differences ABS(0) from both groups together were used. Number of comparisons at each of the
eight sites: N=114 (38 participants, three measurements each). Characteristic values are presented in table
25.

a: ABS (dincL) for each of the eight sites.

b: ABS (0exct) for each of the eight sites.
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Table 25:Absolute thickness value differences from the mean of the three measurements for each of the eight
sites (Storchle et al., 2017 (1))

Characteristic values to box plots in figures 15a and b).
Deviations of thickness measurements at individual sites with both, fibrous structures included and excluded

a

ABS(dincL); both groups G1+G2
UA |LA | ES | DT | BR | LT | FT | MC
Median(mm) 0.21]0.260.210.18 0.13 | 0.24|0.13 | 0.15
Interquartile Range (mm) 0.3710.34 1 0.35|0.30 | 0.20 | 0.49 | 0.18 | 0.26
Maximum (mm) 19142117119 |11 |26 09|18
ABS(dexcL); both groups G1+G2
UA |LA | ES | DT | BR | LT | FT | MC
Median(mm) 0.2310.35(0.22|0.14 | 0.11 | 0.28 | 0.20 | 0.15
Interquartile Range (mm) 0.42|0.41030]0.27|0.20 | 0.38 | 0.30 | 0.27
Maximum (mm) 26 | 46 | 1.1 | 1.5 | 1.1 2 1 2.4
ABS(dincL); group G1
UA | LA | ES | DT | BR | LT | FT | MC
Median(mm) 0.13 1 0.18 | 0.11 | 0.09 | 0.07 | 0.16 | 0.11 | 0.08
Interquartile Range (mm) 0.17 1 0.21 | 0.20 | 0.16 | 0.13 | 0.29 | 0.14 | 0.15
Maximum (mm) 06 |068| 14 | 06 | 06 |085| 0.6 | 0.36
ABS(dexcL); group G1
UA | LA | ES | DT | BR | LT | FT | MC
Median(mm) 0.15]0.28 | 0.14 | 0.08 | 0.06 | 0.26 | 0.15 | 0.11
Interquartile Range (mm) 0.17 1028 | 0.2 | 0.2 | 0.11 | 0.32 | 0.24 | 0.18
Maximum (mm) 0.7 1 09 |087| 0.6 | 0.4 | 0.86 1 0.57
ABS(dincL); group G2
UA |LA | ES | DT | BR | LT | FT | MC
Median(mm) 0.4210.42(0.32|031(0.180.37|0.18 | 0.24
Interquartile Range (mm) 0.4910.50{0.50 {037 1030 |0.72|0.22 | 0.31
Maximum (mm) 19 |42 |17 |19 | 11|26 09| 18
ABS(6excL); group G2
UA | LA | ES | DT | BR | LT | FT | MC
Median(mm) 0.4310.5210.30|0.27 ] 0.17 | 0.35 | 0.27 | 0.29
Interquartile Range (mm) 0.530.63 042 ]0.410.29|0.57|0.30|0.37
Maximum (mm) 26 | 46 | 1.1 | 1.5 | 1.1 2 09|24

a: For both groups G1 and G2 combined, N=3x38=114 at each site. b: Group GI1: N=57 c:
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Figure 16a shows median SAT thicknesses, and figure 16b shows measurement deviations
relative to the median SAT thicknesses. Although the deviation values ABS(0) increased with
increasing d, the relative values were lower at those sites where SAT thickness d was higher.
The median SAT thickness at the new site lateral thigh LT (which replaces the previously
used external oblique site) was between the values of the UA and LA (Figure 16a; grey
column). The relative measurement deviations oNcLre were below 2%, this is comparable to

the values obtained at UA and LA. At all other sites oincL,re was higher (Figure 16b).

6 ABS(6
43 dINCL,MEDIAN oe1 (OINCI.,reI) 0G1
[mm] mG2 b [%] mG2
ol G1+G2 5 Bhis
25
4
20
3
15
’)
10
1
5 H I I
5 H H M H 1 0
UA LA ES DT BR LT FT MC UA LA ES DT BR LT FT MC

Figure 16: SAT patterning in the groups and relative measurement deviations at the individual sites (Storchle
etal., 2017 (1)):
White columns correspond to group G1 (N=57), black to G2 (N=57), and grey to GI and G2 combined

(N=114).

a: Median SAT thicknesses

b: Measurement deviations relative to the median SAT thicknesses d:

Over rer=100-ABS(0nct, mEDIAN) /dINCL MEDIAN.

(ABS(0invcr meDIAn): absolute values of deviations are used to determine the median)

A comparison of BMI and Dinci is shown in figure 17. There was no correlation in group
Gl1; in G2, there was a moderate correlation of p=0.58 (p<0.01), and for both groups
together (N=38) Spearman’s rho was p=0.727 (p<0.01). The highest Dincy. in this group
(245mm, at a BMI of 37.2) was 46% above Dinci of the person with the highest BMI of 40.3
(Dinc=168mm).
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Figure 17: Comparison of body mass index (BMI) and Dixcr in groups 1 (G1) and 2 (G2) (Storchle et al.,
2017 (1))

Body roundness model (BRM)

Figure 18a shows the correlation between Dincr,Mean and total body fat, which was assessed
according to the BRM of Thomas et al. (213). Spearman’s rank correlation coefficient p was
0.832 (p<0.05) for values including the fibrous structures, and 0.842 (p<0.05) when fibrous

structures were excluded (plot not shown).
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Figure 18: Body roundness model (BRM):

TBF, VAT/TBF-ratios, and Total body fat (TBF) and visceral adipose tissue (VAT) were assessed using the
body roundness model BRM (web-based calculator from Thomas et al. (17)). The BRM is a simple method
for rough assessment of TBF and VAT obtained by using age, height, sex, waist circumference, hip
circumference, race, and products of these parameters.

A: TBF (according to the BRM) is presented over the SAT thickness sums Dincr MEAN:

Spearman’s rank correlation coefficient (p): p=0.832 (p<0.05)

B: Ratios of VAT to TBF (according to the BRM) for G1, G2, and G1+G2, in percent: 100(VAT/TBF)

For G1: median 5.1%, and maximum 9.0%. G2: median 12.8%, and maximum 25.2%. G1+G2 (both groups
combined): median was 7.7%.

C: VAT-dependency on TBF

Spearman’s rank correlation coefficient (p) for all 38 participants (G1+G2): p=0.554 (p<0.05); for females
separated (triangles; N=12): p=0.770, and for males (circles; N=36): p=0.987.

Figure 18b displays the ratio between visceral adipose tissue (VAT) and total body fat (TBF)
according to the BRM. Values for G1: median 5.1%, maximum 9.0%, and for G2: median
12.8% and maximum 25.2%; both groups together: median 7.7%. Spearman’s rank
correlation coefficient p between VAT and TBF was 0.554 (p<<0.05, N=38). When separating
men and women, p was 0.987 in the male group (N=26), and 0.770 in the female group
(N=12) (p<0.05 in both cases). This indicates that the dependency of VAT on TBF (as
determined by the BRM) differs in a pronounced way between men and women. Within the
individual groups G1 and G2 there was, according to the BRM, no significant correlation
between VAT and TBF for men and women combined. However, when separating men and
women into the individual groups G1 and G2, a significant correlation resulted for men (G1:
p=0.968, p<0.01; G2: p=0.957, p<0.05). There was no significant correlation for women
(number of women was only 7 in G1, and 5 in G2). Figure 18c shows the dependency of

VAT to TBF according to the BRM for women and men. Men (circles) and women

(triangles) are distinctively separated.
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3.3 Fat patterning, fibrous structures, and SAT correlations with
anthropometric indices

3.3.1 Fat patterning

Fat patterning of 153 participants were analysed. Factors such as sex and body type play an
important role in the distribution of fat, therefore results are separated into general fat
patterning (point 3.3.1), fat patterning in males and females (point 3.3.1.1) and fat patterning
in different groups divided up by BMI and sex (point 3.3.1.2).

The group included a range from young adults, starting with the age of 18 years, to elderly
people up to 76 years. A wide range from lean to normal weight and obese people category
111 were covered (BMI ranged from 17.3-40.3 kgm™ and body mass from 42.2 kg to 128.6
kg). An example of an evaluated image series is shown in figure 19. All eight sites show the
same structure. The coloured areas represent the SAT cross-sectional areas within the chosen
region of interest. The series of evaluated images in figure 19 corresponds to the survey plot
representing the SAT patterning in section 3.3.3 “SAT tissue and relative body weight”
(figure 33).
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Figure 19: B-mode ultrasound measurement of uncompressed subcutaneous fat

The corresponding analysed patterning is shown in figure 33

US images and evaluations of SAT thicknesses. Participant A: male, BMI=25.5, body mass 80.7kg, stature
1.78m.

Adapted from (Storchle P, Miiller W, Sengeis M, Ahammer H, Fiirhapter-Rieger A, Bachl N, et al.
Standardized ultrasound measurement of subcutaneous fat patterning: high reliability and accuracy in
groups ranging from lean to obese) with permission of publisher (Elsevier).

Fat patterning of all participants is visualised in figure 20a and b with the corresponding
absolute values in table 26 (a and b). The mean value of the total sum of SAT, including
fibrous structures (Dr), was 67.9 mm (ranged from 5.6 mm to 244.9 mm). The relative
amount of each site contributing to the total sum (d/D)*100 is shown in the figures 20c and

d. Table 26 (c and d) contains the corresponding values.
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Table 26: Mean SAT thicknesses at the eight standardised sites

a)
Mean 9.9 15.3 6.0 5.9 2.6 15.9 7.7 4.7 67.9
SD 9.5 10.8 3.7 3.7 1.6 9.4 4.5 3.2 39.4
Median 7.2 12.7 4.9 5.1 2.3 15.8 7.3 4.2 63.8
Min. 0.7 1.4 0.3 0.4 0.1 0.4 0.5 0.2 5.6
Max. 47.2 60.7 22.7 25.0 8.4 51.5 30.7 24.2 244.9
b)
Mean 9.1 14.0 5.5 5.0 2.3 14.4 6.7 4.3 61.3
SD 9.3 10.8 3.5 3.5 1.5 9.2 4.3 3.1 38.4
Median 6.1 11.2 4.5 4.2 2.1 14.6 6.1 3.9 57.9
Min. 0.7 1.2 0.2 0.3 0.1 0.2 0.5 0.2 4.1
Max. 44.3 58.8 21.2 23.7 8.1 49.2 29.8 22.7 236.7
c)
FS included (%) UA LA ES DT BR LT FT MC
Mean 13.45 22.58 9.29 9.09 3.83 23.05 | 11.85 6.86
SD 6.03 6.70 3.56 3.64 1.54 7.91 3.76 2.60
Median 12.61 23.14 8.87 9.00 3.66 23.26 | 12.05 6.71
Min. 2.73 4.74 2.33 1.00 0.99 3.16 1.73 1.05
Max. 28.14 39.91 24.53 23.86 14.16 | 42.69 | 22.26 17.75
d)
FS excluded (%) UA LA ES DT BR LT FT MC
Mean 13.73 22.72 9.68 8.64 3.86 22.87 | 11.47 7.03
SD 6.40 7.54 3.76 3.84 1.49 8.56 3.95 2.76
Median 12.87 23.16 9.22 8.36 3.69 23.30 | 11.54 6.77
Min. 2.59 4.36 2.36 1.03 1.16 2.82 2.02 1.24
Max. 29.15 41.80 | 23.84 23.27 14.09 | 44.19 | 23.05 19.45

a) with fibrous structures included. The highest mean values were at the sites LT and LA with 15.9 mm and

15.3 mm, respectively.

b) for fibrous structures excluded, similar results occurred (highest values LT with 14.4 mm and LA with

14.0 mm)

c¢) showing the relative values (dyD;)*100 with fibrous structures included. The two sites LT and LA had also
the highest values, accounting for more than 45%
d) showing the relative values (dzDg)*100, with fibrous structures excluded.
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Figure 20: Boxplots showing the mean SAT thicknesses at the eight
standardised sites

a) with fibrous structures included
b) with fibrous structures excluded

c) the relative values (dyD;)*100, with fibrous structures included
d) the relative values (drDg)*100, with fibrous structures excluded

The corresponding values are shown in table 26
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3.3.1.1 Fat patterning in males and females

To show fat patterning differences between males and females, 82 men and 71 women were

investigated. Data are shown in table 27.

a) Table 27: Distribution of SAT thickness in males and females
FSincluded N (mm) UA LA ES DT BR LT FT MC Sum
Mean 10.0 14.9 5.1 3.9 1.9 9.5 4.9 3.1 53.5
SD 9.7 114 3.3 2.3 1.3 5.9 2.7 2.1 35.7
Male 82 Median 6.0 11.2 4.2 3.8 1.7 8.7 4.4 2.7 40.3
Min. 0.7 1.4 0.3 0.4 0.1 0.4 0.5 0.2 5.6
Max. 47.2 60.7 14.8 12.2 6.1 25.5 14.7 9.7 167.9
Mean 9.9 15.8 7.0 8.1 3.3 23.2 10.9 6.4 84.6
SD 9.3 10.1 4.0 3.7 1.5 7.0 3.9 3.3 37.0
Female 71 Median 7.7 14.0 6.2 7.5 2.9 21.7 10.2 6.1 76.0
Min. 0.9 2.1 1.9 2.5 0.7 10.1 5.3 1.8 33.5
Max. 45.4 52.1 22.7 25.0 8.4 51.5 30.7 24.2 244.9
b)
FS excluded N (mm) UA LA ES DT BR LT FT MC Sum
Mean 9.2 13.6 4.5 3.1 1.7 8.1 4.0 2.8 47.1
SD 9.4 114 2.9 2.0 1.2 5.8 2.4 2.0 34.2
Male 82 Median 5.2 9.8 3.7 3.1 1.4 6.9 3.7 2.2 35.0
Min. 0.7 1.2 0.2 0.3 0.1 0.2 0.5 0.2 4.1
Max. 44.0 58.8 13.5 11.0 5.5 24.4 14.1 9.3 159.2
Mean 9.1 14.3 6.6 7.2 3.0 21.6 9.9 6.0 77.8
SD 9.2 10.1 3.7 3.6 1.5 6.9 3.8 3.2 36.6
Female 71 Median 6.8 12.5 5.9 6.9 2.7 20.2 9.2 5.6 69.8
Min. 0.9 1.8 1.8 2.4 0.6 7.9 4.0 1.7 27.7
Max. 44.3 51.2 21.2 23.7 8.1 49.2 29.8 22.7 236.7
c)
FSincluded N % UA LA ES DT BR LT FT MC
Mean 16.1 26.8 10.2 8.5 3.7 18.1 10.5 6.2
SD 5.6 5.1 3.6 4.3 1.4 6.0 4.0 2.8
Male 82 Median 15.0 26.7 9.4 8.0 3.6 17.7 9.3 5.7
Min 6.6 13.0 4.1 1.0 1.0 3.2 17 1.1
Max. 28.1 39.9 24.5 23.9 7.0 30.7 22.3 17.8
Mean 10.4 17.7 8.3 9.7 4.0 28.8 134 7.7
SD 5.0 4.7 3.2 2.6 1.6 5.6 2.7 2.1
Female 71 Median 9.9 17.4 7.6 9.3 3.7 29.2 13.5 7.4
Min 2.7 4.7 2.3 4.0 2.0 17.9 7.9 3.6
Max. 24.3 27.3 22.8 16.6 14.2 42.7 18.7 12.4
d)
FS excluded N % UA LA ES DT BR LT FT MC
Mean 16.7 27.4 10.7 7.9 3.8 17.3 9.9 6.3
SD 5.8 6.0 3.9 4.5 1.4 6.1 4.1 3.1
Male 82 Median 15.8 27.7 9.8 7.1 3.6 16.8 8.7 6.0
Min. 6.4 10.4 5.1 1.0 1.2 2.8 2.0 1.2
Max. 29.2 41.8 23.8 23.3 7.3 29.3 23.1 19.5
Mean 10.3 17.3 8.5 9.5 4.0 29.3 13.3 7.8
SD 5.3 5.1 3.2 2.6 1.6 6.0 2.9 2.2
Female 71 Median 9.8 17.1 8.2 9.2 3.8 29.2 13.0 7.6
Min. 2.6 4.4 2.4 4.0 1.9 17.9 8.1 3.6
Max. 25.2 27.7 22.7 16.4 14.1 44.2 20.0 13.2

a) absolute values including fibrous structures. b) absolute values excluding fibrous structures. c) relative
values including fibrous structures. d) relative values excluding fibrous structures. The corresponding results
and significant differences are plotted in figure 21.
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In absolute values, both results included and excluded showed the same significant
differences between men and women (ES, DT, BR, LT, FT, MC and the sum of the eight
sites). Using the median (data were not normally distributed) each site had higher values in
women. When looking at the relative values, seven sites (UA, LA, ES, DT, LT, FT and MC)
showed significant differences between men and women in this group, whereas BR did not.
In men, the two sites at the abdomen UA und LA contributed 41.7% (median) to the sum of
the eight thicknesses, whereas in women it was only 27.3%. In women, all sites at the
extremities showed higher values. Except for BR, four of the five sites showed significant

differences (Mann-Whitney U Test was used). To demonstrate distribution and outliers,

boxplots are shown in figure 22.
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Figure 21: Sat patterning differences in men and women of 153 participants (82 men and 71 women)

a) absolute values including fibrous structures. Significant differences were found (*) for ES, DT, BR, LT,
FT, MC, and the sum of the eight sites.
b) absolute values excluding fibrous structures. Significant differences were found (*) for ES, DT, BR, LT,
FT, MC, and the sum of the eight sites.
¢) including fibrous structures. Significant differences were found (*) for the sites: UA, LA, ES, DT, LT, FT,

and MC.

d) excluding fibrous structures. Significant differences were found (*) for the sites: UA, LA, ES, DT, LT, FT,

and MC.
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Figure 22: Boxplots of SAT patterning differences in men and women of 153 participants (82 men and 71
women)

a) absolute values including fibrous structures. Significant differences were found for ES, DT, BR, LT, FT,
MC, and the sum of the eight sites

b) absolute values excluding fibrous structures. Significant differences were found for ES, DT, BR, LT, FT,
MC, and the sum of the eight sites

¢) including fibrous structures. Significant differences were found for the sites: UA, LA, ES, DT, LT, FT, and
MC

d) excluding fibrous structures. Significant differences were found for the sites: UA, LA, ES, DT, LT, FT,
and MC
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3.3.1.2 Fat patterning differences between normal weight and overweight
persons

The 153 participants were divided into groups according to the BMI classification of the
WHO (172) . 57 normal weight men built the lean/normal weight group for men with a BMI
<24.9 (group 3). The remaining 25 men built the overweight/obese men group with a BMI
>25 (group 4). Women were separated into 65 lean/normal weight (BMI <24.9; group 5) and
six overweight/obese participants (BMI >25; group 6). Absolute values are shown in table
28 for measurements including fibrous structures and in table 30 for excluding them.
Relative values including fibrous structures are shown in figure 23 and the corresponding
values can be found in table 29. Figure 24 and table 31 show the equivalent excluding fibrous
structures. In the next paragraph, results for relative values with fibrous structures included

are described.

Between men, significant differences were found for the sites UA, LA, DT, and FT (p<0.05).
Sum of SAT ranged from 5.6 mm to 82.5 mm with a median of 30.3 mm in the normal
weight group for men (group 3), and 36 mm to 167.9 mm and a median of 84.9 mm in group
4 (overweight/obese men according to BMI). In the groups of women, the sites UA, LA, LT
and FT showed significant differences. Data are shown in figure 23 and the corresponding
values in table 29. The sum D ranged in group 5 from 33.5 to 144.6 mm (median: 73.3mm)
and in group 6 from 124.7mm to 244.9mm (median: 182.7mm). In both sexes, the
proportions changed only to a higher amount in the abdominal region. In men the sites UA
and LA changed from 40.1% to 51.3% of the total amount of SAT, and in women from
29.8% to 43.4%. In the female group, the total amount of the site LT dropped from 29.7%
to 19.3% from normal weight to overweight persons. Comparing men and women, the same
results for the normal weight group (BMI <24.9) occurred as in chapter 3.3.1.1, with the
exception that there was no significant difference at the site DT (UA, LA, ES, LT, FT, and
MC showed significant differences). In the overweight group, significant differences

between men and women were found only at three sites (LA, ES, DT).
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Table 28: Fat patterning in different groups with fibrous structures included

FS included N (mm) UA LA ES DT BR LT FT MC Sum
Mean 5.8 10.1 3.9 3.3 1.4 7.4 3.9 2.4 38.2
SD 4.3 5.9 2.2 1.7 0.8 4.7 1.8 1.7 19.7
Male BMI <25 57 Median 4.6 8.1 3.7 3.2 1.4 6.3 3.7 2.1 30.3
Min. 0.7 1.4 0.3 0.5 0.1 0.4 0.5 0.2 5.6
Max. 21.9 27.3 10.6 8.7 3.5 18.6 9.8 8.2 82.5
Mean 19.6 26.0 8.0 5.4 3.2 14.4 7.2 4.9 88.6
SD 11.8 13.3 3.7 2.7 1.3 5.7 3.1 2.1 39.2
Male BMI >25 25 Median 18.6 24.9 7.9 4.8 3.2 13.0 7.3 4.6 84.9
Min. 3.8 7.5 2.3 0.4 1.0 6.7 1.7 1.3 36.0
Max. 47.2 60.7 14.8 12.2 6.1 25.5 14.7 9.7 167.9
Mean 7.6 13.3 6.6 7.3 3.0 21.9 10.2 5.8 75.7
SD 4.2 5.4 3.5 2.4 1.3 5.3 2.8 2.1 19.9
Female BMI <25 65 Median 7.2 13.0 6.0 7.4 2.8 21.3 10.0 5.9 73.3
Min. 0.9 2.1 1.9 2.5 0.7 10.1 5.3 1.8 33.5
Max. 20.0 30.4 22.7 14.9 7.3 35.3 17.9 13.3 144.6
Mean 34.6 42.7 12.0 16.6 6.1 36.6 18.4 13.5 180.3
SD 13.3 10.0 5.6 4.9 1.4 8.8 6.6 5.9 45.5
Female BMI >25 6 Median 41.2 46.5 12.4 15.7 5.9 36.2 17.0 11.1 182.7
Min. 12.5 27.9 2.9 11.9 4.5 24.8 11.4 8.8 124.7
Max. 45.4 52.1 20.2 25.0 8.4 51.5 30.7 24.2 244.9
57 normal weight men built the normal weight group with a BMI <24.9 (group 3). 25 men built the
overweight/obese group with a BMI >25 (group 4). Women were separated into 65 lean and normal weight
(BMI <24.9; group 5), and 6 overweight and obese participants (BMI >25; group 6)
Table 29: Relative values of fat patterning in different groups with fibrous structures included
FSincluded N % UA LA ES DT BR LT FT MC
Mean 14.1 25.9 10.6 9.5 3.6 18.5 11.4 6.3
SD 4.6 5.2 4.1 4.6 1.6 6.5 4.3 3.1
Male BMI <25 57 [Median 14.1 26.0 9.8 9.1 3.3 18.6 10.6 6.0
Min. 6.6 13.0 4.1 1.8 1.0 3.2 1.7 1.1
Max. 27.2 38.2 24.5 23.9 7.0 30.7 22.3 17.8
Mean 20.5 28.8 9.1 6.4 3.8 17.2 8.4 5.8
SD 5.3 4.6 1.9 2.4 1.1 4.7 2.4 2.0
Male BMI >25 25 [Median 21.9 29.3 8.8 6.0 3.7 16.2 8.3 5.2
Min. 10.6 20.7 6.1 1.0 2.1 9.0 3.9 2.9
Max. 28.1 39.9 12.6 11.8 6.3 30.3 14.6 10.9
Mean 9.6 17.2 8.4 9.8 4.0 29.5 13.7 7.7
SD 4.2 4.5 3.2 2.7 1.7 5.2 2.5 2.1
Female BMI <25| 65 |Median 9.7 17.1 8.0 9.3 3.9 29.7 13.7 7.4
Min. 2.7 4.7 3.5 4.0 2.0 19.6 7.9 3.6
Max. 24.3 27.3 22.8 16.6 14.2 42.7 18.7 12.4
Mean 18.9 23.8 6.6 9.3 3.4 20.6 10.1 7.4
SD 5.5 2.0 2.8 1.6 0.5 3.6 2.0 2.0
Female BMI >25| 6 |Median 19.0 24.4 6.6 9.4 3.4 19.3 9.2 7.3
Min. 9.2 20.6 2.3 6.5 2.8 17.9 8.4 4.9
Max. 24.3 26.4 9.5 11.1 4.3 27.5 12.8 9.9

The corresponding results and significant differences are plotted in figure 23.
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Figure 23: Fat patterning in different groups with fibrous structures included

Between men, significant differences were found for the sites UA, LA, DT, and FT (p<0.05). Between
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m Male, BMI <25

| Male BMI > 25

M Female BMI <25
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women, the sites UA, LA, LT and FT showed significant differences. Between men and women, the sites
UA, LA, ES, LT, FT, and MC showed significant differences.

When fibrous structures were excluded in men, significant differences were found at four

sites (UA, LA, DT and FT). Compared to the included values, ES showed no significant

differences.

Table 30: Fat patterning in different groups with fibrous structures excluded

FS excluded N (mm) UA LA ES DT BR LT FT MC Sum

Mean 5.1 8.8 3.5 2.6 1.2 6.0 3.1 2.1 32.4

SD 3.9 5.9 1.9 1.5 0.7 4.3 1.6 1.5 18.4

Male BMI <25 57 Median 3.7 6.5 3.4 2.5 1.1 5.0 3.1 1.9 24.7
Min. 0.7 1.2 0.2 0.3 0.1 0.2 0.5 0.2 4.1

Max. 19.7 26.0 9.3 7.1 3.1 17.1 9.3 7.5 74.8

Mean 18.5 24.7 6.9 4.5 2.8 12.9 6.0 4.4 80.8

SD 11.6 13.2 3.4 2.5 1.3 5.9 2.9 2.0 38.4

Male BMI >25 25 Median 17.4 22.9 6.5 3.8 2.9 11.5 6.0 4.3 76.6
Min. 3.0 6.7 2.0 0.4 0.9 5.2 1.3 1.2 28.8

Max. 44.0 58.8 13.5 11.0 5.5 24.4 14.1 9.3 159.2

Mean 6.8 11.9 6.2 6.5 2.8 20.4 9.2 5.4 69.0

SD 4.0 5.3 3.4 2.2 1.2 5.3 2.7 2.0 19.6

Female BMI <25 65 Median 6.5 11.5 5.6 6.7 2.5 19.4 9.0 5.4 66.3
Min. 0.9 1.8 1.8 2.4 0.6 7.9 4.0 1.7 27.7

Max. 19.5 29.6 21.2 13.9 6.7 32.0 16.7 13.0 138.9

Mean 33.9 41.4 11.1 15.6 5.7 34.8 17.5 12.8 172.8

SD 13.2 10.1 4.9 4.7 1.4 8.9 6.5 5.6 44.5

Female BMI >25 6 Median 40.5 45.1 11.9 14.8 5.4 34.1 16.1 10.6 174.5
Min. 12.0 26.6 2.8 11.3 4.3 22.4 10.7 8.2 117.8

Max. 44.3 51.2 18.1 23.7 8.1 49.2 29.8 22.7 236.7

57 normal weight men built the normal weight group with a BMI <24.9 (group 3). 25 men built the
overweight/obese group with a BMI >25 (group 4). Women were separated into 65 lean and normal weight
(BMI <24.9; group 5), and 6 overweight and obese participants (BMI >25; group 6)
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Comparing the groups 5 and 6 and the groups 3 and 5, the same results were found as when

fibrous structures were included: significant differences at UA, LA, LT, FT and UA, LA,

ES, LT, FT, MC, respectively. Comparing overweight men and women, additional to the

sites LA, ES and DT the site FT showed significant differences excluding fibrous structures.

Table 31: Relative values of fat patterning in different groups with fibrous structures excluded

FS excluded N % UA LA ES DT BR LT FT MC

Mean 14.7 26.3 11.5 8.9 3.8 17.4 10.8 6.5

SD 4.7 6.2 4.2 4.9 1.5 6.6 4.3 3.3

Male BMI <25 | 57 [Median 14.5 26.3 10.4 8.2 3.5 17.4 9.6 6.0
Min. 6.4 10.4 5.2 1.8 1.2 2.8 2.0 1.2

Max. 27.2 41.2 23.8 23.3 7.3 29.2 23.1 19.5

Mean 21.2 30.0 8.7 5.8 3.7 16.9 7.8 5.9

SD 5.6 4.9 2.0 2.4 1.1 4.8 2.4 2.4

Male BMI >25 | 25 [Median 23.3 30.6 8.6 5.4 3.8 15.3 7.4 5.4
Min. 10.3 20.1 5.1 1.0 1.9 8.5 3.2 2.7

Max. 29.2 41.8 13.8 11.2 6.6 29.3 13.5 12.0

Mean 9.4 16.7 8.7 9.5 4.0 30.2 13.6 7.8

SD 4.4 4.8 3.2 2.7 1.7 5.5 2.8 2.2

Female BMI <25| 65 [Median 8.7 16.9 8.3 9.2 3.9 30.2 13.4 7.6
Min. 2.6 4.4 3.5 4.0 1.9 18.7 8.1 3.6

Max. 25.2 27.7 22.7 16.4 14.1 44.2 20.0 13.2

Mean 19.3 24.0 6.4 9.1 3.4 20.4 10.1 7.3

SD 5.8 2.1 2.6 1.5 0.5 3.9 2.1 2.1

Female BMI >25| 6 [Median 19.4 24.7 6.3 9.3 3.3 18.8 9.1 7.3
Min. 9.3 20.7 2.4 6.4 2.8 17.9 8.3 4.7

Max. 25.1 26.3 9.2 10.9 4.2 28.2 13.0 9.7

The corresponding results and significant differences are plotted in figure 24.

SATE,Median [%]

UA LA ES DT BR LT FT MC

Figure 24:Fat patterning in different groups with fibrous structures excluded

35.0

30.0

25.0

20.0

15.

(=]

10.

(=]

5.

(=]

0.0

Significant differences (p<0.05) were found in men for the sites UA, LA, DT, and FT; in women for UA,

LA. LT and FT: and between men and women for UA. LA. ES. LT. FT. and MC
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3.3.2 Fibrous structures

As described in the methods section, fibrous structures (FS) embedded in the SAT can also
be quantified (see figure 2). The amount of fibrous structures (sum) ranged from 2.8% to
approximately one third of the total measured SAT thickness. Median was 6.5 mm. Looking
at each site individually, DT showed the highest amount of all sites with a median of 15.34%.
Table 32 shows the absolute and relative amount of FS embedded in the SAT. Figure 25
shows the distribution a) for absolute values given in mm and b) for relative values given in

percent.

Table 32: Amount of fibrous structures embedded in the SAT

FS (mm) UA LA ES DT BR LT FT MC Sum
Mean 0.8 1.4 0.5 0.8 0.3 1.5 1.0 0.4 6.6
SD 0.5 0.6 0.6 0.4 0.2 0.7 0.5 0.2 1.9
Median 0.7 1.3 0.3 0.8 0.2 1.4 0.9 0.4 6.5
Min. 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 1.0
Max. 3.3 3.8 2.3 1.7 0.9 3.7 2.6 1.5 11.4
N=1
>3 % UA LA ES DT BR LT FT MC Sum
Mean 11.3 12.7 8.6 17.5 10.6 13.6 15.4 10.2 12.2
SD 6.6 8.1 8.0 10.2 8.1 10.2 8.8 7.8 5.7
Median 10.72 10.49 6.11 15.34 8.61 9.75 13.96 8.23 10.87
Min. 0.5 0.2 0.2 0.2 0.0 1.0 2.2 0.6 2.8
Max. 33.8 45.0 42.0 59.0 44.6 51.5 47.4 59.2 29.3
The upper half of the table shows the absolute values in mm and the lower half the relative values
(drs,re=100-((dr-dg)/dy)) in percent.
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Figure 25: Distribution of the amount of fibrous structures embedded in the SAT

Comparing the absolute values of fibrous structures included in the SAT between men and
women (see table 33), significant differences were only found for the site MC (p<0.05).

Median of the sum of embedded FS was 6.3 mm for men and 6.7 mm for women. Using the
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relative values (drse=100-((di-de)/d1)) differences (p<0.05) were found for the following
sites ES, DT, LT, FT, MC and the total amount (sum) of fibrous structures in the SAT.

Median for the sum was 15.3% in men and 9.2% in women (see table 34).

Table 33:Differences in the amount of fibrous structures in SAT between men and women

FS N (mm) UA LA ES DT BR LT FT MC Sum

Mean 0.8 1.3 0.6 0.8 0.2 1.4 0.9 0.3 6.4

SD 0.5 0.5 0.7 0.4 0.2 0.7 0.5 0.2 2.1

Male 82 Median 0.8 1.3 0.3 0.7 0.2 1.4 0.8 0.3 6.3
Min. 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 1.0

Max. 3.3 2.4 2.3 1.7 0.9 3.4 2.6 0.9 11.2

Mean 0.8 1.4 0.4 0.9 0.3 1.6 1.0 0.4 6.8

SD 0.5 0.6 0.5 0.4 0.2 0.7 0.4 0.2 1.7

Female 71 Median 0.7 1.3 0.2 0.9 0.2 1.6 1.0 0.4 6.7
Min. 0.0 0.4 0.0 0.0 0.0 0.3 0.2 0.0 3.6

Max. 2.2 3.8 2.2 1.7 0.9 3.7 1.9 1.5 11.4

Table 34: Relative differences in the amount of fibrous structures in SAT between men and women

FS % N % UA LA ES DT BR LT FT MC Sum
Mean 11.5 13.5 10.8 22.7 11.9 19.1 20.1 12.7 15.1
SD 6.8 9.2 9.2 10.9 9.6 10.9 8.9 9.3 5.8
Male 82 [Median 10.8 10.9 8.7 21.0 9.2 18.0 19.8 11.4 15.3
Min. 0.5 0.2 0.4 0.2 0.0 1.8 2.4 0.6 5.2
Max. 33.8 45.0 42.0 59.0 44.6 51.5 47.4 59.2 29.3
Mean 11.0 11.7 5.9 11.5 9.1 7.3 10.0 7.4 8.9
SD 6.4 6.7 5.4 4.8 5.6 3.7 4.4 4.1 3.0
Female 71 [Median 10.4 10.3 4.3 11.3 8.1 7.1 10.1 6.6 9.2
Min. 3.6 1.0 1.7 0.2 0.3 0.2 1.0 2.2 1.0
Max. 33.1 29.7 23.9 23.9 26.5 21.3 23.8 19.0 17.5
des[mm]
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Figure 26: Differences in the amount of fibrous structures in SAT between men and women
Significant differences (*) were found for the site MC
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Figure 27: Relative differences in the amount of fibrous structures in SAT between men and women
Significant differences (*) were found for the sites ES, DT, LT, FT, MC, and the sum of the eight sites

Between the individual groups (group 3: men BMI <24.9, group 4: men BMI >25, group 5:
women BMI <24.9, and group 6: women BMI >25), the following site differences were
detected for absolute values: 1) group 3 — group 4: UA, ES, DT, BR, FT, MC and the sum
of all sites; group 3 — group 5: DT, BR, FT, MC, and the sum of all sites; group 3 — group 6:
DT, BR, and MC; 2) group 4 — group 5: UA, ES, and the sum of all sites; group 4 — group
6: no sites showed significant differences; 3) group 5 — group 6: MC. The data are presented
in table 35 and figure 28

Table 35: Absolute differences in the amount of fibrous structures in SAT in normal weight and overweight
men and normal weight and overweight women

FS N (mm) UA LA ES DT BR LT FT MC SUM

Mean 0.7 1.3 0.4 0.7 0.2 1.4 0.8 0.3 5.8

SD 0.5 0.5 0.5 0.4 0.2 0.7 0.4 0.2 2.0

Male BMI <25 57 Median 0.7 1.2 0.2 0.6 0.2 1.4 0.7 0.3 5.6
Min. 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 1.0

Max. 2.2 2.4 2.2 1.7 0.8 3.4 2.6 0.9 11.2

Mean 1.0 1.3 1.1 1.0 0.3 1.5 1.2 0.4 7.9

SD 0.6 0.5 0.8 0.4 0.2 0.6 0.5 0.2 1.5

Male BMI >25 25 Median 0.9 1.3 13 1.0 0.3 1.4 1.1 0.4 8.0
Min. 0.3 0.1 0.1 0.0 0.0 0.7 0.4 0.1 4.6

Max. 3.3 2.2 2.3 1.7 0.9 3.0 2.1 0.8 10.5

Mean 0.8 1.4 0.4 0.8 0.3 1.6 1.0 0.4 6.7

SD 0.5 0.7 0.4 0.4 0.2 0.7 0.4 0.2 1.7

Female BMI <25 65 Median 0.7 1.3 0.2 0.9 0.2 1.6 1.0 0.4 6.6
Min. 0.0 0.4 0.0 0.0 0.0 0.3 0.2 0.0 3.6

Max. 2.2 3.8 1.7 1.7 0.9 3.4 1.9 1.0 11.4

Mean 0.7 1.3 0.9 1.0 0.3 1.8 0.9 0.7 7.6

SD 0.3 0.2 1.0 0.2 0.2 1.2 0.3 0.4 2.3

Female BMI >25 6 Median 0.7 1.3 0.4 1.0 0.4 1.7 0.8 0.6 7.5
Min. 0.4 0.9 0.1 0.6 0.1 0.7 0.6 0.4 4.9

Max. 1.1 1.5 2.2 1.3 0.6 3.7 1.2 1.5 11.3
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Figure 28: Absolut differences in the amount of fibrous structures in SAT in normal weight and overweight
men and normal weight and overweight women

Group 3 = men BMI <24.9, group 4 = men BMI >25, group 5 = women BMI <24.9, and group 6 = women
BMI >25. Significant differences were found: group 3 — group 4: UA, ES, DT, BR, FT, MC and the sum of all
sites; group 3 — group 5: DT, BR, FT, MC, and the sum of all sites; group 3 — group 6: DT, BR, and MC; group
4 — group 5: UA, ES, and the sum of all sites; group 5 — group 6: MC.

o

The following site differences were measured for relative values: 1) group 3 — group 4: UA,
LA, ES, LT, and the sum of all sites; group 3 — group 5: LA, ES, DT, LT, FT, MC, and the
sum of all sites; group 3 — group 6: UA, LA, DT, LT, FT, MC, and the sum of all sites; 2)
group 4 — group 5: UA, LA, ES, DT, LT, FT, MC; group 4 — group 6: all sites showed
significant differences; 3) group 5 — group 6: UA, LA, DT, FT, and the sum of all sites. No
significant differences in the sum of eight sites could be found between overweight/obese
men (group 4) compared to normal weight women (group 5). Data are presented in table 36

and figure 29.
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Table 36: Relative differences in the amount of fibrous structures in SAT in normal weight and overweight men
and normal weight and overweight women

FS % N % UA LA ES DT BR LT FT MC SUM
Mean 13.2 16.5 9.5 24.0 11.9 22.0 21.0 14.0 17.1
SD 6.7 9.1 9.0 11.6 10.2 10.9 9.8 10.4 5.3
Male BMI <25 57 |Median 11.9 15.2 6.6 22.4 9.3 20.7 21.4 13.0 16.2
Min. 0.5 2.8 0.4 0.2 0.0 1.8 2.4 0.6 5.5
Max. 33.8 45.0 42.0 59.0 44.6 51.5 47.4 59.2 29.3
Mean 7.5 6.5 13.9 19.6 11.8 12.4 17.8 9.8 10.4
SD 5.5 3.9 9.0 8.5 8.3 7.6 6.2 4.9 4.2
Male BMI >25 25 |Median 5.9 5.8 11.1 18.1 9.1 9.9 18.8 9.5 9.7
Min. 0.9 0.2 1.6 7.2 2.4 4.2 8.5 3.5 5.8
Max. 22.1 16.5 38.2 41.0 34.1 30.1 27.3 24.0 20.2
Mean 11.8 12.5 5.9 12.0 9.5 7.5 10.5 7.6 9.3
SD 6.0 6.4 5.4 4.7 5.6 3.6 4.3 4.2 2.8
Female BMI <25 65 [Median 11.1 11.1 4.1 12.2 8.1 7.2 10.6 6.8 9.3
Min. 1.5 2.5 0.2 0.3 0.2 1.0 2.2 1.0 3.7
Max. 33.1 29.7 23.9 23.9 26.5 21.3 23.8 19.0 17.5
Mean 2.4 3.3 6.0 6.0 5.6 5.2 5.0 5.0 4.3
SD 1.1 1.2 5.4 1.0 3.0 3.8 1.5 1.3 1.2
Female BMI >25 6 |Median 2.4 3.1 4.8 5.7 5.6 3.7 4.9 4.9 4.1
Min. 1.0 1.7 0.7 5.2 1.5 1.8 3.1 3.7 2.8
Max. 3.9 4.7 14.2 7.9 8.8 10.5 6.7 6.8 6.0
dFS,rel[%]
25.0
20.0
15.0
W Male BMI <25
o Male BMI >25
m Female BMI <25
100 m Female BMI >25
UA LA ES DT BR LT FT MC sSUM

Figure 29:Relative differences in the amount of fibrous structures in SAT in normal weight and overweight
men, and normal weight and overweight women

Group 3 = men BMI <24.9, group 4 = men BMI >25, group 5 = women BMI <24.9, and group 6 = women
BMI >25. Significant differences were found: group 3 — group 4: UA, LA, ES, LT, and the sum of all sites;
group 3 — group 5: LA, ES, DT, LT, FT, MC, and the sum of all sites; group 3 — group 6: UA, LA, DT, LT,
FT, MC, and the sum of all sites; 2) group 4 — group 5: UA, LA, ES, DT, LT, FT, MC; group 4 — group 6: all
sites showed significant differences; 3) group 5 — group 6: UA, LA, DT, FT, and the sum of all sites.
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3.3.3 SAT tissue and relative body weight

Figures 30a and b show the correlations between the sum of the eight standardised sites (D)
and the BMI of all 153 participants. Spearman’s correlation coefficient was p = 0.346
(p<0.05) including fibrous structures and p = 0.335 (p<0.05) excluding fibrous structures.
When using the mass index (M) instead of the BMI p was 0.322 (p<0.05) and 0.310
(p<0.05) respectively (see figures 30c and d).
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Figure 30: Correlations between the sum of the eight standardises sites (D): the BMI (a,b), and the MI (c,d)
a) Including fibrous structures, spearman’s correlation coefficient was p = 0.346 (p<0.05) and p = 0.335

excluding fibrous structures (b). Using the mass index (MI;) p was 0.322 (c) and 0.310 (d) respectively.

Distinguishing between sexes, for males (N = 82) the following correlation coefficient
between the sum D and the BMI resulted: p = 0.720 including, and p = 0.716 (p<0.05)
excluding fibrous structures. For the mass index p =0.729 and 0.727 (p<0.05) resulted. Data

are shown in figure 31.
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Figure 31: Correlations between the sum of the eight standardised sites (D): the BMI (a,b), and the MI; (¢,d)
in men

p =0.720 (p<0.05) including (a) and p = 0.716 (b) excluding fibrous structures. For the MI; p = 0.729 (c) and
0.727 (d) resulted.

In 71 women the correlation coefficient for the sum Di and the BMI was p = 0.710 and for
Dg 0.714 (p<0.05). Spearman’s rho was 0.708 comparing D; with the MI; and 0.710

excluding fibrous structures.
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Figure 32: Correlations between the sum of the eight standardises sites (D): the BMI (a,b) and the MI (c,d) in
women
Spearman’s rank correlation coefficient for the sum D; and the BMI was p = 0.710 (a) and for Dg 0.714 (b),

and 0.708 (¢) and 0.710 (d) for the MI;.

An example, for the problems that can occur using the BMI as a measure of body fat, is
shown in the figures 33 and 34 (published (1)). The grey columns represent values of
thickness sums from the eight standardised sites with fibrous structures included (Dr) and
the black columns show the sums without embedded structures. In figure 33, participant A
had a SAT thickness sum of D; 44.3mm and a BMI of 25.5 kgm™. Figure 34 show a pattern
from another participant with almost the same BMI (25.4kgm™), but the SAT sum (Dr) was
86.9mm. The sums differ by almost a factor of two (96% difference). This example shows

that the BMI should not be used as a measure of body fat.
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Figure 33: Survey plot of SAT patterning according to figure 19

BR LT FT MC

The columns show the mean values of the semi-automatic multiple thickness measurements for the eight US
sites. The mean thickness value of the SAT thickness in a given ultrasound image (within the region of
interest) is termed Dincr (grey) when fibrous structures are included, and it is termed Dgxcr (black) when
fibrous structures are subtracted. Sum of the eight thicknesses D;=44.3mm (Dg=39.8mm). BMI=25.5 kgm™;
body mass of 80.7 kg, stature of 1.78 m.

Adapted from (Storchle P, Miiller W, Sengeis M, Ahammer H, Fiirhapter-Rieger A, Bachl N, et al.
Standardized ultrasound measurement of subcutaneous fat patterning: high reliability and accuracy in groups
ranging from lean to obese) with permission of publisher (Elsevier).
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Figure 34: Survey plot of a participant B with similar BMI (Storchle et al., 2017 (1))

BMI=25.4 kgm™, body mass of 75.5 kg, stature of 1.72 m. The SAT thickness sum was 86.9 mm (77.9 mmy),
i.e. 96% higher than in participant A.

Adapted from (Storchle P, Miiller W, Sengeis M, Ahammer H, Fiirhapter-Rieger A, Bachl N, et al.
Standardized ultrasound measurement of subcutaneous fat patterning: high reliability and accuracy in groups
ranging from lean to obese) with permission of publisher (Elsevier).
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3.3.4 SAT thicknesses compared to waist to height ratio
Table 37 shows the correlations between waist to height ratio (W/h) and different SAT
thicknesses. Spearman’s rank correlation coefficient was used. The highest correlation was

a moderate correlation of p = 0.534 for the site UA including fibrous structures (p<0.05).

Table 37: Correlations between waist to height ratio and ultrasound measurements

UA. | LA | ES | UA+LA [UA+LA+ES | D
W/h p < 0.05 Spearman’s rho
incl. FS 0.534 0.505 0.298 0.521 0.502 0.263
excl. FS 0.532 0.509 0.251 0.523 0.500 0.256

Spearman’s rank correlation coefficient was used, and the highest correlation was found for the site UA

including fibrous structures (p = 0.534 (p<0.05)).

4. Discussion

4.1 Methodical developments

1) Test of usability of the standardised sites in overweight and obese people

Due to skin and fat folds at the site EO in some persons with very thick fat layers in the
abdominal region, the site was very difficult to mark and measure, because of the large folds
that skin and SAT formed. The investigation of these persons underlined that the site EO
should be replaced. Therefore, the new site LT suggested by Miiller et al.(192) was used
instead of EO.

A significant difference was found between men and women (p<0.05). The average
contribution of the thickness at LT (with fibrous structures included; d) to the sum of the
eight sites (D1) was 18.1% (min. 3.2%, max. 30.7%) in men, and 28.8% (min. 17.9%, max.
42.7%) in women.

The results of this thesis with 82 men and 71 women are consistent with those of preliminary
published data (1,214), which already indicated that LT provides interesting information on
fat patterning, especially related to sex differences. The difference between men and women
was about 70% in both preliminary studies, and about 60% in this larger study group.
However, the results confirm that LT represents an interesting fat depot area for comparative
studies of SAT patterning in men and women and should be used in future investigations

instead of EO.

2) Skin thickness
The highest skin thicknesses measured with B-mode US were found at the trunk (mean 2.4

mm) followed by the lower (mean 1.7 mm) and the upper (mean 1.6 mm) extremities. The
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results quantified the statement of Marfell-Jones et al. (215) , that skin thickness differ from
site to site.

Results of skin thicknesses found in this thesis are similar compared to those found in the
literature. E.g. Van Mulder et al. (216) investigated skin thicknesses with high frequency US
(40 MHz) at the dorsal side of the proximal forearm (PDF) which is at a similar place to the
site BR and similar mean values were found in healthy adults (PDF: 1.43 mm and BR 1.48
mm). Gibney et al. (217) investigated skin thickness in adults with diabetes, at sites used for
insulin injections and the results are in accordance with the findings in this thesis (abdomen
2.2 mm, thigh 1.9 mm; UA 2.3 mm, LA 2.2 mm, LT 1.9 mm, and FT 1.7 mm). Some studies
(216,218) used the base of the deltoid muscle until the level of the acromion to measure the
skin thickness and found values of about 2.1 mm. The only site at the upper arm of the
standardised US protocol is the DT (1.7 mm), which is at the distal end of the upper arm.
This may explain the differences found compared to deltoid site and again shows that the
skin thickness varies at different sites of the body. The differences in skin thickness

contribute to the inaccuracy of skin fold measurements for determining SAT.

The results clearly demonstrated an important sex effect. The data showed significant higher
values (mean of about 10%) at all sites in males compared to females, except for the site ES:
the mean value at the ES site for men (2.8 mm) was 5.6% higher than in women (2.65 mm)
but this was not significant. The lack of significance may be due to the high standard
deviation (SD = 0.4 mm in men and 0.44 in women) at this site. The sex effect is in
accordance with the findings of Escoffier et al. (219) who investigated skin thicknesses at
the forearm in adults using ultrasound. They concluded that the skin of men was 16% thicker
than that of women, which is similar to the values of the forearm site BR (15%) in the results
of this thesis. Van Mulden et al. (216) found also a significant difference, but only of about
8% at the site PDF. Further studies (217,218,220) also found significant differences in skin
thickness related to sex. This sex effect should be considered in future investigations where

skin thickness matters.

A weak positive correlation between BMI and the sum of the eight skin thicknesses (R*=
0.171 p<0.05) was found in this thesis. Similar results were found in the literature
(216,218,220); however, such weak correlations cannot be used for estimating skin thickness

of individuals based on BML
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3) Assessment of mean subcutaneous adipose tissue thickness

As described in the results section, this investigation was published in scientific reports (2)
and is quoted literally in the following, adapted to the correct figure numbers, table numbers
and citations in this thesis, with the permission of the journal.

“A representative mean SAT value is important for correct calculation of the total
subcutaneous adipose tissue (SAT) mass. For this purpose, the mean obtained from the eight
sites needs to be calibrated by a representative mean obtained from a large number of sites
distributed randomly all over the body. The classification of body segments according to
Lund and Browder (figure 4c) (207) implies to use: 4 sites on the head, 1 on neck, 7 on
anterior trunk, 7 on posterior trunk, 3 on buttocks, 4 on upper arms, 3 on forearms, 3 on
hands, 10 on thighs, 8 on legs, and 4 on feet. This would amount to 54 (the genital area was
neglected). Several series of 54 sites in the same individual (pilot study, not shown) indicated
that scattering of the means of the 54 sites was too high for the purpose of this calibration
study. When using 108 sites, scattering is still noticeable as can be seen in figures 9b and d.

Therefore, we used 216 sites corresponding to about one site per dm? in adults.

The mean values of the individual calibration factors (table 22) were 0.65 for both knnis
and kemzis (derived from comparisons of 2160 measurements at randomly chosen sites — 216
measurements in ten participants - and additional two times eight measurements at the
standardised sites; this amounts to 2320 US measurements and 4640 US image evaluations
for dj and for d).

Each thickness measurement at an individual site was represented by the mean of typically
100 thickness values (depending on the breath of ROI setting) measured by the evaluation
software (amounting to more than 200,000 thickness values). Although there is still a rest of
scattering when using 216 sites due to the randomisation, the standard deviation of the mean
calibration factor is low because it is obtained from all ten persons which reduces the
"randomisation"-scattering. The means obtained from the eight sites for each individual
participant in this group of male participants ranged from 2.9 to 10.2 mm, and the

corresponding means obtained from the 216 randomised sites ranged from 1.9 to 6.1 mm.

The mean of eight sites used in the standardised ultrasound method for studying SAT
patterning (1,192) overestimated the mean obtained from 216 randomly distributed sites in
all individual cases (figures. 8a and b, table 21). This overestimation is not surprising as the

standardised eight sites were developed to investigate the fat patterning of the body and
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therefore includes some of the main fat depot areas for subcutaneous fat deposition (femero-
gluteal region, back, and anterior abdominal wall). These fat depot areas are represented
by five of the eight sites (FT, LT, ES, UA, and LA). The calibration factors (derived from
values in table 22) correct this overestimation for both thickness measurements with fibrous
structures included (dpsix = 0.65 - dis, SD=0.05) and excluded (dpmsi = 0.65 - deus,
SD=0.06). For the measurement series at eight sites (dms) compared to 216 sites (dm216)
R’ was 0.95 (p<0.01), the SEE was 0.36 mm, and LOA were [-0.63, 0.72]. This scattering
transforms linearly when the calibrated mean SAT thickness dusi (or demsk for the
assessment of pure fat) is used for calculating total SAT volume according to: volume is
mean thickness times surface area S (S can be measure accurately by calibrated scanning
systems, or determined approximately according to surface area formulas (210-212)). For

SAT mass determination, we used the density of p=0.92 for fat (206)".

In addition to this discussion, I want to point out that this calibration factor was derived from
persons with SAT thickness means ranging from about 3 mm to 10 mm; in lean or obese

persons the calibration factor may be different.

4.2 Intra-observer study

This part of the thesis was published in Ultrasound in Medicine & Biology (1); parts of the
discussion are quoted literally in the following, with the permission of the journal.

“All SAT images at the eight sites (figure 19) show the same structure: skin, SAT, muscle
fascia, and muscle. Standardised marking, US images capturing, and image analysis are
necessary for obtaining the high accuracy and reliability possible. Fibrous structures
embedded in the SAT could also be quantified because these structures were clearly visible
in the US image and could therefore be detected by the contour detection and evaluation
algorithm. Embedded structures were found in many images. The SAT contour detection has
to be "semi-automatic" (a visual control and interactive evaluation parameter setting cannot
be replaced by a fully automatic algorithm), otherwise border detection errors would occur
because of intermediate structures: e.g. Camper's fascia in the abdomen region, Miiller et

al. (191,192,194), or embedded fibrous structures as shown in figure 19 at LT and FT.”

“Measurement accuracy of brightness-mode (B-mode) US in thick SAT layers
In conventional US systems, the speed of sound used to calculate distances is 1540 ms™
("mean value for soft tissue"). Here, a sound speed of 1450 ms™ was set for analysis of SAT
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in the evaluation software to avoid a sound speed error of about 6% (192,206). The axial
resolution in an US image depends on pulse length, and the lateral resolution is determined
by diffraction. Technically obtainable accuracy of thickness measurements equals
approximately the wavelength (wavelength determines diffraction of US waves and thus the
limits of image resolution). A probe frequency of 18 MHz results in an image resolution of
about 0.1 mm, and 6 MHz result in approximately 0.3 mm. SAT borders are furrowed and
therefore biologically given limitations determine the obtainable accuracy. The influence of
these biological limitations is minimised because the image evaluation algorithm used takes

mean values of many thickness measurements in a given image.

In the overweight and obesity groups, low frequencies were necessary to penetrate the thick
layers. In these groups, SAT thicknesses can be many centimetres, and in such cases the
relative errors ore (=0/d, in %) are of relevance rather than the absolute errors ¢ (in mm).
For instance, at a 60mm thick SAT layer, the relative error (at 6 MHz) due to border
detection in-accuracy is approximately 0.3/60, i.e. 0.5%. Such small border detection errors
can be neglected when compared to deviations because of wrong sound speed setting. A
deviation of only 15 ms™ (1%) would already affect a thickness measurement error of 1%.
The absolute accuracy for in-vivo measurements of thin fat layers using 12-18 MHz cannot
be overcome by any other measurement technique. In thick layers, the correct choice of
sound speed (1450 ms™) predominantly determines the accuracy. SAT is very sensitive to
compression (194) and errors due to that were minimised by using a thick layer of gel

between the probe and the skin (192,194)

Reliability of US SAT thickness measurements

Even breathing influences the SAT thickness. US images were therefore captured when the
participant stopped breathing at mid-tidal expiration. Because of visco-elasticity, it is of
paramount importance to mark the sites and capture the images in the standardised positions
(192)...” In this thesis, the reliability analyses were extended to participants with BMI values
up to 40.3 kgm? (Dy ranged from 12.5 to 244.9 mm). The data were also published in
Ultrasound Medicine & Biology (1).

“Intra-observer reliability of the measurements of two observers who investigated a sub-
group of lean participants (G1, OBI), and a sub-group of people with overweight or obesity

(G2, OBII) was analysed. Absolute deviations (in mm) between sums of thicknesses at the
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eight sites increased with thicker SAT layers (Figures 13 and 14a-b); however, relative
deviations were smaller in the overweight/obese group (median of ABS(Anct,rer) =0.5%)
when compared to the lean group (median ABS(AincLre) =1.1%), Figures 14c-d. This is not
surprising when relative deviations are determined (A,e=100-(4/Duean)) because tissue
border detection errors play a larger role in lean persons where the sum of fat thicknesses

D is small”.

A comparison of the measurement deviations (ABS(0)) at the individual eight sites (Figures
15a and b, Table 25a-c) shows that highest absolute deviations occurred at the sites UA, LA,
and LT, where average SAT thicknesses were highest (Figure 16a). This is to be expected.
the plasticity, visco-elasticity, and compressibility of subcutaneous adipose tissue cause the
largest deviations from measurement to measurement at sites where SAT layers are thick. In
the abdomen region, additional compression artefacts can occur due to breathing (the
pressure status of the lungs when breathing is stopped at "mid-tidal" expiration can be
slightly different from measurement to measurement). Fat thickness differences in the
abdomen due to the pressure change associated with the heartbeat can sometimes also be

observed, but these effects are usually of minor importance.

The thickness of the SAT layer at LT may change when the leg is not positioned in the same
way. At FT, measurement deviations were small (Figure 15a). The SAT compressibility is
lowest at FT when compared to the other US sites (194). In the US image, quite often thick
intermediate fasciae can be seen at F'T which may be the reason why skinfold measurement

is difficult at this site.

The deviations when measurements were repeated (mainly caused by marking deviations,
body position differences, and by intra-abdominal pressure changes) increased at all eight
sites with increasing SAT thickness (Table 25b and c). To obtain high reproducibility, it is
very important to position the person before the US measurement takes place precisely in

accordance with the standardised US measurement technique (192).

Figure 16a shows the median values of the SAT thicknesses at the individual sites. The ratio
of the median deviation at a given site in relation to the median thickness at this site is shown
in Figure 16b. The relative errors (in %) were smallest at the three sites UA, LA, and LT

where the average SAT thicknesses were largest (Table 25a). Lowest absolute v values (in
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mm) of measurement deviations occurred at the sites ES, DT, BR, FT, and MC where SAT

depth was low.

Table 38 summarises all (1,45,191,192,197) reliability studies which were carried out using
the US approach developed by Miiller et al. (192). Measurement deviations found in the lean
group G1 (where Di ranged from 12.5 to 77.4mm) in this thesis are similar to the results
received in an intra-observer study (45) with experienced observers in a group of lean
athletes (Dp range 6 to 70 mm): LOA £1.4, Median of ABS(AD):0.43, LOA £1.4 mm,
Median of ABS(ADr):0.39, respectively. Another study (192) was applied the standardised
approach to analyse inter-observer reliability (a group of lean athletes with BMIs from 18.6
to 26.6 kgm™, and Dy from 10.2 to 51.2 mm). The median measurement deviation was 0.24
mm, and the relative deviation was 1.0%; this is also close to the value of 1.1% found here
in the intra-observer study for G1. Since the results obtained in this thesis for G2 are the first
for overweight and obese, there are no comparative values available yet.

Table 38: Obtainable intra and intertester reliability results

Intra-observer studies

Median of
0,
Study reference Sample Observers D, range [mm] | 95% LOA D, [mm] ABS(AD) [mm]
Miiller et al. (45) 6-70 +14 0.4
. 12-77 +1.4 0.4
Experienced
Stérchle etal. (1) | Adults 12 -245 +2.2 0.6
44 - 245 +29 0.9
Miller et al. (45) Novice 6-70 +3.1 0.6
Kelso et al. (196) | Children | Experienced 35-112 +2.0 0.9
Inter-observer studies
Median of
D % LOA D
Study reference Sample Observers rrange [mm] | 95% LOA D, [mm)] ABS(AD)) [mm]
Miller et al. (192) _ 10-51 +1.1 0.2
Experienced
. Adults 6-70 +1.2 0.3
Muller et al. (45) -
Novice 6-70 +3.1 1.0
Kelso et al. (197) | Children | Experienced 26-86 +2.1 0.8

Intra- and inter-observer reliability of novice measurers who had no preceding experience

with US imaging, only a two-day training course, were investigated in five independent
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research centers (45). Deviations were found to be twice as high for intra- and three times
larger for inter-tester reliability compared to the results obtained by the experienced
measurers. These results show the necessity of sufficient experience and training to obtain

highest accuracy and reliability when using this ultrasound approach (45).

The results obtained by Storchle et al. (1) show that the US method can also be applied in
overweight and obese groups: “In addition to investigating medical problems using this
standardised US method in underweight persons and in athletes (20,25,221), results
obtained here, encourage choosing this technique also for studies in groups of overweight

and obese persons when highly accurate and reliable measurement results are desired.” (1).

Body roundness model
Anthropometrists have developed a simple approach for estimating TBF based on the body

height, the waist and hip circumferences. Although this simple approach can only result in
rough estimates, we compared these results obtained with the BRM for our persons to the
sums D; of our US SAT measurements.

There was a correlation between Dy and TBF according to the TBF determined by the means
of BRM. However, several of the individuals deviate substantially from the regression line
indicating that the anthropometric data used for the BRM can only partly capture the amount
of body fat. For this comparison, it should be noted that the values obtained by the US
measurement capture the amount of SAT, not TBF. However, SAT amounts for about 80%
(222) of TBF and can therefore be seen as a good representative of TBF.

The comparisons of the results obtained here with the TBF values determined according to
the BRM (213), which is based on a few easily determinable anthropometric parameters,
cannot replace the validation study against a 4-component model or against high resolution
MRI measurements, because the BRM only gives a rough estimate of TBF and of VAT and
is far from the accuracy demands for a study capable to validate this highly accurate and
reliable US thickness measurement method in terms of TBF estimation. Particularly in
persons with low sums of SAT thicknesses, the BRM predicts too high TBF values: the

linear regression line in Figure 18a intercepts the TBF axis at a too high value.
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4.3 Fat patterning, fibrous structures, and SAT correlations with
anthropometric indices

In this thesis, SAT thickness sums differed by approximately a factor of two between men
(median 40.3 mm) and women (median 76.0 mm), although the group of women (21.8 kgm"
2) had lower BMI values compared to men (24.3 kgm™). Previous studies in athletes found
even higher differences. In elite judokas, the median D; in men was 22 mm, and the BMI
26.5 kgm™?, compared to 66 mm and 22.9 kgm™ in women (175). Miiller et al. (45)
investigated weight sensitive and non-weight sensitive athletes and found three times higher
Di medians in women (17 vs 51 mm). In rowing (198), also substantially higher thickness
values were found (27.6 mm, 23.8 kgm™ in the male group compared to 65.5 mm in the
female group). The highest differences were found in elite long-distance runners (223),
where women had more than six times higher thickness sums (9 mm, BMI 19.1 kgm™? vs 58
mm, BMI 18.6 kgm™). It is known that women have a higher amount of body fat due to
biological reasons, but the above mentioned results found with the standardised US method

until today indicate that this effect is even more pronounced in elite sports.

1. Fat patterning

The fat patterning of 153 participants (82 males, 71 females) was investigated. The results
obtained in this group showed the pronounced SAT thickness differences at the eight
standardised sites. The two biggest fat depot sites were LA with 22.6% and LT with 23.1%.

A pronounced dimorphism between sexes was detected for SAT thicknesses. All individual
sites had higher median values in female participants. Both the thickness values at the
individual sites (d) and the sums of them (D) differed significantly between sexes, except
for the two abdominal sites UA, LA (for both values including and excluding fibrous
structures). In a study of highly trained junior athletes by Kelso et al.(198), all sites and the
sums showed significant differences between men and women. This may be due to the
different study populations of young trained athletes (homogeneous group) and the wide
range from lean to obesity class III participants in this group. The SAT thickness
heterogeneity of the population in this thesis requires the use of relative values rather than
absolute values. For relative values (di%), significant differences were found for all sites
except for BR. The largest differences between men and women of all BMI categories
together were found at the sites UA (men:15%, women 9.9%), LA (men:26.7%, women

17.4%) and LT (men 17.7%, women 29.2%). This changes when comparing normal weight
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and overweight people separately. As can be seen in figure 23, the female fat patterning
comes closer to the male patterning in overweight and obese people. Significant differences
between men and women with a BMI higher than 25 kgm™ where only found for the three

sites (di) LA, ES and DT.

When the sexes are considered individually, changes from normal weight persons to
overweight and obese ones were found at the site UA: in men from a median of 14.1% in
the normal weight group to 21.9% in the overweight and obese group, and in women the
value nearly doubled from 9.7% to 19%, respectively. In overweight and obese men, this
results in a contribution of 51% total amount of SAT from only the two abdominal sites (UA
and LA). This confirms the findings of Vague (224) related to android obesity which is
associated with premature atherosclerosis and diabetes. In obese women, SAT was
predominantly shifted from the site LT to the abdominal sites. At LT, the amount dropped
from 29% in normal weight to 19% in the overweight and obese group. Our findings point
out that the "gynoid" type of obesity (224) is not so pronounced in overweight and obese
women when compared to normal weight women. In overweight and obese women, 41.7%
of the total amount of SAT was contributed by the two abdominal sites and there was no
significant difference at the legs when women were compared to overweight and obese men.
According to the results found in this thesis, overweight and obese women show a
"masculinisation” related to fat patterning. However, a limitation of these findings is that the

group of overweight and obese women consisted of only six participants.

Another conspicuousness was that the sums of SAT thicknesses were higher in females
(N=71, median Dr: 76.0 mm) compared to males (N=82, 40.3 mm), although relative body
weight was lower in females (BMI 21.8 kgm™) than in males (24.3 kgm™). This corroborates
the data of Sengeis et al.(175) and Kelso et al. (198) which found similar results in elite
judokas and rowers. All these findings are in accordance with existing research on sexual
dimorphism of adipose tissue, highlighting that female adults have a higher amount of SAT
(225).

2. Fibrous structures (fasciae) embedded in the SAT

US has the advantage that it is the only body composition method which can quantify the

amount of connective tissues embedded in the SAT. For the group of all participants
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(N=153), the fibrous structures amounted to a median of 10.9% (6.5 mm) of the SAT
thickness values (D).

The relative amount of embedded connective tissues was significantly higher in male
(15.3%) compared to female participants (9.2%). Miiller et al. (45) found similar results
(18% in men, 11% in women), although the groups studied there consisted of elite athletes
with low amounts of fat. This effect also persists when the groups were divided into a normal
weight (BMI < 25 kgm™, men 16.2%, women 9.7%) and an overweight and obese (>25 kgm"
2 men 9.3%, women 4.1%) group. The absolute values of fibrous structures were higher in
the normal weight compared to the overweight and obese group; but due to the SAT

thickness increase, the percentages of fibrous structures decreased.

Higher percentages of fibrous structures in men compared to women were also reported
previously: Kelso et al. (198) found 11.4% in men and 7.9% in women (but these results
were not significant, probably because of the low number of participants). In judokas (175)
the median percentage of embedded fibrous structures was about 2.5 times higher in men

(21.7% men and 8.8% women.

The results of this thesis show that men had about 10% higher skin thickness and about 6%
higher amounts of fibrous structures embedded in the SAT compared to women, who had a
higher amount of SAT. This indicates that skinfold measurements can be severely
misleading because skin thicknesses and embedded fibrous structures (fasciae) are not
considered; additionally, skinfolds measure the fat in a compressed state. Sengeis et al. (175)
showed an example where two competing athletes who had almost the same skinfold sums
at the eight ISAK sites, differed by a factor of four when their SAT thicknesses were
measured with the standardised US method (175).
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3. SAT tissue and relative body weight

The BMI or Quetelet’s index is just a measure of relative body weight and not of body fatness
(6). Figures 30 (a,b) show that there was only a weak correlation between BMI and the SAT
sums (Di): p = 0.34 when all 153 participants were studied together. When distinguishing
between sexes, the correlation was higher in men: p was 0.72 and in women, p was 0.71.
But, in the lean group G1 of the intra-observer part (Diranged from 12-77 mm) there was no
correlation between BMI and the SAT thickness sum D at all (Figure 17). Similar results
were previously found for athletes in the literature (45,175,198). An example for the
problems, which can occur when using the BMI as a measure of body fat, is presented in the
figures 33 and 34. Participant A had almost the same BMI as participant B, but the sums of
SAT thicknesses differed by almost 100%. This shows that individual assessments of body
fat cannot be derived from BMI (1).

According to the WHO, the BMI, also when used as a measure for relative body weight, has
severe shortcomings because it does not consider the individual leg length of a person (172).
The BMI can be replaced by an improved measure, the mass index (MI;) that considers the
individual's sitting height s: MI;=0.53m/(hs). Although the MI; measures relative body
weight on a finer scale than the BMI does, it still is just a measure for 'ponderosity', but not
a useful measure for the body fat content of an individual (5,6). Sitting height or leg length
is easy to measure and should be included in all basic data sets of athletes (172). It can be
expected that the application of the My in young persons and youth athletes will be helpful

for studies of their growth in connection with changes of their body dimensions (6).

4. SAT thicknesses compared to waist to height ratio

Only moderate correlations were found between W/h ratio and different thickness sums or
thicknesses at individual sites. The highest correlation was found at UA where p was 0.53.
Therefore, the aim to find a possible surrogate parameter from the standardised protocol has
failed. But, for future investigations, the W/h ratio should be included in all basic data sets
of athletes: Ashwell et al. (226) showed that W/h ratio is more predictive of years of life lost
than the BMI.
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4.4 Limitations and further developments

1.

For the skin thickness measurements, only persons under 40 years were included due to
the age-related changes in skin thickness. A future focus should also be on older adults,
who are not included here. This hold also true for children and youth athletes.

As this standardised method has been developed recently, some time will be necessary
to get comprehensive sets of reference data. This thesis contributes to this data collection,
however, the amount of overweight and obese women (N=6) was low: this should be
considered when interpreting the fat patterning comparisons.

As described in Scientific Reports (2), a fat density value of 0.92 kgm™ found in the
literature (206) was used for SAT mass calculations. A detailed study of the density of
human body fat, which may depend on the site, the temperature, the age, and hydration
status, is missing. Such a study is being prepared in the lab of W. Miiller at the Medical
University of Graz. These expected results will increase the accuracy of body fat mass
determinations of all methods that are based on volumetry, e.g., US, MRI, and CT.

SAT mass calculation is based on the mean SAT thickness, on the density of the adipose
tissue, and on the determination of the body surface. In this thesis, body surface was
determined using DuBois’ formula and two related formulas. This body surface
calculation contributes to the error of fat mass estimation. 3D scanning could improve
the assessment error that resulted from the simple surface calculation used here (2).
This thesis and the underlying scientific publications focus on determining the amount
of SAT, but do not determine the amount of visceral fat. This has been pointed out in our
recent publication: “Determination of SAT (or pure subcutaneous fat) mass by US as
used here does not capture visceral fat. Attempts to assess visceral fat by US have been
made by other groups (227,228) however, US only detects surrogate parameters like
intra-abdominal distances. MRI is capable of measuring visceral fat, although fat layer
thickness measurements do not reach the accuracy of US thickness measurements
because the pixel size is typically 1.3 to 2 mm in total body scans, and MRI measurement
sequence and image segmentation protocols are not standardised for this purpose.
Development of improved MRI methods towards higher standards for fat studies is in
progress in our laboratories at the Medical University of Graz. Comparisons of SAT
(measured by US) with VAT (measured by MRI) will show the possibilities and
limitations of total body fat (TBF) assessment (on the anatomical level) based on US SAT
measurements solely. We assume that there is a good chance to find useful correlations

for acceptable assessment accuracy because SAT, which can be determined with high
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accuracy by US, accounts for typically about 80% of TBF (222,227,229) and therefore
scattering of the VAT percentage can be expected to have minor effect on the TBF
assessment error. However, there may be outliers, particularly in groups with obesity or
extreme underweight. Meanwhile, we use the waist to height ratio (W = w/h), which is
the most important anthropometric predictor of health and premature death caused by
obesity (201), as a surrogate measure for VAT. The studies in progress will also show
whether a combined approach (US SAT measurements and anthropometric indices like
W) will improve the assessment accuracy.” (2)

The ratio of the SAT mean thickness obtained from the eight standardised sites to the
mean thickness found at 216 sites is only representative for persons whose body fat
content is not as low as in highly trained athletes or in skinny persons, and not as high as
in obese persons. The investigated range only covers dms -values (means of the eight
sites) from 3 to 10 mm. Preliminary studies indicate that in underweight groups, the SAT
thickness of fat depots can get closer to the SAT thickness of other sites, which would
result in a higher calibration factor (2). Similar studies with women, other ethnic groups,
children, and older adults which were not included here, will be of interest and should
be focused in future investigations. As described in the work of 2018 (2) :”...it would be
surprising when results deviated substantially in such cases because the eight sites cover
a representative set of fat depot sites, and differences from site to site in different groups
can be expected to equal out to a large extend when means of all eight sites are taken.”
Currently, scientific results obtained with the standardised US method have not been
compared to body fat mass determination on the molecular level: “..Validation studies
against a four-component model (6) will reveal which US sites will enable the best
prediction of total body fat in particular groups of persons. Ethnicity, anthropometric
parameters, sex and age are assumed to play a role in obtaining equations that fit
optimally to the four-component model reference data" (1). Such a validation study is in
progress in our lab in cooperation with the laboratories of LB. Sardinha (Lisbon,

Portugal) and T. Lohman (Tucson, USA).

4.5 Conclusion

1.

Introduction of a new measurement site
The usage of the site external oblique (EO) caused major problems in the overweight

and obese persons studied within the framework of this thesis. This experience makes
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clear that the site EO should be replaced by another one. Lateral thigh (LT) had been
suggested by Miiller et al. (192), and the results obtained using this new site support this
replacement because no measurement problems are associated with LT, and,
additionally, this site is of high relevance for studying sexual differences of fat pattering.
Sexual dimorphism and site dependency of skin thicknesses

Significant differences between the skin thicknesses at all sites were found, and mean
skin thickness was 10% higher in males compared to females. This result explains a part
of the errors associated with skinfold measurements. Additionally, the large data set
obtained from the eight sites adds to the knowledge on human skin thicknesses.
Detecting the SAT-skin-border correctly (based on the knowledge of typical skin
thickness at a given site) in cases when fibrous structures are in the vicinity or attached
to the skin will help to avoid US measurement errors.

. Mean thickness of subcutaneous adipose tissue (SAT)

Mean SAT thickness measured in men at 216 sites showed that the standardised eight
sites overestimates the mean SAT thickness due to their predisposed location at some of
the main fat depot areas (femero-gluteal region, back, and anterior abdominal wall). This
has to be considered when determining SAT mass. A calibration factor £ = 0.65 would
correct this overestimation, but this correction cannot be applied to skinny persons and
athletes or to overweight and obese persons because the measurements presented here
do not cover the SAT thicknesses of these groups.

. Reliability of the standardised ultrasound method in a large range of body fatness

The intra-observer study showed, that high reliability can be obtained for all groups of
persons, from extreme leanness to obesity class III. The relative errors of US
measurements were even lower in the overweight and obese group compared to the
normal weight group. Site marking with the new site LT instead of EO turned out to be
just as easy as in the normal weight group, as distances are percentages of body height,
and only two anatomic landmarks are necessary. Therefore, the replacement of EO by
LT increases reliability. (1).

SAT thickness sums in men and women

In this thesis, women showed about two times higher SAT thickness sums compared to
men, although their relative body weight was much lower.

. Fat patterning in men and women

Fat patterning differed significantly between men and women, and the median SAT

thicknesses were higher at all sites in women. The highest ratio of thicknesses between
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females and males was found at the site LT, which is the predominant fat depot site in
women. In overweight and obese people, the female fat patterning comes closer to the
male patterning (ratios of LT thicknesses decrease, ratios of UA and LA thicknesses
increase).

Amount of fibrous structures (fasciae) embedded in the SAT tissue

The results found within the framework of this thesis, supports the findings of previous
studies that showed that the percentage of fibrous structures was larger in male groups
compared to female groups. In the 82 males and 71 females studied here, the percentages
were 15% and 9%, respectively. This further increases the difference in subcutaneous fat
between men and women. The relative amount of fibrous structures decreases

significantly with increasing fat layer thickness.
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