Thesis

URINE-METABOLOMICS AS NON-INVASIVE MARKERS

FOR ADIPOSITY IN CHILDREN
Preliminary Results of the HAPHC-Study

submitted by
Mechthild Aloisia Lagger

in partial fulfilment of the requirements for the degree of

Doktorin der gesamten Heilkunde

(Dr." med. univ.)

at the

Medical University of Graz

executed at the

Division of Physiology and Pathophysiology

under the supervision of
Nandu Goswami, Assoz.-Prof. Priv.-Doz. Dr. med. Dr. med. univ. MMedSci PhD
and
Karin Schmid-Zalaudek, Priv.-Doz. Mag.? Dr. rer.nat.
and

Hansjorg Habisch, Sen. Scientist Dr.rer.nat.

Graz, 21.01.2025



Declaration of Academic Integrity
1 hereby confirm that the present diploma thesis is the result of my own independent
scholarly work. I also confirm that in all cases, where material from the work of others (in
books, articles, essays, dissertations, and on the internet) is acknowledged, quotations and
paraphrases are clearly indicated. No material other than that cited in the reference list has
been used. I have read and understood the Medical University’s regulations and procedures

concerning plagiarism.

Furthermore, I hereby declare that if artificial intelligence (Al) tools were used for the
generation and/or correction of certain text passages in the creation of this work, such
employment was conducted in compliance with ethical principles, academic integrity, and
the regulations of my university. Additionally, it was ensured that this usage was

transparently disclosed and appropriately attributed.

Graz, 21.01.2025 Mechthild Aloisia Lagger, m.p.



Acknowledgements

First, I would like to thank my supervisors Assoz.-Prof. Priv.-Doz. Dr. med. Dr. med. univ.
MMedSci PhD, Nandu Goswami, Priv.-Doz. Mag.? Dr." rer.nat., Karin Schmid-Zalaudek,
and Sen. Scientist Dr.rer.nat., Hansjorg Habisch for giving me the opportunity to be part of
this project and gain insights into research and this interesting and relevant topic, as well as
for their endless patience in guiding and supporting me throughout the whole process of
completing this thesis.

My gratitude also extends to the team in the laboratory of Prof. Mag. Dr.rer.nat. Tobias
Madl, from the division of Medical Chemistry for running the analysis on the urine
samples and providing us with the results and their expertise. Moreover, I would like to
thank the team of the division of Physiology and Pathophysiology at the Medical
University of Graz, particularly Johann Wagner, Ing. Andreas Jantscher, BSc., and
Bakk.rer.soc.oec. Ing. Alfred Fiirhapter-Rieger, for their invaluable contribution to
collecting data for this diploma thesis and their enthusiasm in explaining and

demonstrating the technique.

I also want to thank all the children taking part in this study without whom this project
could not have been realised in the first place and whose motivation during the
measurements was contagious, as well as the teachers and principals of the participating

primary schools.

Furthermore, I would like to thank my cousin Maximilian for proof reading and his
invaluable advice. Finally, I want to thank my parents for supporting and encouraging me
throughout my education. My gratitude also extends to my siblings, my grandmother, my

friends, and my partner for their unwavering support.



Zusammenfassung

HINTERGRUND: Die vorliegende Diplomarbeit wurde im Rahmen eines grof3eren
Projekts, des ,,Health and Academic Performance with Happy Children (HAPHC)-
Projekts verfasst. Diese dreijdhrige prospektive Kohortenstudie untersuchte den Einfluss
tdglich in den Unterricht integrierter korperlicher Aktivitat auf die Gesundheit und
kognitive Leistung von Volksschulkindern mit dem Ziel, MaBnahmen gegen Fettleibigkeit
zu entwickeln. Eine standardisierte Ultraschallmethode hat sich als zuverléssig zur
Ermittlung von subkutanem Fettgewebe (SAT) gezeigt. Neues Wissen iiber Metabolomics
hat deren Potenzial zur Identifizierung von Biomarkern fiir bestimmte Erkrankungen,

inklusive Fettleibigkeit, durch die Analyse von biologischen Fliissigkeiten gezeigt.

FRAGESTELLUNG: Diese schriftliche Arbeit untersucht, ob Verdnderungen des mittels
Ultraschalls gemessenen SAT nach einem Schuljahr mit Metaboliten im Harn assoziiert
und ob bestimmte Urinmetaboliten bei Kindern als potenzielle pradiktive Biomarker fiir

den Zuwachs von SAT herangezogen werden konnten.

METHODE: Die Daten von 343 Kindern im Alter von 6-11 Jahren aus drei verschiedenen
offentlichen Volksschulen in Graz, Osterreich, wurden retrospektiv nach einem Schuljahr
analysiert. Spontanurin-Proben der Erstmessungen wurden mittels Nuklearmagnetresonanz
(NMR) -Spektroskopie analysiert. Die SAT-Werte wurden mit einer standardisierten
Ultraschalltechnik bei den Erstmessungen und den Folgemessungen ermittelt. Die
erhobenen Daten wurden statistisch auf Assoziationen der Verdnderung des SAT und
Metaboliten-Konzentrationen im Harn analysiert. Zur Korrektur der p-Werte wurde die

False Discovery Rate (FDR) angewendet.

ERGEBNISSE: Siebenundfiinfzig der 150 untersuchten Metaboliten wurden in den
untersuchten Harnproben in mindestens 5 Proben nachgewiesen, und genauer auf
Assoziationen mit SAT-Verdnderungen untersucht. N-Isovaleroylglycin (IVG) wurde
hiufiger in den Proben von Kindern, welche ein vermindertes SAT bei der ersten
Folgeuntersuchung aufwiesen (F(1.341) = 6.301, p = 0.013), festgestellt, wobei diese
Assoziation nach FDR nicht signifikant war (pcorr. = 0.14). Die IVG-Konzentration war
signifikant mit der Gesamt-SAT-Abnahme korreliert (r=- 0.128, p = 0.018). Wenn nur die
Félle mit einer SAT-Zunahme inkludiert wurden (n=205 Kinder), zeigte IVG bei den

Erstmessungen, zusammen mit D-Mannose und dem Body Mass Index (BMI), einen



signifikanten Vorhersagewert fliir SAT-Verinderungen (F9.195y = 7.019, p < 0.001). Die
Konzentration von Hippurséure war ebenso mit einer SAT-Abnahme bei der
Folgeuntersuchung assoziiert (F(1.341)= 6.692, p = 0.01, pcor= 0.14), hingegen wurden
Dimethylamin, Taurin, D-Mannose und -Glukose mit einer Zunahme von SAT assoziiert.
Bemerkenswert ist, dass in Harnproben von 76 der insgesamt 343 Kinder (22.16%)
Glukose nachgewiesen wurde. Die SAT-Dicke der Mddchen war bei der Erst- und
Folgeuntersuchung hoher als die der Buben. Der SAT-Zuwachs war stark mit dem

Gewicht assoziiert, aber nicht mit der Korpergrof3e.

DISKUSSION UND SCHLUSSFOLGERUNG: Die Untersuchungen zeigten, dass die
Verianderung des SAT bei der Folgeuntersuchung mit oben genannten Metaboliten
assoziiert werden konnte. Die Hypothese, dass bestimmte Harnmetaboliten die SAT-
Verianderungen vorhersagen konnen, wurde nur bedingt bestitigt. Zudem sind die
Hinweise darauf, dass die in der Studie gemessenen Metaboliten (wobei deren Auswahl
methodenlimitiert ist), SAT-Verdnderungen vorhersagen konnen, schwach. Um klare
Ergebnisse zu erhalten, ist es wahrscheinlich notig, die Verdnderungen des SAT bei der 2.
und 3. Folgeuntersuchung abzuwarten. Wegen der Ubereinstimmungen mit vorherigen
Erkenntnissen sollte das Potenzial dieser Metaboliten als prognostische Biomarker weiter
untersucht werden. Die in 76 Urinproben festgestellte Glukose erfordert weitere
Untersuchungen bei Betroffenen. Eine Tendenz zur héheren Priavalenz von Glukosurie und
hoheren SAT-Dicke wurde in Middchen verglichen mit Buben festgestellt, was mit fritheren
Ergebnissen tlibereinstimmt und weiterer Erforschung mdglicher Ursachen bedarf. Diese
Resultate sind relevant, da sie eine neue Moglichkeit zur Feststellung von Adipositas in
fritheren Stadien bei Kindern darstellen, als herkommliche Methoden es tun. Dies wird
helfen, ernsthaften Gesundheitsrisiken vorzubeugen. Es wire ein grofer Schritt fiir die
Priaventivmedizin, wenn die Analyse solcher Biomarker in Routinescreenings eingesetzt

wiirde.



Abstract

BACKGROUND: This thesis is part of a bigger project (the “Health and Academic
Performance with Happy Children (HAPHC)”-project), a 3-year controlled intervention
study, that observed the impact of daily integrated physical activity on health and academic
performance of primary school children, aiming at counteracting obesity (OB). Applying
ultrasound (US) in a standardized protocol has been found a reliable tool for measuring the
thickness of subcutaneous adipose tissue (SAT). New knowledge in the field of
metabolomics has shown the potential of identifying biomarkers for certain diseases,

including OB, by analysing biofluids.

AIMS AND OBJECTIVES: This thesis investigates whether changes of SAT, measured
by US, after one schoolyear can be related to metabolites detected in urine and whether

urinary metabolites may serve as predictive biomarkers for an increase of SAT.

METHODS: Data of 343 children aged 6-11 years from three different public primary
schools in Graz, Austria, were analysed retrospectively after one schoolyear. Spot on urine
samples from baseline measurements were analysed via nuclear magnetic resonance
(NMR) spectroscopy and SAT-thickness was measured by the 8-sites standardised US
approach at baseline and in the first follow-up (FUP-1) after one schoolyear. The retrieved
data were then statistically analysed for possible associations of SAT-thickness-changes
with concentrations of urinary metabolites. False discovery rate (FDR) was applied to

control alpha-error inflation.

RESULTS: Fifty-seven of the 150 metabolites studied could be detected in the analysed
urine samples in at least 5 samples and were further assessed for associations regarding
SAT-changes. N-isovaleroylglycine (IVG) was detected at a higher frequency in the urine
samples of children whose SAT had decreased at follow-up (F(1.341)=6.301, p=0.013).
However, the relation did not remain significant after FDR (pcor= 0.14). The concentration
of IVG was significantly correlated with total SAT-decrease (r = - 0.128, p = 0.018). When
only including cases with an increase of SAT (n=205 children), IVG at baseline together
with D-mannose and BMI significantly predicted SAT fold-changes (Fo.195y=7.019, p <
0.001). The concentration of hippuric acid (HA) was also associated with SAT-decrease at
FUP (F(1.341)=6.692, p = 0.01, pcor= 0.14), whilst dimethylamine, taurine, D-mannose and

D-glucose were found to be related with SAT-increase. Notably, in urine samples of 76 out



of 343 children (22.16%) glucose was detected. SAT-thickness of girls at baseline and
FUP was higher than of boys and SAT-increase was highly associated with weight, but not
height.

DISCUSSION AND CONCLUSION: The results showed that change of SAT at follow-
up can be associated with the above-mentioned metabolites. The hypothesis that certain
metabolites may predict SAT-changes was tentatively confirmed. However, the potential
of metabolites measured in this study (whereby their selection is limited methodically) to
predict SAT-change is weak. To see clear results, it is probably necessary to await the SAT
fold-changes of the second and third follow-up. Still, some of the results align with
previous findings on these metabolites, therefore their potential as prognostic biomarkers
should be further explored. The glucose detected in 76 samples, requires further testing. In
girls a tendency towards higher prevalence of glucosuria and higher SAT-thickness was
found compared to boys, which aligns with previous findings and demands further
research.

These are relevant results because they allow for a new way of detecting adiposity in
children in earlier stages than traditional methods, which will help to prevent serious health
consequences. It would be a big step forward for preventive medicine to routinely

implement the analysis of such biomarkers in routine urine screenings.
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1. Introduction
Child obesity (OB) is a growing burden worldwide (1) and correlates with many health
issues and diseases such as hyper lipid anaemia, heart conditions, or hypertension,

hyperinsulinemia, and early atherosclerotic changes, arising at later timepoints in life (2).

1.1 Definition of Overweight and Obesity by BMI

Being of major significance for public health, the development of child OB should be
closely evaluated. This task seems almost impossible since there are many different
definitions of OB in children and so far, no standardised definition has been agreed on (1).
The World Health Organization (WHO) defines the complex disease of OB as excessive
adipose tissue deposits implicating a health threat as it is strongly correlated with increased
morbidity and mortality (3) (4). Hence, in the medical definition of OB, a state of elevated
body fat is described, not increased body weight (5). However, in most primary care
settings access to directly measure fat is limited (3), which is why it is usually obtained by
anthropometrics, to get an estimate of one’s body composition.

Hereby, the most often applied clinical approach to define overweight (OW) and OB in
adults, adolescents and children is the body mass index (BMI) (3). It is calculated by
weight/height?. In children and adolescents BMI is scaled according to their age and sex as
children grow in body size. There exist numerous definitions of OW/OB in children with
differing cut-off points. Aiming to proclaim more rational and internationally derived cut-
off points to facilitate comparison of prevalence rates of children and adolescents with
OW/OB, Cole et al. (2000) created centile curves for each of six international surveys (1).
The commonly used definition for children with OW/OB of the International Obesity Task
Force’s (IOTF) BMI cut-offs proposed by (Cole et al. 2000; 2007) derives from adult BMI
cut-offs (6). The Center for Disease Control and Prevention (CDC) defines the OW-range
in children and adolescents with values between the 85 and 94" percentile and > 95
percentile as OB range (7). The WHO definition for children aged 0-5 years states, that a
BMI >+2 SD is OW and a BMI >+3 SD stands for OB (8). For 5-19-year-olds OW is
defined by a BMI > +1 SD and OB by a BMI >+2 SD (9) (10).

To assess prevalence and to compare numbers, a standardised method is needed for
epidemiologic research. Every study published using these definitions must use the precise
related terms and name the applied references (11). In the following section, the rising

prevalence of OW/OB will be described, along with its disparities among the population.



1.2 Prevalence of Overweight and Obesity

According to the WHO, in 2022, one of eight individuals worldwide was living with
obesity (OB). Thirty-seven million children younger than 5 years of age were overweight
(OW), and more than 390 million children and adolescents between 5-19 years were
affected, with 160 million living with OB. Since the 1990s, OB in adults has doubled and
adolescent OB has quadrupled. From 1990 to 2022 the prevalence of OW/OB in children
and adolescents between 5-19 years of age has increased significantly from 8% to 20%,
equally in girls and boys (4).

Globally, health risks have shifted from former risks related to poverty like
malnutrition and unclean water to risks resulting from an increased prevalence of OW/OB
due to physical inactivity and other obesogenic factors to the burden of non-communicable
disease (NCD) (12) (13). While OW/OB used to be regarded as an issue of high-income
countries, it has been increasing in low- and middle-income countries (4).

In measurements between 2018 and 2020, the WHO Childhood Obesity Surveillance
Initiative (COSI) found that in the age group of 6-to 9-year-old European children 29%
were OW/OB according to the WHO-definitions. The prevalences showed large contrasts
between countries. Sex differences were observed in terms of the prevalence being slightly
elevated among boys, while OW prevalences increased with age in boys and girls (14).

In Austrian 8-year-olds the prevalence of OW and OB regarding the WHO-definition was
at 25.3% and 9.1%, respectively. Prevalence by parental education based on the WHO-
definition showed that in children with parents of low educational level the prevalence of
OW/OB was higher (31.5%) than in children with parents of high educational level
(15.3%) (14). This association has been described before (15). Interpreting these findings,
one can conclude that for non-white children of low socio-economic backgrounds, the risk
to develop OW/OB is elevated, which furthermore is aggravated by restricted availability
to health services that may prevent uncontrolled weight gain and its consequences (7).

Ng et al. (2014) reported that about two in three of people with OB live in developing
countries (16). Figure 1, from The Lancet (2024), presents the proportion of girls (upper
row) and boys (lower row) aged 5-19 years from thin to obese globally in the years 1990
and 2022 (17). From the density plot the estimated proportions of the condition thin to
obese can be read for each country, the WHO-references for OW/OB were applied.
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Figure 1. ‘Proportion of double burden from obesity for school-aged children and adolescents (age 5-19
years)’ (17): p. 1039 as Fig. 5 in The Lancet (2024)

Moreover, in developing countries, OW and malnutrition may occur side by side (11). This
concurrent appearance of undernutrition and OW/OB has been described as the double
burden of malnutrition and has increased in the poorest low- and middle-income countries,
which is due to the rising prevalence of OW. The sudden accessibility to cheap, ultra-
processed drinks and food, along with a substantial decrease of pastime requiring physical
activity, while there is an insufficient supply with micronutrients, are key drivers for such
developments (18).

The COVID-19 pandemic has caused further increases of OB in children by coactive
factors including restricted access to and lack of means to afford healthy nutritional food,
declining aid in homes and constraints in physical activity (PA) (19) (20).

To recognise and prevent the development of OB early-on, this study aimed at testing for
urinary metabolites correlated with changes of SAT. It is necessary to understand the
multifactorial genesis of OB and its negative impacts on those affected to gain an overview
of what biodynamic processes may be involved and why early diagnosis is important.

Hence, this study aims to find urinary metabolites that can serve as predictive biomarkers.



1.3 Development of Obesity

While this thesis does not focus on the aetiology of obesity, this section briefly outlines
some of the contributing factors to its development. The development of OW/OB happens,
when calory intake is higher than demand, leading to an increase of adipose tissue mass.
This imbalance is caused by obesogenic behaviours, which include reduced physical
activity, while sedentary activities are enhanced, and the frequent intake of sugar
sweetened drinks, low-nutrient, high saturated fat foods and reduced sleep periods (21).
These behaviours are enhanced by multiple factors and their interactions. Other
contributing factors include genetics, obesogenic environmental conditions, community
setting (22) (4), socioeconomics, biology, behaviours and psychosocial traits (7).
Biological factors influence the development of OW/OB. But just as well, OW/OB seem to
influence physiological pathways by feedback-mechanisms. As cited by Russell & Russel
(2019) (22), Keller and Bruce (2018) argue that food-intake and OB can influence brain
structure and function, while processes in the brain determine dietary choices.

Different studies have concluded that the intestine’s microbiome may contribute to the
development of OB, metabolic syndrome (MetS) and non-alcoholic fatty liver disease
(NAFLD) by augmenting energy intake in situations of a gut dysbiosis or small intestinal
bacterial overgrowth (SIBO) (23) (24).

Sometimes single leading causes can be observed, like genetic syndromes, certain
medications, diseases, or immobility. Living conditions, being obesogenic or not, are again
determined by the structural setting, whether healthy affordable food is available, physical
mobility is safe and accessible for all people and whether the district is well and adequately
regulated (4). In addition, factors leading to OB are also often associated with preventable
chronical illnesses, the death of adolescents (2), and economical burdens (25) (7).

In sum, it is difficult to account for the complexity of the development of OB, as it is

caused by multiple factors and their interactions.

1.4 Related Health Problems

Children with OB have a 5 times higher risk to be obese as adults than children with
normal weight (NW). A study by Simmonds et al. (2016) showed that about 55% of
children with OB were remaining obese in adolescence, and that of adolescents with OB
about 80% would be obese as adults, and 70% would remain obese over the age of 30 (26).
Due to the pro-inflammatory effects of OB and behaviours causing the condition,

physiology and metabolism are impaired, which may result in several diseases (27) and



severe physiological and psychological health impairments such as type 2 diabetes mellitus
(T2DM), asthma, hypertension, cardiovascular illness, obstructive sleep apnoea, NAFLD
(28), hepatocellular carcinoma, psychosocial problems, and depression. Also, a negative
impact on reproductivity, bone constitution, and the evolution of certain cancers has been
described. The overall quality of life, like moving or sleeping, are also affected (7) (13)
(4). It has been determined that being a child or adolescent with OB (as classified by the
BMI) is associated with a higher risk of cardiovascular disease, morbidity and mortality as
an adult (29). To prevent these associated health burdens, interventions to fight the obesity
pandemic are crucial (7). Such prevention programmes may entail great impact in primary
schools, since they are implemented early and reach a lot of children regardless of their
socio-economic backgrounds.

Several of these health risks associated with OB have been observed to co-occur and are
collectively referred to as metabolic syndrome (MetS). MetS is an accumulation of
cardiovascular and metabolic risk factors. Its four main components are elevated blood
pressure, overweight, dyslipidaemia, and an impaired glucose metabolism (30). OB is
generally acknowledged as a main cause for MetS, also in children (31), as it is correlated
with metabolic perturbances such as insulin resistance (IR) due to the inflammatory
processes activated (32). For children a general definition of MetS is still missing (33).
Cook et al. (2003), one of the first publications on MetS in children, claimed that a
combination of at least three of the following parameters defines paediatric MetS: waist
circumference (WC) >90™ percentile, RR >90™ percentile, fasting glucose >110mg/dL,
high density lipoprotein (HDL) cholesterol <40 mg/dL and triglycerides > 110 mg/dL (34).
An adaption of these criteria was done a year after by de Ferranti et al. (2004): WC >75%
percentile, triglycerides (TG) >100 mg/dL, HDL <50 mg/dL (35). Other definition criteria
followed (36) (37) (31).

To date in scientific literature many different definitions of MetS in children exist (38).
Reisinger et al. (2020) evaluated their differences and concluded that rather than one
general definition, MetS should be defined according to sex, ethnicity or geographic zone
(33). It is crucial to detect MetS early to prevent threatening outcomes. Especially in
children, sex and age percentiles must be considered when assessing them for variables.
However, often the metabolic changes in the peri-pubertal period, like the alternating body
composition or IR are not considered (30).

MetS is a significant risk factor for cardiovascular disease (CVD) and other morbidities,

increasing the risk of mortality by a factor of 1.5-2 in adults as well as in children.



Moreover, rising numbers of MetS in children with OB significantly correlate with the
manifestations of metabolic diseases in adulthood (39). To avoid such developments, early
recognition of a perturbed metabolic state via urinary metabolites and of adiposity via
measuring SAT by US may help to prevent advanced development of the disease. In the
next section, strengths and limitations of different known tools for measuring OW/OB will
be shortly described. Considering these, it becomes clear that more easily applicable, cost-

efficient, and reliable methods are required for a standardised approach of screening of

OW/OB.

1.5 Measurement of Adiposity: Methods with their Strengths and
Limitations

To prevent and treat OW/OB in children and adolescents, methods to accurately measure
body fat are required. Existing specific procedures often come with a high technical
expense, exposure to ionizing radiation and are restricted to institutional research. Widely
used methods mostly fail in recognising abundant adipose tissue (40).

There exist numerous methods for evaluating obesity in children. Determination of body
composition can be assessed molecularly and/or anatomically. However, in clinical
practice the BMI and mass index (MI) are up to now the most used tools which also
reflects the cut off values defining OW in children being defined and categorized by the
BMI (41). Widely applied methods in the field are lacking standardization, resulting in

different outcomes which is due to varying accuracy or reliability between techniques (42).

1.5.1 BMI LIMITATIONS

As a complementary body measurement for assessing a population over a period or for
comparing different groups, BMI is a useful method. However, it has various
disadvantages (11).

The BMI has been found to be a deficient tool to determine one’s body composition, since
it does not differ between lean and adipose tissue. Another problem in applying the BMI,
regarding the WHO Expert Committee, is that in individuals shapes and sizes can vary
from the norm, e.g. shorter or longer leg length than predicted for a certain height as stated
by the WHO technical report series (1995) on Physical status: the use and interpretation of
anthropometry, as cited by Kelso et al. (2020) (43). A different method for measuring
relative body weight is the MI (MI=0.53m/(h-s)) which examines the sitting height and by
that considers an individual’s leg length (44) (45). Still, both techniques are not appropriate

for assessing the amount of adipose tissue as they determine relative body weight (42) (46)



(43). Furthermore, showing a high specificity, the BMI comes with a low sensitivity,
publications resulted in a 73-82% sensitivity to recognise critical obesity (47) (48)_(3) as it
has been revealed to not detect abundant body fat in 25-50% of children (40) (47) (3).
Another limitation of the BMI is that its values are designed for mainly Caucasians and
exclude the variety of ethnic groups (49). For example, Asian Indians with the same BMI
show to have a higher amount of adipose tissue compared with Caucasians. As cited by
Aggarwal et al. (2018) (10), Banerji et al. (1999) found that a mean BMI of 24.5 matched a
mean body fat of 33% in Asian Indian men living in the US. Therefore, in Asian Indians
already at a lower BMI, risks for health implications, like CVD begin to increase (50) (10).
It has been shown that children or adolescents with the same BMI may largely differ in
their SAT amount (>200%) indicating major body fat measurement errors when BMI is
used to assess body fat in children (40). Zapata et al. (2023) found that 7% of children
considered to be in the normal weight range (NW) and 62% categorised into the OW group
according to BMI, by applying the definition by Cole et al., showed to have a total body fat
percentage, applying Air Displacement Plethysmography (ADP), in the range of OB. Such
findings imply a considerable number of misclassifications when diagnosing OW/OB in
everyday clinical practice applying only BMI, leading to the underdiagnosis of children
and adolescents at risk for cardiometabolic disease, which may lead to serious future
consequences (3). Another effort of the present study was to underline the shortcomings of
and unveil alternatives to the BMI. Hence BMI was avoided as variable, and SAT was
measured and compared as parameter for adiposity. Other existing approaches for
determining adiposity are listed below. However, the reasons mentioned above result in

restricted applicability of them in the field.

1.5.2 TECHNIQUES FOR MEASURING OBESITY

The impact of body composition on metabolism varies between sex and age groups. To
obtain measurements of body composition in children, ADP and Dual-energy X-ray
Absorptiometry (DXA) have been the most broadly applied methods (51).

Below, only a short description of the methods or advantages and disadvantages will be
discussed.

As a procedure to measure fat, DXA is, especially in thin people, associated with major
false outcomes. Since it is unable to differentiate between three types of tissues, algorithms
for calculation are needed. Such differ between institutions and result therefore in different

outcomes. Another problem occurs particularly in longitudinal studies when individuals



experience a significant alteration in hydration or glycogen status between assessments
(42) (52) (41).

Stable isotope dilution is another approach of measuring body composition. Hereby water,
substituted with a slight amount of a stable hydrogen or oxygen isotope, is orally applied.
After evenly distribution, the isotope’s concentration in urine or saliva provides an
estimate of total body water (TBW). Fat-free mass (FFM) results from that by applying a
presumed value for FFM’s hydration factor (10).

ADP is a procedure established on whole body densitometry. In infants under 6 months of
age PEAPOD is used, whereas in older children and adults BODPOD comes to use (10).
Bioelectrical Impedance Analysis (BIA) is a technique by which the impedance resulting
from a low voltage electric current is measured to calculate TBW which serves to
determine FFM as well (10).

On the molecular level, body fat is most precisely measured by the 4-component model
(42) (52). Anatomically, different methods, such as skinfold thickness measurements,
anthropometrics, or imaging procedures like ultrasound (US), magnetic resonance imaging
(MRI) and computed tomography (CT) are utilized. US provides the most accurate
measurements for SAT (53) (54) (55) (56) because of the high image resolution up to 0.1
mm (18 MHz probe) while the pixel size in nowadays used MRI normally ranges from 1.3
mm to 2.0 mm (42) (41).

To evaluate body fat, especially subcutaneous fat tissue (SAT), the examination of skinfold
i1s commonly practiced (43). Skinfold thickness measurements are taken at three up to five
sites, resulting in various equations for that procedure to estimate fat mass (FM) (10). It is
a cost and time efficient method. However, its technique offers a lot of shortcomings. On
the one hand, by variation of skin elasticity, on the other hand by site-depending
compression thickness (54). Furthermore, it is unreliable for obtaining SAT thickness due
to the compressibility of adipose tissue and differing skin broadness depending on the site
and person (54) (42) (41). Hence its accuracy and reliability are restricted (10). There is a
high discrepancy between skinfold and ultrasound results (43).

Waist circumference (WC) is a predictor for the quantity of abdominal fat and is examined
by applying a tight tape in a standing position at the centre between the iliac crest and
lowest rib measuring after expiration as stated by the Report of a WHO Expert Committee
(1995) on ‘Physical status: the use and interpretation of anthropometry’ as cited by
Kuriyan R. (2018) (57). According to a Report of a WHO consultation (2000) on ‘Obesity:

preventing and managing the global epidemic’ the waist-hip ratio (WHR) aims to locate



the body fat in upper or lower body, a higher WHR correlates with obesity-associated
morbidities, as cited by Kuriyan R. (2018) (57).

CT provides exact data of body composition but should be carefully used in children
regarding its vast radiation load (51).

Quantitative Magnetic Resonance Imaging (QMRI) proves to be a reliable technique for
obtaining exact measurements of SAT, visceral adipose tissue, brown adipose tissue and
lean mass (51). However, it does not measure total body adipose mass (10).

Since none of these methods are optimal for wide application for assessing adiposity, the
approach of measuring SAT by US was utilized in this study. Its benefits are described in

the following section.

1.5.3 SUBCUTANEOUS ADIPOSE TISSUE MEASURED BY ULTRASOUND

A promising and relatively new, yet thoroughly investigated and standardized method is
measuring SAT by brightness-mode ultrasound. It is the most accurate approach to
measuring thickness of SAT layers. This US technique has been standardized by Miiller et
al. (2016) and is done by measuring eight sites on the body to assess the pattern of SAT
(55). US is highly accurate and reliable in measuring uncompressed SAT (54) and has been
proven to result in the most precise values (41). It is the only technique able to measure the
fat layer with and without the enclosed tissue (53) (54) (55) (58) (41).

The adipose tissue is located subcutaneously as well as viscerally, in the bone marrows and
within tissues (59) (60). The proportion of SAT in the body is highly variable from a few
kilograms up to half the body weight or more (56). Adipose tissue consists of adipocytes
and the supporting tissue collagen and elastin fibres (59). The method of US to assess SAT
has been known since the seventies (61) (62) but has only been standardized in 2016 (55).
With this US-technique, following advantages over other methods are given: no
compression errors as compared to skinfold (43), the possibility to differentiate between
adipose tissue and ingrained structures, non-invasiveness, and its practicability in the field
(41) (40).

The US-images of the selected 8 sites show skin, SAT and the fascia of the muscle (41), as
portrayed in following figure (Fig. 2). The US-images were taken at the lower abdomen in
two 16-year-old girls and compared in a study by Schmid-Zalaudek et al. (2021). Having
almost the same BMI (23.7 and 24.2), crucial differences (83.8, 210.1) in SAT-thickness in
mm were shown between the girls, even when considering that the reference lengths were

6 cm in case 36 (left) and 8 cm in case 27 (right), the difference remained substantial (40).
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Figure 2. SAT and enclosed fibrous structures portrayed with US. Schmid-Zalaudek et al. (2021) (40): p. 9 as Fig. 2.

SAT measured by US shows high reliability for precise measurement of OB and evaluating
response of therapy in children and adolescents at cardio-metabolic risk (40). One
limitation is that the mean thickness of SAT, which is necessary for calculating the total
body fat mass, cannot be assumed by the outcomes of this procedure, as shown by Storchle
et. al (2018) (41). The standardised method of US to obtain SAT-thickness was the elected

approach in this study for determining potentially associated metabolic markers of OB.

1.6 Risk Markers of Obesity in Blood and Urine

As it is crucially important to recognise children at risk of OW/OB and its complications
early, diagnostic tools with improved sensitivity need to be found. The present thesis
attempts to discover metabolites serving as such novel tools. The next section provides an
overview of existing knowledge on markers of OB and a description of the science of

metabolomics and an overview of how it works.

1.6.1 BIOMARKERS ASSOCIATED WITH OBESITY

Known parameters in blood related to OB are high fasting glucose, as well as
homocysteine and apolipoprotein Al. Dyslipidaemia is a condition linked to OB, where the
levels of total cholesterol, low density lipoprotein (LDL) cholesterol and triglycerides (TG)
are elevated, while high density lipoprotein (HDL) cholesterol is decreased. Furthermore,
leptin, adiponectin and ghrelin have been associated with OB. Ghrelin has been suggested

as marker for CVD-risk in children (63).
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An oral glucose tolerance test (OGTT) in children with OB shows differences with a later
insulin response. In subjects with OB, the expansion of adipose tissue and infiltration of
macrophages result in a low-grade chronic inflammation triggering IR (64) (65) (66).
Since visceral fat tissue excretes different adipokines and cytokines, OB leads to elevated
levels of leptin and resistin, while adiponectin is decreased. At the same time cytokines,
like tumor necrosis factor-alpha (TNF-alpha) and interleukin-6 (IL-6), are increased and
cause inflammatory processes. IL-6, for example, regulates the formation of c-reactive
protein (CRP) in the liver (67), leading to IR and Hyperinsulinemia. Adipokines, e.g.
decreased adiponectin, also cause IR and Hyperinsulinemia, which consequently may lead
to the development of CVD, cancer and T2DM (68) (69). Especially the Insulin/Insulin-
like growth factor (IGF) axis and chronic low-grade inflammatory processes have been
outlined as main contributing factors for obesity-derived diseases (68).

Elevated serum levels of branched-chained amino acids (BCAAs) such as, valine, leucine,
and isoleucine, and lipid parameters as well as glucose and aromatic amino acids (AAAs),
such as phenylalanine (70), have been found in children with OB compared to children
with NW. While reduced plasma levels of glycine, asparagine and serine in children with
OB have been described (71).

Measuring such markers could provide further insight into the causes of obesity-deriving
chronic diseases and be used as a further tool to define OB along with anthropometrics.
Nevertheless, to date too little is known about the impact of obesity-related biomarkers on
its development that in clinical routine, screening of such markers is not done (68).
Markers measured in blood may be associated with parameters detected in urine, while
revealing biochemical pathways associated with and thus giving way to further observation

of OB.

1.6.2 METABOLOMICS IN GENERAL

To easily assess the risk for OB, biomarkers for screening would be useful (32). Recent
studies have revealed the potential of using metabolomics to detect certain diseases or
other conditions.

In Pschyrembel Online the term ‘metabolomics’ is defined as a science, that investigates
metabolites of organisms, organs, tissues, cells or its organelles under certain physiological
conditions to determine, quantify, and characterize them. Established metabolites allow
direct associations to enzyme activities (72). Metabolomics and the word metabolite derive

from the word, metaboli, which is ancient Greek and means ‘change’ (73). Molecules with
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a low molecular weight, < 1.5 kDa, implicated in cellular metabolism are referred to as
metabolites (74). They play a role in many processes in the human body, among others for
messaging, building of structures and in storing energy (75) (76). Metabolic profiles can be
gained in a rapid and highly reliable manner with high sensitivity regarding small
concentration alterations of several metabolites at once. Many advantages come along with
studying metabolomics. Among others, recognising changes in metabolic dynamics and
metabolite concentrations can provide precise diagnostics. Additionally, it is relatively
quick, easy and heads towards a holistic picture of a subject’s internal ongoings (73).
There still needs to be found a standard procedure for analysing metabolomics. Promising
methodologies include liquid-chromatography mass spectrometry (LC-MS) or gas
chromatography coupled to mass spectrometry (GC-MS). Another commonly used method
is nuclear magnetic resonance spectroscopy ("H-NMR), which can provide simultaneous
measurement of many metabolites in urine or serum, resulting in metabolic fingerprints
associated with physiological or pathological conditions of an organism (77) (73). Yet,

routine application of metabolomic measurement methods is hardly practiced (77).

1.6.3 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

The analysis of hundreds of metabolites in urine is possible with nuclear magnetic
resonance (NMR) (78). Assessing concentrations via NMR is highly precise because
metabolites, upon quenching enzyme activity with buffers, are quite stable and can be
directly quantified. Urine metabolites show a large variety depending on several factors,
one of which is sex, e.g. males tend to have higher creatinine levels in urine than women
since their skeletal muscle mass is usually higher than those in women. Studies using
NMR, have shown that the main urine compounds consist of urea, creatinine, hippuric acid
and citric acid (78).

"H-NMR spectroscopy obtains signals of protons within molecules, which are highly
specific to them, enabling identification and quantification of those substances within
complex biofluids (79). For the technique used in this study the magnetic characteristics of
protons correlating with the chemical structure are measured, and levels of characteristic
molecules in biofluids like urine can be quantified. Its advantages are minimal sample
preparation and no manipulations of the samples. Metabolites can be recognised by
comparison with existing data collections of NMR spectra. Data retrieval and analysis
work automatically, analysed samples can be reused for different approaches since they are

not damaged/altered in the process. The magnetic atomic nuclei absorb and then release
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electromagnetic energy at typical frequencies. Alterations of normal reaction frequency for
a specific metabolite inform about the close chemical environment and its influences (80).
A disadvantage of NMR spectroscopy in comparison to MS-based methods is the lower
sensitivity, which is only an issue with low concentrated metabolites (79).

NMR spectroscopy entails a lot of specific beneficial attributes for research in
metabolomics (81) (82). Particularly, the high reproducibility and great dynamic range. It
delivers absolute quantitation of each metabolite in the spectrum. NMR is regarded as a
well-suited method in determining characteristics of unknown metabolites.

Because of the reproducibility and consistency of the NMR experiment it is fit for clinical
settings. (79).

Besides the most analysed samples blood plasma/serum, tissue and urine, among others,
metabolic research has also been performed on samples like cerebrospinal fluid (83), saliva
(84), amniotic fluid (85), tears (86) and other biological materials.

Figure 3 shows an overview of the steps involved in analysing metabolomics, as published
by Al-Sulaiti et al. (2023) (87) (note, that hereby at step 2, the MS- method is pictured in
more detail, not the NMR-spectroscopy).

Summary of metabolomics analysis workflow
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Figure 3. ‘Summary of metabolomics analysis workflow’; retrieved from:
https://commons.wikimedia.org/wiki/File:Summary_of_the_metabolomics_analysis_workflow.png
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After determining absolute or relative concentrations of metabolites, statistical and
metabolic pathway analysis is done, with emphasis on a wide range of basic and medical
sciences. For analysing metabolomic data, usually uni- and multivariate statistics are
applied, aiming at finding and validating assumed metabolic biomarkers (88).

The number of metabolites detected, varies between the analytical approaches. The wide
coverage of databases and methods used, enables researchers to discover new urine
metabolites (78). As certain compounds are NMR-invisible since they lack identifiable
protons at physiological pH value, they are only traceable with other methods, e.g. mass
spectrometry. Hence it makes sense to use different complementary methods (78).
Quantitation usually is either done relatively amongst different subjects or groups, which is
the most applied technique, or absolutely, by measuring molar concentrations utilizing an

internal or external standard (88).

1.6.4 URINE METABOLOMICS

A relatively novel approach for diagnostic use in children is the analysis of urine
metabolomics, which also forms the main object of this thesis in the context of establishing
biomarkers that may predict OB. The potential of urine metabolomics has not been much
studied. A big advantage of urine compared to other biofluids is that it is easily obtained
and contains an abundance of metabolites (89) (78), e.g. compared to serum/plasma, urine
entails a substantially higher number of identifiable metabolites, with a substantial
concentration range of about 10°, presenting a powerful source of information (90) (91).
Collected data by Bouatra et al. (2013) proposes that human urine may contain >3000
identifiable compounds. The ‘Human Metabolome Database’ (HMDB) offers a chemical
categorization tool for metabolites, revealing their huge variety. (78).

Investigating the urinary metabolites, information about intrinsic metabolites, xenobiotics,
gut microbiota metabolites, as well as nutritional products can be obtained, offering a great
resource of information regarding the molecular characteristics of MetS and many other
diseases for instance (78). Depending on the type of analysis, the preparation steps of the
urine samples necessary vary. (89) (78).

Furthermore, protein levels in urine are relatively low which minimizes macromolecular
interference for metabolite analysis. The variety of salt levels and pH in human urine result
in relevant variation of NMR spectra between individuals. Multiple factors, like drugs,

diet, smoking, age, sex, physical activity (PA), intestinal microbiota, affect the
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metabolomic profile. Hence, determining metabolites as biomarkers for diseases should be
done critically (90) (91).

The promising method of urinary metabolomics has shown the potential of diagnosing
various conditions in children and adults. Distinctive urinary metabolic traits have been
associated with epilepsy (92), autism (93), steroid-sensitive nephrotic syndrome (94),
T2DM, where it was described as valid risk stratification biomarker (95), MetS (96),
dietary impacts and food quality (97), parameters for pesticide exposure (98), determining
sex differences (99), as biomarker for measuring response to treatment of NAFLD (100),
prepuberty (101), bisphenol-A interferences especially with the amino acid metabolism
and the steroidogenesis pathway in preadolescent girls were observed (102), elevated
mono-n-butyl-phthalate levels were found in the urine of children with OW/OB showing a
positive correlation with obesity signs (103). Urinary metabolites have been proven a
potential accurate diagnostic tool to correctly identify illnesses, such as primary
aldosteronism and KCNJ5-mutated aldosterone-producing adenomas (104).

Elevated urinary isoleucine and tyrosine levels have been found to be significantly
associated with MetS (105).

Previously found blood parameters to be related to MetS are BCAAs (valine, isoleucine)
amino acids (histidine and glycine), elevated glucose-levels indicating IR (106),
dyslipidaemia and OB were characterised by elevated steroid lipids (107) (108) and several
other metabolites have been associated with OB (109), such as altered levels of
trimethylamine-N-oxide (110) (111) or salicylic acid (112). Bruzzone et al. (2021) found
relations for other dysregulated parameters to MetS, such as maltitol, trigonelline, and
nicotinuric acid (96).

High urinary/blood levels of aromatic +/- branched chain amino acids (BCAA) have been
found to correlate with IR and the risk of developing MetS (113) (114) (100) (24).

As the sampling of urine is non-invasive it is easier to access and shows better patient
compliance, especially in children (77).

The metabolic profile could be used to distinguish intermediate states between MetS and
metabolic healthy subjects. E.g. reduced urinary levels of imidazole and histidine may be
related to a perturbation in the concentration of endogenous ligands of the a2-adrenogenic
and imidazoline receptor, resulting in episodes of elevated blood pressure (115) (116).
Considering above-described attributes of urinary metabolites, their diagnostic value for

OB becomes clear, which is why they merit further research.
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2. Research Questions

The HAPHC-project has been initiated with the intent to fight the health burden of OW/OB
by implementing interventions in the setting of schools to achieve a whole systemic
approach. As OB has become a substantial health threat and is nowadays affecting more
children and adolescents than ever, it is crucial to investigate measures for preventing and
tackling this global phenomenon. This study aimed to assess, whether the occurrence of
specific urinary metabolites, detected by NMR spectroscopy, in children can be associated
with SAT-change, measured by brightness-mode (B-mode) ultrasound, after one school
year.

Research Question: Which urine metabolites (measured at the begin of the study) are
relevant and can predict the increase of SAT within one year (measured at the begin and
the FUP)?

Can specific metabolites be found that may be applied as biomarkers to predict SAT
change and can previously associated metabolites with SAT, such as allantoin and succinic

acid (117), serve as predictive markers?

With the aim of finding novel early biomarkers for OB in children, we hypothesize that:
1. Certain urinary metabolites are associated with SAT-changes and predict such.
2. The metabolites allantoin and succinic acid, that were associated with higher SAT-
thickness at baseline, predict SAT-increase.
The further goal is to provide governmental and public institutions with the findings to

help, implementing measures for preventing the development of OB.

3. Methods and Materials
3.1 Ethical Approval

All steps of this study were in accordance with the ethical guidelines as confirmed by the
Research Ethics Committee of the Medical University of Graz, Austria (33-488 ex 20/21).
The study got registered in the ClinicalTrials.gov (NCT04956003). The children were
recruited to participate in the HAPHC project on a voluntary basis. Furthermore, written
informed consents from their legal guardians were obtained which was a requirement for
participating, and can be found in the annex of Huberts’ thesis (117). Refusal to take part
in measurements and opting out of the study in general were possible options at any given

moment.
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3.2 Participants and Procedure

The three-year non-randomized controlled intervention study was performed in Graz,
Austria, and included two intervention schools and one control school. It started in
September 2021 and was finalized in June 2024. The participants were in the age range
from 6 to 11 years and measured heights from 112 to 158 cm at baseline with a mean of
133 cm. The children weighted 14.2 to 73.1 kg and the BMI ranged from 8.8 to 31.5
kg/m?.

In the final days of February 2021, invitation letters for participating in the HAPHC project
were mailed to each of the 41 public elementary schools in Graz by the Board Directorate
of Education Styria. Three primary schools agreed to take part in the program, and two
schools were chosen as intervention schools, while one was the designated control school.
The number of enrolled children was 353 (from grades 1, 2, 3 and 4). The final number of
children of whose parents’ written consent had been given at the baseline measurements
was 460 out of 471 children. The missing children were either absent at baseline
assessment or withdrew from the study at site. At baseline, SAT was measured in 444
children and urine samples were obtained from a total of 362 children. In the first follow-
up (FUP-1), SAT was measured in only 343 children due to similar reasons as mentioned

above. All these 343 children also had their urine samples analysed at baseline.

Inclusion criteria: All the children who agreed to take part in the study and who’s legal
guardian’s written consents had been given were included in the study.

Exclusion criteria: There were no primary exclusion criteria from participating in the
study’s activities. Nevertheless, known present diseases or disabilities were documented
and reflected upon, when interpreting the outcoming dataset (118). Children with special
educational needs were included in all activities and measures but excluded from most

analyses.

17



Recruitment

Evaluation of suitability:

n =41 public primary schools in the city of Graz

Invitation to participate:
n =41 public primary schools received invitation letters

distributed bv the Board Directorate of Education Stvria

Return of invitation letters:

n =2 public primary schools

Contact to school:

requested to act as control school: n=1

Contacting

Parents addressed at parent-teacher conferences:

n=729

Participation

Written consent received from parents/legal

representatives:

Total: n = 473 (64,88%)

Baseline:

children with urine samples: n =362

children of whom SAT was measured: n =444

children with SAT measurement and urine sample: n=353
Follow-up:

children with SAT measurement: n =343

Analysed in present thesis:
children at baseline with urine samples

and SAT baseline and Follow-up: n =343
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Before starting with the interventional procedures, the enrolled children were measured at
baseline in September 2021. In the final weeks of each school year, the follow-up (FUP)
examinations were run, this being the FUP-1 in June 2022, FUP-2 in June 2023 and the last
and third FUP in June 2024.

In the study, several variables of interest were assessed. Besides the SAT and urine
samples, other analyses were run such as among others, cognition, physical performance,
and cardiovascular parameters. Only the relevant measurements of the study regarding the
present thesis are further described, namely the analysis of urinary metabolomics at
baseline via NMR spectroscopy and the examination of SAT via US at baseline and
follow-up-1. The baseline and follow-up-1 (FUP-1) data of the children from the three
primary schools were combined. The performed tests and measurements were non-invasive
and enacted according to protocol. See Goswami et al. (2022) (118) for more information.
During school days the measurements took place in the buildings of each participating
school. Mainly the fitting rooms and gymnasiums were used as examination sites. Children
in groups of 4-6 were measured each in one turn between 8 am and 2 pm. It was intended
to collect the urine samples in the mornings, they were then stored at -80°C and analysed
with NMR spectroscopy by the team of the laboratory of the division of Medical
Chemistry of the Medical University of Graz within 4 months. The results were then
statistically analysed and interpreted by the same researchers, who also provided the
graphics.

The SAT measurements were taken by experienced researchers of the division of
Physiology and Pathophysiology. While measurements were taken, no child was present
alone with only one examiner. The resulting images were then analysed with a software
(further described below) by the researchers as well. The statistical analyses were

supported by the supervisors to this thesis.

3.3 Measurements

3.3.1 ULTRASOUND MEASUREMENT OF SUBCUTANEOUS ADIPOSE TISSUE
Ultrasound (US) Brightness mode (B-mode) was applied for assessing the SAT thickness
by use of the US system, Esaote laptop color Doppler system, SMT, Germany, for taking
the measurements.

In search for exact measurement methods of an athlete’s body composition in the field,

Miiller et al. (2016) developed a standardised approach for assessing SAT with ultrasound.
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Eight sites for measuring were determined, namely upper and lower abdomen (UA; LA),
erector spinae (ES), distal triceps (DT), brachioradialis (BR), lateral thigh (LT), front thigh
(FT) and medial calf (MC) (55). This 8- sites standardised approach was used in the
current study.

US imaging functions by a signal emitted, that penetrates tissue with the speed of sound
(c), depending on the kind of tissue, an echo is received, that portrays as the image.
Normally c= 1540 m/s is applied for measuring the distance from the probe’s surface to the
borders between two tissues in diagnostic US schemata. However, in adipose tissue the
speed of sound with 1450 m/s is slower than in other soft tissues, according to El-Brawany,
Nassiri, Terhaar et al. (2009) as cited by Miiller et al. (2016) (55). In the applied B-mode
images are created by series of US emits entering the tissue to generate an image in which
the screen-brightness is analogue to the echo concentration in the scan’s layer. Because of
the squeezable SAT, the transducer must be placed without any pressure, which can be
achieved by applying a 3-5 mm thick US gel layer on the ultrasonic probe. The protocol
for the certain method requires measured subjects to be in a supine, prone or rotated lying
position, depending on the site measured. The GE Logic e US system using a linear probe
at 18 MHz was applied for generating the SAT images in the publication of Miiller et al.
(2016) with an axial resolution of approximately 0.10 - 0.15 mm. Usually, frequencies of 3
to 22 MHz are applied in diagnostics, according to soft tissue’s wavelength of 0.5-0.07
mm. When applying named recommendations for accurate thickness measuring, only the
variable elasticity of tissues and wrinkled borders remain as challenges for accuracy.

On both sides of the SAT the US resolution limit causes a border resolution error that lies
by 0.1 mm, when using 18 MHz, the measured length is the product of multiplying the
speed of sound by half the echo time. Diverging applied speeds of sound applied by the US
system from the tissue’s real sound speed deteriorates the distance calculating inaccuracy
(55).

For subsequently estimating the amount of total SAT, anthropometrics need to be
measured as well. The relevant data includes body weight (w), body and sitting height (h,
s), leg length, the hip’s, waist’s, bicep’s, and thigh’s circumferences and body mass (m).
The height was measured with a precision of up to 0.1 cm by using a stadiometer and
instructing the children to stand and put off their shoes.

An electronic scale, Tanita MC980MA, Tokyo, Japan, was used for measuring body
weight. The children were wearing shorts, a T-shirt and no socks when being weighed. The

accuracy of the body weight measurements was up to 0.1 kg. For worn clothes 0.4 kg were
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subtracted to acquire the actual body weight. The circumferences of the hip, the waist, the
biceps, the thigh, the leg length, and sitting height were examined using a tape measure
with an accuracy of 0.1 cm. Waist measurements were taken at the narrowest point of the
waist in mid-breath position, while the hip was determined at the widest point of the
buttocks. With the arm flexed, the biceps was measured at its thickest point. The thigh’s
measurements were taken at the US-measurement site for FT (see Figure 4). Sitting height
was assessed in an upright position, sitting on a table with the feet placed on a box. In a
standing position, the distance from the floor to the spina iliaca anterior superior was
measured for obtaining the leg length (117).

For the US imaging procedure to measure the SAT, the eight sites were marked according
to protocol. The precise location of these sites is crucial for resulting in high accuracy of
the data. To determine such, Figure 4 shows an overview, the instructions in detail are

reported in Miiller et al. (2016) (55).

Skin 73
Fibrous
structures

Fat tissue

Muscle fascia

Muscle

1 Upper abdomen UA

2 Lower abdomen LA

3 Front thigh BT

4 Lateral thigh Y

5 Medial calf MC

6 Erector spinae ES

7 Distal triceps DT

8 Brachioradialis BR

Figure 4. Eight sites for the standardised US-measurement of SAT (Miiller et al. (2016) (55))

An interactive image segmentation was used for determining the outline of SAT on each
image. Thickness for every US-image of all eight measuring points was automatically
determined by the software (NISOS-BCA-F4.2; rotosport.at) (40).

The SAT-thickness from each of the eight measurement sites was added together including

the embedded fibrous structures for calculating the sum of the subcutaneous tissue. It was
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then considered for classifying the groups regarding their amount of SAT at baseline and
follow-up (FUP), calculating SAT-fold change, since the measured value alone cannot
reveal other information or be used for further calculations. The embedded fasciae were
included in the measurements since already minimal tilting of the ultrasound probe has
shown to result in varying amounts of fibrous structures in the US-images. Which lead to
the inclusion of the embedded fascia into the thickness of the SAT measurements (DI).
Below (Fig. 5), two US images of the SAT measurements at the LA-position of the present

study are shown.

Figure 5. US-images of SAT of the site “Lower Abdomen” at baseline (left) and follow-up (right) in
a boy participating in this study; SAT is marked purple

3.3.2 NMR SPECTROSCOPY MEASUREMENT OF URINE METABOLOMICS

In the present study, NMR spectroscopy was the method chosen for analysing the urine
samples. Non-fasting spot-on urine was mostly collected in the morning hours on the days
of the measurements. The participating children were asked to pee into labelled cups. Then
urine samples were pipetted into small plastic tubes and stored at -80°C.

Analysis was run by researchers of the Division of Medical Chemistry at the Medical
University of Graz. Following procedure was performed: After thawing the urine samples,
60 ul of IVDr buffer was mixed with 540 ul of urine sample and filled into 5 mm 4-inch
NMR glass tubes. Subsequently, samples were analysed directly in patches of 96 samples
at 300 K on a Bruker Avance Neo NMR spectrometer (Bruker Biospin, Rheinstetten,
Germany) at 600 MHz with a TXI 600 probe head. Corresponding to the manufacture’s
guidelines all samples were recorded with NOESY (noesygpprld, NS =32, TD = 65536,
SI=131072) and 2D-JRES (jresgpprqf, NS =2, TD = 8192/40, and SI = 16384/256 for
F2/F1, respectively) spectra. B.I.Quant-UR ne™ (Bruker), a specific server-based

algorithm, was employed to quantify up to 150 metabolites per urine sample to determine
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pertinent information from sample spectra. To outline the extracted data, an Excel sheet
was created by the researchers, showing all metabolites in each sample as free
concentrations in mmol/L and concentrations normalized on creatinine in mmol/mol
CREA, which is commonly practiced in this procedure due to differing fluid uptake. It is
also argued that as in quantification and analysis of urine metabolites a high variability of
metabolites in different samples exists, identifying co-occurrence of several compounds

may help to observe patterns and hence simplify the detection of changes in these (117).

3.3.3 STATISTICAL ANALYSIS

For calculation of descriptive statistics IBM SPSS (statistics for Windows, Version 29.0.
Armonk, NY: IBM Corp) was used. To avoid alpha-inflation, p-values, conventionally
contemplated as significant with a value of p < 0.05, false discovery rate (FDR) was
utilized as correctional tool.

To test the hypothesis, whether metabolites could predict SAT-fold-change within a year,
multivariate statistical analysis was performed by the same researchers performing the
NMR analysis applying the open available server-hosted statistical software
MetaboAnalyst (https://www.metaboanalyst.ca/) (119) (120) to detect the most significant
metabolites. First, T1/T0 (follow-up/baseline) fold values of SAT were calculated from
343 children and then the terciles of them were calculated. One-way ANOVA using
terciles of fold values of SAT as independent factor was performed on all metabolites with
an occurrence >5 (out of a total number of n= 343 samples). Occurrence in this sense
simply means a measured concentration above the limit of the detection of the method
(which otherwise is denoted as ‘0’ in the raw data). ANOVA were hence calculated on 57
metabolites and those resulting in significant differences between terciles were further
analysed. Furthermore, the statistical software Rstudio/R (v 4.3), using packages rstatix
(for calculating multiple ANOVA) and a generalized linear model (GLM) for

implementing most relevant parameters into one model were calculated in R.

4. Results

4.1 Descriptive Statistics

For the purposes of this thesis, statistics were calculated with data of the children, who had
provided a urine sample at baseline and who had their SAT measured at baseline and

follow-up (FUP-1), which in total were 343 children. The age range lay between 6-11
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years with a mean age of 7.88 years and a standard deviation (SD) of 1.29. Body height
was between 112.0- 157.5 cm with an overall mean of 133.34 + 9.6 cm SD.

In total, data of 161 (46.9%) girls and 182 (53.1%) boys were included for the present
thesis. Across the school grades sex was equally distributed (y*a) = 4.054, p= 0.256, Table
1) and in each of the participating schools no sex difference was found (y%@) = .048, p=
0.786).

No significant difference was found between girls and boys considering their mean age
(taan =-1.071, p=0.285). Girls (n=161) were on average 7.80 &+ 1.30 years old and boys
(n=182); 7.95 £ 1.28 years old.

Table 1. Sex distribution across grades (n in absolute numbers)

Sex
Grade Girls Boys Total
1 39 39 78
2 44 39 83
3 36 57 93
4 42 47 89
161 182 343

Table 2. Anthropometrics at baseline and follow-up

Mean + SD (min.-max.)

Baseline Follow-up
Age (years) 7.88 £1.29 (6-11)
Height (cm) 133.31 £(112.0-157.5) 137.18 £9.74 (115.50-163.10)
Weight (kg) 31.81+(17.8-73.1) 34.59 +10.59 (18.00-81.70)
BMI (kg/m?) 17.58 £3.45 (8.80-31.55) 18.05 + 3.58 (12.16- 32.85)
BMI-SDS .58 £1.30 (-3.42-5.04) .63 +1.28 (-2.70-4.56)

Girls and boys differed significantly regarding their height at baseline (t341= - 2.320, p =
0.021) and follow-up (tz41)= -2.044, p = 0.042), but did not differ relevantly regarding their
weight, neither at baseline (t;341)= - 0.894, p = 0.372) nor at follow-up (tz41=- 0.601, p =
0.548, see Table 3). Similarly, the increase of height (tz41)= 1.516, p = 0.130) and change
of weight (tz4n= 1.078, p = 0.282) did not differ between girls and boys as reflected in the
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BMI-SDS, which also did not differ significantly (BMI-SDS baseline: tz41)=-1.187, p =
0.236; BMI-SDS follow-up: (t341)= - 0.898, p = 0.370, see also Table 3).

Table 3. Changes of mean body height and weight from baseline to follow-up by sex; n: Girls= 161,

Boys= 181
Baseline Follow-up
Mean + SD Mean =+ SD
Girls 132.04 +10.14 136.04 +10.35
Height (cm)
Boys 13442 +8.86 138.19 +9.07
Girls 31.31 £10.42 3423 +£11.33
Weight (kg)
Boys 32.24 +8.88 3492 £9.90
) Girls 4.00 £1.26
Change height (cm)
Boys 3.80 £1.13
h Lot (ke) Girls 2.92 £2.22
ange weight
s s ¢ Boys 2.67 £1.96
Girls 049 +1.3 0.57 +1.25
BMI-SDS
Boys 0.66 +1.29 0.69 +1.31

4.2 SAT Changes from Baseline to Follow-up

Table 4 gives an overview of the changes in the total SAT, as measured as the sum of SAT

at the eight standardized sites (D;). Notably, at baseline (t341)= 3.152, p = 0.002) as well as

at follow-up (tza1=3.358, p <0.001) girls differed significantly in their amount of SAT

which was higher than in boys at both timepoints. A sex difference which could not be

shown by the BMI.

Table 4. SAT (mean £SD) at baseline and follow-up in girls and boys; SAT in mm

SAT
Baseline Follow-Up
SAT Girls 78.94 +41.93 83.21 £45.32
Boys 64.84 +40.83 67.12+43.34
SAT total 71.46 £41.89 74.68 + 44.94
T, To-fold n =343 1.04 + .18
T\ To-diff n=343 321+ 13.74
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The total amount of SAT at baseline was highly correlated to the amount of SAT at follow-
up (r=0.952, p <0.001), as shown in Figure 6, indicating not much change of the relative

SAT over the observation period of most individuals (with some obvious deviations).

tercile-group
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Figure 6. Total SAT sum at baseline and follow-up in each tercile-group

For the classification in tercile based groups, the change in the total sum of SAT from
baseline to follow-up was used for calculating the fold change values (T:To-fold = SAT
T1/T0). Accordingly, children with SAT values below the 33.33 percentile and thus a SAT
fold change of .98 and below were assigned to tercile group 1, while children with a cut-off
value of T1/T0- fold change above 1.11 and thus over the 66.66™ percentile were assigned
to tercile group 3. As given by Figure 6, SAT in children of the first tercile showed a
decrease of SAT, while in both other groups the amount of SAT increased. Figure 6 gives
the SAT total sum at baseline and follow-up for the three groups assigned according to
their fold change.

In 59.8% of the children the total amount of SAT increased within one school year,

whereby the proportion in girls (67.1% of 161) was higher than in boys (53.3% of 182; y*u)
=6.7505, p = 0.009).
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Table 5. SAT in the three tercile groups; note that the groups are based on the relative (fold) SAT-
change

SAT (in mm)
Baseline Follow-up Mean
Tercile group mean =+ SD mean + SD Fold Change n
1 65.43 +40.55 56.02 +34.50 0.86+0.10 114
2 74.76 +44.37 7743 +45.61 1.04+0.04 115
3 74.17 +40.31 90.55 +47.01 1.24+0.13 114

Both, the absolute change of SAT and the fold change, showed a significant correlation to
the increase of body weight (r = 0.463, p < 0.001; r =0.422, p < 0.001; respectively).

As shown in Figure 7, the SAT fold change was mainly driven by the increase of weight
(F2,3399)=41.31, p<0.001), while no difference was found regarding the change in height
from baseline to follow-up (F(2, 339) = 0.244, p = 0.784).
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Figure 7. Change of weight in the three SAT fold-change based tercile- groups

Notably, according to the ANOVA, the relative amount of SAT (fold change) increased
less in children of the intervention schools (mean fold change = 1.03 + 0.18; F(1,343) =
7.485, p =0.007) as compared to the control school (mean fold change = 1.10 + 0.18),
though this is not part of the present thesis.
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The fold change in SAT was found to be independent of the school grade (F, 339)= 0.470,
p =0.704). Similarly, also the two-way ANOVA performed on the raw values of SAT at
baseline and follow-up revealed a significant main effect for pre-/post measurement (F,
339=18.247, p < 0.001) and a grade (F3, 339= 8.585, p < 0.001), but no interaction (F3, 339)=
0.412, p = 0.744), meaning that the increase is similar at all ages, but the total amount is

higher at higher ages (see Figure 8).
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Figure 8. SAT-changes among school grades at baseline and follow-up

4.3 Metabolomics Associated with SAT Fold-Change

Urine metabolomics were analysed in all 343 children. Fifty-seven out of 150 metabolites
were detected (with an occurrence >5) and pre-analysed by univariate one-way ANOVA,
comparing the SAT fold change tercile based groups. With those metabolites revealing
significant group differences, further analyses were performed. False-discovery rate (FDR)
was applied to control alpha error inflation.

Dimethylamine at baseline, which was detected in almost all samples, was higher in
children who revealed an SAT -increase at follow-up (F1,341)=4.037, p = 0.045, peorr. =
0.33, see Figure 9 and Table 6), although the result was non-significant (ns) after
correction. Notably, dimethylamine was only related to the relative SAT increase, but not
to the absolute amount as determined by the difference between baseline and follow-up (r

=0.08, p =0.143). Dimethylamine was also negatively related to sex, which means higher
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concentrations in girls (r =- 0.147, p = 0.007), BMI (r = - 0.153, p < 0.005), and age (r = -
0.226, p <0.001).
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Table 6. Dimethylamine in mmol/mol in the tercile groups
. Dimethylamine
% 50 Terzile fold Mean SD n  Occurrence(%)
i 1 36.99 +6.89 115 33.63
2 37.78 +9.43 113 33.04
3 39.3 +8.87 114 33.33
0 . Total 38.02 +8.49 342 100
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Figure 9. Dimethylamine concentrations in mmol/mol in the tercile groups

N-isovaleroylglycine only occurred in a limited number of cases (165 out of 343 =48.10
%) but was detected at a higher frequency in children whose SAT had decreased at follow-
up (Fa,341)=6.301, p=0.013, pcorr.= 0.14). This result was also found when only samples
containing the metabolite were compared (F(2, 162)= 4.056, p= 0.019; occurrence 36.36%).
As shown in Figure 10 and Table 7, the concentration of N-isovaleroylglycine was also
higher in children with SAT decrease, also reflected by a low, but significant inverse
correlation with the total amount of SAT increase (r =- 0.128, p = 0.018).

In contrast, the occurrence of hippuric acid was the same in all tercile groups (33%) and it
was found in 320 out of the 343 samples (occurrence = 93.29 %). The concentration of
hippuric acid though was also highest in subjects with low fold values (F(1,341)= 6.692, p =
0.01, peorr= 0.14, see Figure 11 and Table 8). When including only children in whose urine
samples the metabolite was detectable, hippuric acid concentration was higher in children
whose SAT decreased within one school year (F2,317) = 4.932, p = 0.008). The absolute
SAT change was however not related to the metabolite’s concentration (r = - 0.078, p =

0.151).
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Table 7. N-Isovaleroylglycine concentrations in mmol/mol in the tercile groups

N-Isovaleroylglycine

Terzile fold Mean SD n Occurrence (%)
1 3.45 1.51 60 36.36
2 3.32 1.31 56 33.94
3 2.78 0.90 49 29.70
Total 3.21 1.31 165 100

Table 8. Hippuric acid concentrations in mmol/mol in the tercile groups

Hippuric acid
Terzile fold Mean SD n Occurrence (%)
1 362.98 492.79 107 33.44
2 246.24 158.30 106 33.13
3 246.23 163.16 107 33.44
Total 285.27 317.54 320 100
N-Isovaleroylglycine hippuric acid
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Figure 10. N-Isovaleroylglycine concentrations
in mmol/mol in the tercile groups

Figure 11. Hippuric acid concentrations in
mmol/mol in the tercile groups

In contrast, taurine, which was only rarely present in samples, was detected more often in

children’s urine samples with an increased SAT at follow-up (F(1,341) = 6.398, p = 0.012,

peorr = 0.14, see Table 9 and Figure 12). Including only cases with detectable metabolites

though, revealed no significant difference in the concentrations (F2, 17) = 0.0849, p =

0.445), though was slightly related to the absolute increase of SAT (r = 0.149, p = 0.006).
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Figure 12. Taurine concentrations in mmol/mol in the tercile groups

Table 9. Taurine concentrations in mmol/mol in the tercile groups

Taurine
Terzile fold Mean SD n Occurrence (%)
1 296.67 41.63 3 15
2 291.67 32.51 6 30
3 383.64 199.01 11 55
Total 343 153.08 20 100

Remarkably, in urine samples of 76 out of 343 children (22.16%) glucose could be
detected. This finding will be further discussed below. Primarily the differences of elevated
glucose and mannose levels observed between children whose SAT increased within one
school year compared to those whose SAT did not increase were significant (glucose: F,
341) = 3.999, p = 0.046, pcorr. = 0.32, D-mannose: F(1,341) =4.944, p = 0.027, pcorr. = 0.25, see
Figures 13 and 14 and Tables 10 and 11), however it was not significant after FDR
correction anymore. Furthermore, mannose was only found in very few samples (5
children). Even though the results were non-significant, when including only samples with
detectable metabolites, both, glucose and mannose, were more frequently observed in
tercile group 3, hence in children whose SAT had increased. While the negative correlation
of glucose and sex (r=-0.177, p = 0.001) indicated higher concentrations in girls as
compared to boys, D-mannose was related to the absolute increase of SAT (r=0.231, p <

0.001).
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Figure 13. Glucose concentrations in mmol/mol  Figure 14. Mannose concentrations in mmol/mol
in the tercile groups in the tercile groups

Table 10. Glucose concentrations in mmol/mol in the tercile groups

D-Glucose
Terzile fold Mean SD n Occurrence (%)
1 88.32 17.43 19 25
2 89.5 12.14 26 34.21
3 90.87 25.88 31 40.79
Total 89.76 19.77 76 100

Table 11. Mannose concentrations in mmol/mol in the tercile groups

D-Mannose
Terzile fold Mean SD n Occurrence (%)
1 0 0 0 0
2 23 1 20
3 31.5 12.26 4 80
Total 29.8 11.28 5 100

To compare this study’s results with previous results (117), succinic acid and allantoin
were also studied in detail, though for succinic acid, results revealed no significant
difference between the SAT tercile groups (F2, 168y= 0.941, p = 0.392). There was,
however, also a tendency for higher succinic acid concentration in children’s urine samples

whose SAT decreased (see Table 12), which corresponds to the results of Huberts (2024).
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Succinic acid was also negatively correlated to sex (r = - 0.125, p = 0.020), indicating a
higher concentration in girls compared to boys, BMI (r = - 0.256, p < 0.001) and age (r = -
0.281, p <0.001). For allantoin, including only samples where the metabolite was
detectable, the result shortly failed significance (F(2, 158)=2.756, p = 0.067). Allantoin was
present in more samples in tercile group 1, though higher concentrations were found in
tercile group 3 (see Table 13). Allantoin was also negatively correlated to BMI (r = -
0.196, p <0.001) and age (r =- 0.226, p < 0.001), which corresponds to the previous
findings. Similarly, for glycine a weak, but non-significant tendency towards a higher
concentration in children whose SAT increased was found (F.321) = 1.493, p = 0.226, see
Table 14). Glycine was only found to be negatively related to sex (r =- 0.180, p < 0.001),

meaning higher concentrations in girls.

Table 12. Succinic acid concentrations in mmol/mol in the tercile groups

Succinic acid

Terzile fold Mean SD n Occurrence (%)
1 13.16 4.77 64 37.43
2 14.02 5.34 56 32.75
3 12.76 4.45 51 29.82
Total 13.32 4.87 171 100

Table 13. Allantoin concentrations in mmol/mol in the tercile groups

Allantoin
Terzile fold Mean SD n Occurrence (%)
1 30.62 10.34 60 37.27
2 30.63 9.80 54 33.54
3 35.49 15.60 47 29.19
Total 32.04 12.09 161 100

Table 14. Glycine concentrations in mmol/mol in the tercile groups

Glycine
Terzile fold Mean SD n Occurrence (%)
1 147.05 93.29 107 33.02
2 140.81 64.06 112 34.57
3 160.21 92.5 105 3241
Total 149.16 84.18 324 100
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4.4 Prediction of SAT-Increase by the Metabolomic Profile
Together with the variables sex, age and BMI, the previously identified significant

metabolites were included in a multiple linear regression model to predict the SAT fold

change ranging from 0.488 to 1.721 (-51% to +72%) within the first year of investigation.

N-Isovaleroylglycine and D-mannose (in combination) were able to significantly predict

SAT fold change (F(9333,= 2.498, p = 0.009), however with a low overall R? of 0.063

(R244;. = 0.038, see Table 15) indicating a weak goodness-of-fit (121).

Table 15. Prediction of the fold change of SAT (T1/T0)

Coefficients B SE Beta t-value p R4,
(constante) 0.996  0.095 10.453 <.001 0.038
Sex -0.015 0.02 -0.042 -0.772 0.441
BMI 0.001 0.003 0.022 0.376 0.707
Age 0.001 0.008 0.009 0.159 0.874
Dimethylamine 0.001 0.001 0.05 0.844 0.399
N-Isovaleroylglycine -0.011 0.005 -0.109 -2.004 0.046
Taurine 0.0002  0.000 0.104 1.935 0.054
Hippuric acid -0.0004  0.000 -0.078 -1.436 0.152
D-Glucose 0.0003  0.000 0.066 1.168 0.244
D-Mannose 0.006  0.003 0.126 2.282 0.023

A generalized linear model was performed in R (Table 16) to overcome the assumptions of

the linear regression. Here, N-isovaleroylglycine at TO substantially contributed to the

prediction of SAT fold-changes, yet other parameters were nearly significant as well.

Table 16. Generalized linear model

Estimate SE t value p
(Intercept) 0.9645 0.0993 9.717 < Qelo™
Sex -0.0167 0.02 -0.834 0.4051
BMI 0.0024 0.0030 0.806 0.4207
Age 0.0016 0.0082 0.193 0.8473
Dimethylamine 0.0017 0.0012 1.416 0.1578
Isovaleroylglycine  -0.0107 0.0054 -1.995 0.0468*
Taurine 0.0002 0.0001 1.921 0.0556
Hippurate -0.0000 0.0000 -1.343 0.1803
Glucose 0.0003 0.0003 1.085 0.2788
Mannose 0.0000 0.0001 0.258 0.7962
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Figure 15. Comparing predicted vs. observed SAT fold-changes

On the 1* view there was not much correlation (r = 0.22) between predicted and observed
fold values (Figure 15). Though, due to n = 343 samples, p < 1 x107'¢ is highly significant.
Including only cases with an increase of SAT (n=205 children) at follow-up and predicting
the absolute SAT increase revealed a similar result with N-isovaleroylglycine, D-mannose
and BMI as significant predictors for the SAT change (F, 195)=7.019, p <0.001) and an
R? 0f 0.245 (R%4j.= 0.21, Table 17) for the overall model and thus moderate goodness-of-
fit.

Table 17. Model to predict the absolute SAT-increase, only including cases with an increased SAT

Coefficients B SE Beta t-value p R%.4j.
(constante) -15.548 6.185 -2.514 0.013 0.21
Sex -0.306 1.244 -0.016 -0.246 0.806
BMI 0.906 0.194 0.329 4.68 <0.001
Age 0.612 0.535 0.079 1.144 0.254
Dimethylamine 0.108 0.072 0.106 1.498 0.136
N-Isovaleroylglycine -0.743 0.381 -0.126 -1.95 0.053
Taurine 0.01 0.006 0.107 1.679 0.095
Hippuric acid 0.008 0.004 0.119 1.845 0.066
D-Glucose -0.008 0.016 -0.032 -0.489 0.625
D-Mannose 0.442 0.133 0.221 3.322 0.001

As shown in a previous study, SAT at baseline was significantly associated with succinic
acid, allantoine (low SAT), glycine (high SAT) and ethylmalonic acid concentrations
(117).
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Interestingly, among the highly abundant metabolites at baseline with an occurrence >10%
were dimethylamine (0.997), hippuric acid (0.931), N-isovaleroylglycine (0.467) and D-
glucose (0.218). Taurine (0.058) and D-mannose (0.014) were among the scarcely
occurring metabolites (<10%). Moreover, co-occurrence of allantoin, which was negatively
associated with SAT, with N-isovaeroylglycine (3.8 %) was determined among others

(117).

5. Discussion

5.1 Summary of the Results

The hypothesis of the thesis, namely that urinary markers are associated with SAT-changes
and may predict SAT fold-change, was tentatively confirmed. In the evaluated urine
samples dimethylamine, N-isovaleroylglycine, hippuric acid, taurine, D-glucose, and D-
mannose were notably differing between the tercile-based groups. Hippuric acid and N-
isovaleroylglycine were detected in higher concentrations in children with decreased SAT
at follow-up, whilst higher concentrations of dimethylamine, taurine, D-glucose and -
mannose were related with SAT-increase at follow-up. N-isovaleroylglycine and D-
mannose showed a significant predictive value of SAT fold-change. Thus, whether a

combination of these markers may to some degree, predict SAT change, was tested.

Notably, at baseline glycine concentrations in urine were found to be significantly higher
in individuals with higher SAT compared to those with lowest SAT as described by
Huberts (2024) (117). In this study however, only a weak non-significant link was
observed between urinary glycine concentrations at baseline and subjects with an increase
of SAT at follow-up. Regarding the other metabolites significantly correlated with SAT at
baseline, like succinic acid, allantoin and ethylmalonic acid, in this study, no notable link
to the SAT-fold-change was found. Hence, this shows that metabolites associated with
higher SAT-thickness at baseline do not entail prognostic value for predicting SAT fold-
change. This means that probably different biomarkers need to be identified for present

state of SAT, and for predicting an increase of SAT.

It is also worth noting that, in girls compared to boys a tendency towards higher prevalence
of glucosuria and higher SAT-thickness was found in present study, which is according to

previous findings. Moreover, a study analysing serum metabolic profiles for OW/OB in
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young children with the focus on early differences between boys and girls found that in
girls more often a serum metabolic profile for OW/OB was present (122). Such results

require further research for possible causes.

5.2 Metabolites Associated with SAT Fold-Change at Follow-Up
5.2.1 N-ISOVALEROYLGLYCINE

The different statistical approaches all showed a relation between SAT-changes and N-
isovaleroylglycine (IVG) concentration in samples and IVG showed a significant
predictive value for SAT-change. Higher concentrations of IVG were found in individuals
whose SAT had decreased at follow-up. Lower urinary levels of IVG have been observed
in subjects with OB (in adolescents: Concepcion et al. 2020 (123), adults: Tan et al. (2024)
(124)) compared to individuals with normal weight before.

N-isovaleroylglycine is categorised to the class of organic compounds n-acyl-alpha amino
acids. It belongs to the group of acyl glycines that are trivial derivates of fatty and
branched-chain amino acids (BCAAs). It has been found that in certain malfunctions
related to mitochondrial fatty-acid beta oxidation, specific acyl glycines are excreted at a
higher rate, which is measurable in biofluids. N-acyltransferase generates acyl glycines by
transferring the acyl moiety of acyl-CoA to glycine to form CoA-SH (free coenzyme A) +
N-acylglycine (125). Considering previous findings of decreased glycine concentrations in
serum of individuals with OB (124) (32), it is reasonable that the pathway of acyl glycine
synthesis is limited at the step where glycine becomes necessary, hence resulting in a
reduction of acyl glycine excretion (124). Acyl glycines have been described as serum
markers for OB in previous studies (124) (122) (123) (71). Due to the significant relation
of acyl glycines with SAT-change in this study, a possible explanation was attempted by
looking at the upstream processes of their formation that involve glycine. It was recently
detected, that in subjects with OB, plasma levels of glycine might be decreased due to the
longer time of de novo synthesis of glycine (126) but it may also be caused by glycine
being incorporated into gluconeogenesis, which is activated in the presence of elevated
levels of fatty acids, relocating pyruvate to Krebs cycle (127), which may be a co-actor for
higher levels of blood glucose (70). A further focus in other studies looking at the
association of Glycine with OB, could be why its de novo synthesis is decreased due to IR
in individuals with OB. Hypoglycinaemia has shown to elevate risk of T2DM in

prospective studies. In slim children of parents with T2DM (128) and in in subjects before
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the onset of clinical features of T2DM (129), plasma glycine levels were reduced
compared to healthy individuals (128). Glycine in plasma has shown a positive association
with Insulin sensitivity and a negative one with IR (129). On pancreatic beta-cells,
receptors for glycine have been identified, however, the role of glycine on insulin secretion
is not known (130). Furthermore, an inverse correlation of glycine concentrations in
plasma with risk of acute myocardial infarction has been detected. Elevated levels have
shown an association with reduced prevalence of OB and DM and an improved lipid
profile (131).

Other diseases, which are related to IVG are among others, an autosomal recessive
disorder, called Isovaleric Academia (IVA), where an increase of [IVG happens due to
mutations in the isovaleryl-CoA dehydrogenase gene (132), and colorectal carcinoma
(CRC). IVG-concentration in CRC is significantly higher in the cecum and ascending
tumors’ samples compared to normal mucosa (133).

In this study elevated IVG was associated with SAT-decrease at follow-up, which is in
accordance with previous studies that measured decreased levels of IVG in urine of
subjects with OB. In adolescents aged 13-19 years, a strong correlation of urinary IVG
with insulin resistance (IR) as measured by Homeostasis Model Assessment (HOMA)-IR
was observed. Furthermore, a significant decrease of acyl glycines, including IVG, was
measured in adolescents with T2D or OB (123). Considering this, IVG and the role of
further N-acyl glycines in OB should be further evaluated. In children aged 6-11 years

however, the association of lower IVG with SAT-increase appears to be a novel finding.

5.2.2 HIPPURIC ACID

As with IVG, higher levels of hippuric acid (HA) were found to be related to SAT-
decrease in children at follow-up. Like IVG, HA belongs to the group of acyl glycines and
therefore is also a product of the enzymatic reaction catalysed by N-acyltransferases as
described above (125). Reduced concentrations of HA, among other gut microbiota-
derived metabolites, were detected in urine of adolescents with OB in a study by Cho et al.
(2017) (32), which corresponds to our findings. Decreased levels of benzoate derivates and
HA in urine have been steadily found as a biomarker for OB (134) (135).

In 1841, the identification of HA was described the first time (136). Due to the fact, that
the metabolite was primarily extracted from horse urine, the name ‘hippuric’, deriving

from the Greek word for horse, ‘hippos’, was designated for the acid (137). It has been
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observed that phytochemicals occurring in a variety of fruits, coffee, green and black tea
and wine are metabolised by gut microbiota to benzoic acid, which is further conjugated in
the liver with glycine to HA, hence HA also may reflect alterations in liver function (138).
The metabolite is then extracted from circulation in the kidneys and removed from the
body with urine (137). Recent studies have determined HA as a suitable biomarker for fruit
and vegetable intake, because a significant association has been measured (139) (140).
Moreover, the metabolite serves as an unspecific marker for exposure to toluene (141)
(125). Increased urinary HA concentrations have been detected in correlation with the
consumption of acetylsalicylic acid and sodium benzoate (138) (142). In the clinical
setting, levels of urinary HA have been assessed after sodium benzoate treatment of liver
disorders of, i.e. inborn error of urea synthesis (143). According to a study by R.R. Pero
(2010), as cited by Bhattacharyya et al. (2023) (144), HA also may be applied for
evaluating intestinal microbiome health, especially for the microbiota shikimate pathway,
which besides producing HA from quinic acid, generates essential amino acids (AAs), like
phenylalanine and tryptophane, and vitamins. Hence HA can indicate alterations in gut
microbiota activity (145). Xu et al. (2024) detected how HA influences the Alistipes
indistincturs, an intestinal bacterium, for lowering uric acid (146). Interestingly, uric acid
has been found to potentially be the catalysator of inflammatory reaction processes in OB
(66). As a uremic toxin HA causes malfunctions in protein binding of drugs (125).
Sarcopenia, cognitive deficiency, and frailty, all impact urinary and plasma concentrations
of HA, which is why it might serve as a biomarker for age-related conditions. Generally,
HA-levels get higher with increasing age, however, in individuals with physical frailty,
decreased levels in both urine and plasma have been detected (147) (145). Reduced HA
acid levels in urine have been measured in patients with Crohn’s disease in a study by
Williams et al. (2009) as cited by Bhattacharyya et al. (2023) (144), Schizophrenia (148)
and OB (32) which is supposedly caused by a change in gut microbiota function (144). A
recent study detected HA in urine, with among others glutamate, as strong biomarkers for
colorectal carcinoma (CRC). Point of care tests using urine for CRC discovery could be
helpful, especially in countries with restricted resources (149).

With the advance in technologies, different tools for easy detection of HA in urine the
clinical setting have been developed, such as primarily Cd(ii)/Zn(ii)-based luminescent
sensors (150), molecular-imprinted electrochemical sensor (151), hydrophilic “turn-on’-
type molecularly imprinted polymer (MIP) microparticles (152), and a colorimetric assay

(144). Such approaches may provide improved cost-efficiency, point-of care clinical tools
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for a simpler, quicker, and more precise detection of urinary HA. The colorimetric assay
e.g. was found to be qualified for CRC-screening (144).

A significant inverse correlation at urinary HA levels over 0.76 mM with the risk of
metabolic disease was determined using fluorescein. Thus, implying the impact of dietary
choices, specifically the intake of tea, fruits and coffee on metabolism. Fast determination
of urinary HA for assessing health status could be reached by application of this method
(153). This technique could be a great tool for screening of OB as well, if further studies
confirm the results of the present thesis. HA and its derivates have been described as
promising drug candidates, e.g. antiretroviral compounds. Furthermore, the potential of
HA derivates for anti-bacterial, antifungal and antitumor usage has been determined (154).
Among other factors, higher levels of HA may be caused by Mediterranean diet.
Additionally, as this dietary choice is healthier, it may have led to a decrease of SAT in
present study (155). In children between 7-18 years with a mean age of about 10 years,
urinary hippuric acid concentrations were inversely correlated with height and weight in a
lifestyle intervention study (156). This is in accordance with our findings of higher urinary
HA in children with decreased SAT at follow-up. Also, the significant associations of the
acyl glycines, HA and IVG, with SAT fold-change, are aligning with previous findings on
these metabolites related to OB. However, the novelty of this study is due to the method of
measuring SAT and not anthropometrics and that these associations also are relevant in

children aged 6 to 11 years.

5.2.3 TAURINE

Higher urinary levels of taurine in children with increased SAT at follow-up were found.
This result may be explained by dietary differences among the groups, as taurine occurs in
various kinds of food, which are presumably a significant contributing factor to different
SAT-changes. After an intervention program together with weight loss, urinary taurine and
glycine were found to be significantly reduced in adolescents (157). Decreased taurine
plasma levels have been measured in individuals with T2DM compared to controls (158).
Protective effects of taurine on OB and T2DM, due to its antioxidative, anti-inflammatory
properties as well as taurine promoting insulin secretion and sensitivity, have been found.
It was observed to activate factors that play a role in fatty acid oxidation to enhance energy
spending, lower the amount of energy applied for synthesis of glycogen and lipogenesis,

and decrease oxidation of glucose after food intake to reduce lipogenesis (159). Several
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studies’ findings imply that in OB and diabetes there is a deficiency of taurine. This may
be the result of reduced intestinal absorption of taurine and lower synthesis rates in
adipocytes, while there is an increased excretion of taurine with the urine (160). The higher
urinary excretion of taurine in states of OB corresponds to the higher concentrations of
taurine associated with SAT-increase in this study. However, a global study described a
substantial decreased risk of CVD in individuals with higher 24-hour urinary excretion of
taurine and magnesium compared to the average, leading to the conclusion that since
taurine and magnesium are biomarkers for vegetables, nuts, soy, etc., dietary
recommendations of these foods could be made for prevention of CVD (161). Also,
another study showed an inverse association of urinary taurine levels with BMI (162),
which is contrary to our findings. However, direct comparability is not given due to
different methods used BMI, SAT and a different cohort observed. Decreased plasma
concentrations of taurine have been detected in patients with different diseases such as
hypertension, obesity, depression, gout, or hypothyroidism. Sources with high
concentrations of taurine are different vegetables, fish and animal products (125). Taurine
is frequently occurring in energy drinks (163). There is a large quantity of taurine found
e.g. in the brain, the retina, the kidneys and the gallbladder, where it impacts physiological
and pathological conditions. Taurine acts as stabilizing factor in cell membranes, as a
neurotransmitter in the brain, and assists transport of ions like potassium, sodium,
magnesium, and calcium. Maple syrup urine disease, an inborn defect of metabolism, has
been described to reveal increased concentrations of taurine (125). Taurine concentration
in the heart, is about 100 times higher than in plasma. It acts as regulator of ion shifts
intracellularly, controls calcium, and has an antioxidative effect in the heart. Taurine
deficiency has been associated with cardiomyopathy (164). Short-term application of
taurine leads to an intracellular increase of sodium, subsequently calcium increases,
causing a positive inotropic impact on the heart (163). Oral supplementation with taurine
stopped retinal degeneration and corrected cardiomyopathy (CMP) in a genetically caused
taurine transporter deficiency (165). Taurine acts as an important inhibitory
neurotransmitter in the brain besides gamma-aminobutyric acid (GABA). Due to the
inhibitory characteristics, it has anxiolytic and anticonvulsant effects and a significant
reduction of taurine in the brain has been described in patients with depression. Taurine is
involved in multiple metabolic processes, such as bile acid biosynthesis, sulphur
metabolism and inner membrane transport. Supplementary taurine may provoke the

excretion of insulin and prolactin. Bilirubin and cholesterol excretion is increased in bile
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under the impact of taurine. As 5-L-Glutamyl-taurine is produced by the parathyroid gland,
which is glutamic acid-taurine, it also being involved in endocrinologic pathways is shown
(125).

The link of higher taurine concentrations in urine with SAT-increase at follow-up
corresponds to a previous study, describing weight loss in adolescents associated with
decreased urinary taurine levels. However, in children the finding of associating taurine

with SAT-increase seems to be new.

52.4 DIMETHYLAMINE

In this study, subjects with higher dimethylamine levels revealed a tendency towards a
SAT-increase at follow-up. The organic secondary amine, dimethylamine (DMA), is
highly occurrent in human urine. Asymmetric dimethylarginine (ADMA), an inhibitor of
nitric oxide production, and trimethylamine N-oxide, frequently found in foods, are
common sources of urinary DMA. Significantly elevated urinary DMA levels have been
measured in subjects after eating fish and seafoods (166). It is a metabolite of bacteria
Micrococcus and Arthrobacter and present in plants. DMA furthermore is listed as a
uremic toxin (125). Industrially, it is applied as a fungicide in agriculture, de-hairing agent
in tanning, and it is found in cleaning supplies and dyes (125).

Also, DMA has been studied in the context of air pollution (167). It is involved in
citalopram metabolism. In acid milieu in the body, e.g. gastric, DMA goes through
nitrosation resulting in dimethylnitrosamine (NDMA), which is an oncogenic substance
(125). Drugs containing Metformin have shown to cause detectable concentrations of N-
dimethylnitrosamine (NDMA). A daily intake of NDMA higher than 96 ng would be
problematic when applied long-term (168). Higher urinary DMA concentrations were
observed in children with inflammatory diseases compared to children with attention
deficit hyperactivity disorder (ADHD) (169).A direct association of BMI with urinary
DMA has been described in adults (162). Lower urinary levels and higher plasma levels of
DMA and trimethylamine-N-oxide (TMAQ) were measured in children with advanced
stages of chronic kidney disease (CKD) (G2-G4) compared to children with CKD in an
early stage (G1). Furthermore, DMA concentrations in plasma and cardiovascular risk,
were revealed to be inversely related. (170). In a study analysing differences of urinary
metabolic profiles between neonates that were breast- or formula fed, urinary excretion of
DMA showed to be the discriminative factor of the breastfed neonates (171). At baseline,

along with succinic acid and allantoin, dimethylamine (r=-0.261, p< 0.001, occurrence
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48%) was revealing the strongest correlation with weight, BMI, and body height as
described by Huberts (2024) (117). This may align with the mild association of DMA

concentrations in children with an increase of SAT at follow-up in the present study.

5.2.5 D-GLUCOSE

Glucose was detected in 76 (22.16 %) of the 343 urine samples, of which in various
samples the physiological concentrations of glucose in urine of <0.83 mMol/L (<15
mg/dL; note that this is an adult reference value, as none for children exist to date (172))
were surpassed, which is referred to as glucosuria. Normoglycemic glucosuria occurs,
when the renal threshold is reduced, e.g. due to tubulointerstitial nephritis, and
hyperglycaemic glucosuria happens, when the glucose concentration in serum surpasses
the renal threshold, which for instance is the case in a manifest diabetes mellitus (173).
There was no substantial link between urinary glucose and the SAT-increase.

In a school screening programme for glucosuria in a Korean province, 110 children with
previously unknown diabetes were detected. Glucosuria was higher present in children
above elementary school grades and among girls. Individuals with newly detected diabetes
by urine did not exhibit any symptoms. The researchers concluded that urinary glucose
screening in schools offers a practicable and easy tool to early diagnosis of asymptomatic
T2DM (174), which was also found in other studies (175). Type 1 diabetes mellitus
(T1DM) is the most common type among children, though in various reports a
continuously increase of young individuals affected by T2DM has been described (176)
(177), also in Austria, whereas other types of diabetes were found to occur twice as much
in the age group up to <15 years (178). This echoes the childhood obesity epidemy and
poses a challenge for public health. Due to its period of being asymptomatic and the severe
possible health consequences, T2DM screening in children was agreed on by the American
Diabetes Association and the American Academy of Paediatrics (179). Glucosuria
screening at schools has been conducted since 1974 in different countries and in Japan
OGTT is performed in children whose second urine samples after two weeks also result
positive for glucose. Japanese studies revealed a high incidence of discovery of childhood
T2DM by screening for urinary glucosuria in schools, and over 80% of these children had
OB (180) (181) (174). Cost-efficient, easy-applicable techniques are required especially in
communities with low socioeconomic resource for detecting diabetes. In the last years,

technology developments resulted in new approaches of analysing glucosuria, such as
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applying natural enzymes, metal or graphene. Especially several types of biosensors based
on nanozymes, which are cost-efficient, stable and produced in high amounts, and portable
devices like smartphones or analytical tools, based on microfluidic paper, have simplified
real time precise monitoring of urinary glucose (182).

Not all 76 samples in which glucose was detected (in total 22.16%) can simply be
classified samples from prediabetic or even diabetic children, but rather reflect the high
sensitivity of NMR spectroscopy, which can detect concentrations from 0.63 mMol/L in
the applied method used. Since glucose is filtrated in the glomeruli and actively re-
absorbed in the proximal tubule there is always some glucose in urine, <0.1% (<0.25
mg/ml= < 1.39 mMol/L) (183). Hence, low concentrations might rather reflect
physiological concentrations. In the most applied urine test strips, based on the glucose
oxidase method, glucose concentration in urine is considered negative <2 mMol/L (184).
The low sensitivity of such test strips is the reason why screening for diabetes with those is
obsolete (172). In the study by Kim et al. (2017) urine was regarded as positive with
concentrations of glucose above 5.6 mmol/L (174), which is a substantially higher value
for positivity than it was in this study (0.83 mMol/L). Still, the urine samples with glucose,
especially the samples with glucosuria, need to be followed up upon. Probably more than
one long-term follow-up study is needed to define a clear cut-off value for urinary glucose
for diagnosis of pre-diabetes or diabetes (confirming test needed like OGTT) in children
with this method. In Austria, in recent years, a significant increase of diabetic ketoacidosis
was observed at first manifestation of T1DM, showing that often, in almost every second
child, diagnosis is delayed (185). The highest standardised incidence of TIDM in Austria
was observed in 2021, timely co-occurring with the Covid-19 pandemic (178). In children
and adolescents with missing symptoms but detected hyperglycaemia and/or glycosuria,
which may transiently occur in the course of an infection, further clarification should be
carried out in a paediatric diabetology centre (178). To differentiate between possible
underlying causes, blood glucose levels should be measured, when glucosuria is present
and to prevent major health consequences and not overlook a developing T2DM, in
affected children of the present study, follow-up testing of their urinary glucose levels and
an OGTT, would be advised aligning with the protocol followed in Japan, as mentioned
above. The mild association of urinary glucose and SAT-increase and the higher
occurrence of glucosuria among girls aligns this study with the findings of the study by

Kim et al. (2017) (174).
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52.6 D-MANNOSE

D-mannose showed an association with SAT-increase at follow-up in this study and
showed together with IVG a significant predictive value for SAT-increase.

The isomer of glucose is classified as an aldohexose. It occurs in two distinctively sized
rings, the furanose and pyranose form. It can be synthesized in humans from glucose or
transformed into it (125). D-mannose is about five times more active than glucose in non-
enzymatic glycation, which might be the reason that during evolution it did not become the
primary energy source (186). The aldohexose can be found in animals, microbes and
plants. Digestion of polysaccharides also results in mannose. High-mannose-typed
oligosaccharides have a substantial function in the control of protein quality. For the innate
immune system mannose-binding lectin is essential, since it connects to sugar structures on
microbes subsequently leading to the activation of the complement system due to a certain
protease.

Associations of D-mannose and diseases like galactosemia, fructosuria, and fructose
intolerance have been described. For the prevention of urinary tract infections, D-mannose
is supplemented as it blocks the binding of bacteria to urothelial cells by saturation of the
bacterial film (125). The liver is mainly responsible for mannose-processing. It has been
suggested that the metabolite might contribute to the evolution of IR since it exhibits
malfunctioning glycosylation, that may impact insulin receptors located in liver tissue
(187) (188). Together with fasting glucose and a-hydroxybutyrate, mannose is a
recognised early biomarker for T2DM (106). Elevated Mannose levels have been detected
in plasma samples of children with OB (71) and serum samples of adults with OB (189),
which is in line with our findings. Although mannose was only weakly related to SAT-
increase in the present study, when looking at known correlations to OB and T2DM,
further studies assessing the diagnostic value of urinary metabolites to detect OB in

children should include D-mannose.

5.3 Urinary Metabolites Previously Associated with OW/OB in Children
As OB is related with metabolic dysfunctions and in metabolomics small alterations in
metabolic pathways can be recognised, metabolites present as useful biomarkers for
predicting metabolic disturbances and increasing the understanding of OB. Cho et al.
(2017) found a significant difference in the metabolic profiles between children and

adolescents with and without OB (32). They identified distinguishing urinary metabolites,
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which revealed that insulin resistance triggered by inflammation, oxidative stress,
ammonia toxicity as well as dyslipidaemia and elevated urinary levels of nucleic acid
oxidation biomarkers (190), could constitute important metabolomic signatures in
adolescents with OB. Such findings align with the results of studies indicating
inflammation as a substantial factor of T2DM and OB (32). Moreover, at a high specificity
and sensitivity, metabolites such as docosanoic acid or 12-0x0-20-carboxy-leukotriene B4,
were correlated with inflammation, increased aspartate aminotransferase (AST), alanine
aminotransferase (ALT), BMI, and Cholesterol. Their significantly elevated levels in
young subjects with OB indicated that they may serve as markers to classify adolescents
being at increased cardiovascular risk along with OB (32). An increase of adipose tissue
has also shown to be related to a decrease of urine pH (191). Metabolite classes involved in
the determined metabolic features of OB in assessed studies by Rangel-Huerta et al. (2019)
were sexual steroids, protein metabolism, acylcarnitines (AC), lipids, carbohydrates, amino
acids (AAs), and other ungrouped molecules (188).

In a systematic review on metabolic traits of OB in children, four studies assessing urinary
metabolic profiles were found, in which 71 correlations of metabolites with OB were
described. Overall, often a consistency of correlations found in urine with those described
in blood was noticed. However, two studies looking at both (123) (192), suggested that
biological explanation of metabolites detected in urine and blood may vary (193).

In children with OB and NAFLD, small intestinal bacterial overgrowth (SIBO) and
intestinal permeability (IP) were found to be higher in all children with OB. BCAAs and
their metabolites showed associations with an abundance of visceral fat centimetres (oxo-
valerate/ leucine) as well as with a stronger disturbance of IP and SIBO (valine
metabolites). The study’s results showed that urine metabolomics may present a tool to
define OB in children via a metabolic signature in determining pathways typically
representing food preferences and gut-liver-axis dysfunctions (24).

Comparing metabolites measured in blood and urine, in urinary metabolites substantially
more associations to diet and microbial-derivates have been detected. Therefore, more
studies measuring blood and urinary markers could further enlighten the influence of these
features in metabolic characteristics associated with OB. Analysing metabolites in urine is
becoming a more commonly used tool to gain objective insights in diet (194) and may
offer a simpler approach for determining gut microbiota than metagenomic assessment of

faecal probes (195) (193).
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Numerous connections between BMI and urinary compounds, with among others succinate
and citrate (both tricarboxylic acid cycle intermediates) have been described (162),
corresponding to the results by Huberts et al. (2024) where a correlation of succinate and
SAT was described (117).

Detecting metabolic characteristics related to age could help efficient prevention therapy
for young individuals with OB. Body composition has been advocated to determine the
risk of OB, dyslipidaemia and CVD (196). Also, puberty and sex hormones have been
described to promote the development of OB (197). A correlation of DHEA-S serum
concentrations with BMI and adiposity in children with OB was found by Butte et al.
(2015) (71) (188). Already in 5-year-olds differences regarding sex became visible in more
noticeable serum metabolic profiles for OW/adiposity in girls (122).

A reliable characteristic of paediatric OB metabolomics, when looking at studies including
blood and urine has been observed. This included amino acids, especially BCAAs and
aromatic amino acids (AAAs), lipids, steroids and carnitines. These profiles seemed widely
concurring with those found in adults (193). Also, it was argued that metabolic
associations with OB from results in studies on adults may be applied to children (198).
The difficulty lies in differing pathological changes from physiological variations.
Advancing individual therapy and enhancing individual nutrition could be achieved with
metabolomics. Furthermore, disease-associated changes of one’s phenotype may be
determined as well as the efficacy of drugs (199). Identification of specific biomarkers for
certain conditions is a promising approach for future diagnostics. In the case of the present
study, to apply a tool measuring certain urinary metabolites associated with OB would be

the further goal, once the relevant metabolites have been established.

5.4 Height and Weight Development

Children show drastic changes in growth and weight development between the age of 6 to
11. The weight increase in this study was independent from the BMI at baseline. Each
child presented with a relatively similar weight gain. Children who had more weight in the
beginning also weighed more at follow-up.

The change of weight’s mean in girls was 2.92 kg (+ 2.22) and in boys 2.67 kg (+ 1.96)
reflecting a higher gain of weight in girls compared to boys, while the height’s changes did
not differ as much between the sexes. Though a significant difference of height (p < 0.042)

between girls and boys was found at baseline with boys being taller than girls. The
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absolute and relative change of SAT was not correlated with height but significantly with

weight (p < 0.001).

5.5 SAT

The standardized 8-sites approach of measuring SAT via US has multiple times showed
high inter- and intra- observer reliability in different samples of adults and good intra-
observer reliability in children (200) (43) (201). However, in a study by Storchle et al.
(2018) in ten subjects the SAT means of eight sites were compared to the mean of 216
random sites, resulting in an amplified estimate of the 8 sites for the overall SAT compared
to the estimate of the 216 sites (41). This shows the restricted potential of assuming total
SAT from the 8-sites approach. Moreover, besides this matter, more research is necessary
to recognise what amount of SAT-increase is clinically relevant, and a clear definition
and/or classification of OW/OB according to SAT-thickness reference values is still
missing. By utilization of terciles for categorising SAT fold-change in this study, this

limitation was addressed.

Notable differences between the sexes regarding SAT was shown (Table 4). Generally, it
becomes visible that girls tend to have a significantly (p < 0.001; girls’ mean at follow-up
(FUP): 83.21 mm and boys’ mean at FUP: 67.12 mm) higher SAT than boys, which has
been described in literature before. For example, examining 274 German preschool
children resulted in significant differences of SAT thickness between girls and boys, while
BMI, WC and anthropometrics like body height and mass did not differ relevantly (200),
another study also resulted in higher SAT in girls (40) and in a study by Storchle et al.
(2017) the LT-position was applied the first time and SAT-thickness there showed
significant differences between women and men (56). In these studies, SAT was described
as higher in females. The differences revealed in SAT measurements between girls and
boys, namely higher SAT-thickness in girls, did not show via BMI nor weight.

Notably, although not many studies measuring SAT by US have been conducted so far, the
children of the present study showed to have a higher mean SAT-thickness in mm
(baseline: 71.46 +£41.89; FUP: 74.68 + 44.94) than in other studies. For instance, in a study
by Schmid-Zalaudek et al. (2021) in 7-10-year-old South African children the mean SAT
in mm was 47.65 + 21.7 (40) and in German preschool children the mean SAT in mm was

46.5+16.3 (200). Yet in the German study it can be argued that the lower mean of SAT
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may be due to the younger age of the examined children compared to those in this study. In
present study it was also shown that the total SAT amount is higher at increased age (see

above, Figure 8).

5.6 Dietary Factors

As described above, the metabolites significantly correlating with SAT-change are present
in a variety of foods and therefore elevated urinary levels of such may be influenced by the
children’s dietary habits. However, diet has not been closely evaluated/ considered in the
present study, although it had been assessed in questionnaires. Nevertheless, dietary choice
has an impact on body composition and therefore, if a metabolite indicating a certain diet
associated with an increase or decrease of fat, this could be a correlating factor to
presumed associations and weaken significance. Since via metabolomics the diet, derivates
of microbiota metabolism and physiological alterations, can be assessed, future research
should look at these factors’ associations and OB in children with metabolomics (202)
(193).

Metabolomics may serve as early markers of dietary choices for recognising risk factors of
poor nutritional health, leading to interventions and recommendations. For instance, HA,
N- methylnicotinic acid, urea, and sucrose together have been correlated with
Mediterranean diet (155). A demonstration of how dietary factors alone are also influenced
by various factors: While vegan diet has been associated with reduced risks of MetS and
CVD, arisk of nutritional lack may be given. However, direct comparability is constrained
since individuals with vegan diets more commonly are from higher socioeconomic
backgrounds than non-vegetarians making a lifestyle focused on health more affordable,

e.g. by supplementation of essential nutrients like vitamin B12 etc (203).

5.7 Limitations

First, as mentioned above, no unified standardised definition for OW/OB in children exists
up to now, hence studies having investigated whether a biomarker for OW/OB could be
found, may have applied different definitions. Furthermore, several studies on
metabolomics and OW/OB exist, however some of them analysed serum, plasma, or urine,
or both. In this study, urinary metabolites were analysed regarding SAT-change in
children, which up to date does not represent a reference value for OW/OB and therefore

direct comparability is not given. However, this fact also accounts for the unique character
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of the present thesis, being the first one comparing these certain variables besides Huberts
(2024) (117).

The concentration differences for detected metabolites correlating with SAT-change were
barely significant or non-significant anymore after post hoc adjustment for multiple
comparison. For prediction of SAT fold-change in an individual pupil by applying
metabolomics presumably more research is still needed. A closer evaluation of
confounding factors and assessing them prior to taking samples or being more restrictive
with whom to include is necessary. Interestingly, confounding factors which were included
into the generalized-linear model (GLM) to predict SAT fold-change, and which were
expected to somehow contribute to the model like sex, age, and BMI, did not significantly

contribute to it.

Most metabolites were only present in a few samples, therefore no prediction from these
metabolite concentrations or occurrences and no identification of biomarkers for OW/OB
in children is possible to date. Larger scaled studies are necessary to gain more insight into
metabolic profiles of OW/OB. Hereby, also a closer evaluation of dietary influences, as
well as differentiation of known diseases should be done.

In existing studies, methods vary widely as does the coverage of metabolites and the
accuracy and quantification showing challenges in discovering patterns of metabolic
profiles due to inconsistency of correlations (193). Even when comparing this thesis with
Huberts” thesis (2024), with similar methods and participants, but other research questions,
different associations of urinary metabolites with SAT became visible, requiring the need

for distinctive markers for each outcome.

Assessing puberty-stages with the Tanner-Test to control pubertal metabolic impacts was
not done, due to limited capacities and to avoid reservations of parents and children
towards participating in the study. Future studies should account for puberty status and
related metabolic changes. Urinary metabolites, such as glycine or serine, associated with
early puberty have been identified in a cohort of 7 to 12-year-olds (101), hence some effect
may not be excluded. Still, the oldest children being 11, no substantial pubertal metabolic

changes would be expected, although early onset of puberty is increasing.

The time of collection of the urine samples differed, even though it was aimed to obtaining

morning urine. Moreover, food or fluid intake prior to urinating had not been evaluated. As
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described above, certain metabolites are highly associated with the intake of certain foods,
e.g. HA with fruits (139), which may confound in present results as this variable has not
been considered. This implies another reason to critically look at present results. However,
regarding fluid intake the normalisation via creatinine was done to overcome the variance
in concentrations. Anyhow, as outlined above, more precise inclusion criteria would help
to avoid confounding errors and determine correlation more clearly. Further studies are

needed to confirm the results.

5.8 Conclusion

The aim of this study was to test, whether certain urinary metabolites may predict SAT-
change in children and therefore may be applicable in the field to prevent the development
of OB. This was done via US to measure SAT and avoid the BMI. The hypothesis, that
certain metabolites may predict SAT-changes could be tentatively confirmed. It was also
observed that:

e SAT-increase was highly associated with weight, but not height. Children in tercile
group 1 showed a decrease of SAT at FUP while both other groups had an increase
of SAT. In 59.8% (n=205) of the children, the total SAT- amount increased within
one schoolyear, with a higher proportion of girls. The differences of SAT between
girls and boys found, would not have been detected via BMI nor weight and are
aligning with previous findings.

e Fifty-seven of 150 metabolites showed an occurrence >5 in the urine samples.
These metabolites were statistically analysed regarding associations with SAT fold-
change.

e Elevated levels of N-isovaleroylglycine (IVG) and hippuric acid (HA), both of
which are acyl glycines, were related with SAT-decrease at FUP, which is in
accordance with prior findings of associating lower IVG and HA with OB. Hence,
their potential as such markers should be further explored.

e [VG and D-mannose, showed a significant predictive value for SAT-change.

e Taurine, dimethylamine, D-mannose and -glucose were associated with SAT-
increase.

e Glucose was detected in 76 samples, which requires further testing.
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e In girls compared to boys a tendency towards higher prevalence of glucosuria and
higher SAT-thickness was found, which is according to previous findings. Such
results require further research for possible causes.

e This study’s results did not align with the results of the associations of SAT-
thickness and metabolites at baseline. However, the findings indicate that a

prediction of SAT fold-change may be possible when grouping metabolites.

To assess the reliability of this result and to determine whether these metabolites are fit to
be regarded as biomarkers, further studies are required, as well as exploring the role of
these metabolites in the development of obesity. However, these are relevant results
because they allow for a new way of detecting adiposity in children, which may detect
earlier stages of OB than traditional methods and therefore prevent serious health
consequences. Additionally, they could replace/complement the usage of BMI, a
measurement instrument that has proven to be problematic in many aspects. It would be a
big step forward for preventive medicine to routinely implement the analysis of such

biomarkers in routine urine screenings.

5.9 Outlook

For now, it is known that certain metabolites can be linked to SAT-thickness, namely
glycine, succinic acid, and allantoin (Huberts, Phillip (2024) (117)). In this study
particularly N-isovaleroylglycine (IVG) and D-mannose revealed a relevant predictive
value for SAT fold-change. Nevertheless, from these findings no exact prognosis for SAT
fold-change can be made. Further studies are required to measure and observe longer time
periods and developments. Also, a clear definition and/or classification of OW/OB

according to SAT-thickness reference values needs to be established.

OB does not affect all population groups the same way (204). It has been found that Social
Determinants of Health (SDoHs), i.e. racism (205) or harming environmental conditions,
have a major impact on the development of OB (206). Such SDoHs may trigger changes in
metabolism, immunology and epigenetics (207) (208) (209). Recently more focus is put on
socioeconomic factors and inequity promoting the development of OB, leading to a shift
from the idea of individual’s responsibility to recognising the structural settings’ impacts

and holding governments and bigger companies accountable (210). An overview of 9
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levels of responsibility for OB-development and possible targets for intervention has been
promoted. It is listing the national, food production, educational, health care, public health,
local policy makers, societal, parental and individual level, as detailed described in Berry
(2020) (211). Also, DiCiaula et al. (2024) criticized in their study that the impact of
environmental aspects, such as unsustainable food manufacture, pollution of the
environment, largely spread endocrine disrupting chemicals (EDC), packaging and
marketing and the climate crisis on increasing OB-rates worldwide is commonly ignored
by policy makers and professionals in the health care settings (212). Governmental
initiatives are crucial to develop both prevention and treatment programmes on the ground,
such as setting obesity funds and nutritional health standards in schools and improving
regulation of behavioural trends. While there is mostly no training for diagnosing and
treating OB in children for medical staff, affected families often lack the adequate support
and instructions. Funding educational programmes for medical staff and community health
workers would offer a huge advantage to address the problem in the field. For programmes
to be effective they should be set long term and responsibilities on measuring them be set
(213). Accountability systems to decrease NCDs should be promoted (19). In Europe
different public programmes have already been started to evaluate, prevent and reduce OB,
such as the ‘COSI’ (Childhood Obesity Surveillance Initiative), ‘CHOP’ (EU Childhood
Obesity Programme), ‘Identification and prevention of Dietary- and lifestyle-induced
health EFfects In Children and infantS’ (IDEFICS, Germany) and ‘Enorm in Form’ (OGK
Wien) as well as the HAPHC-project, with varying methods and targeted children.
Findings of such programmes need to be passed on to governmental institutions and the
public to develop strategies to prevent the development of OW/OB in children. The
Austrian Obesity Alliance has been initiated in 2022 to advocate novel strategies in
managing OB and to recognize it as a disease. Moreover, the necessity to incorporate
treatment and prevention of OB in the universal health care system has been emphasised
(214). For treatment, like health and lifestyle interventions, including families as well as
health professionals and public institutions, like schools, and the community are required

(215) (216).

The technique of metabolic profiling comes with a lot of advantages and could become the
key to precisely analyse individual metabolic processes as response to pathophysiological
stimuli like changes in the environment, lifestyle, drugs, epigenetic factors and various

diseases. With advances in the field of metabolomics it could become a tool for early
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diagnosis of diseases before onset of clinically relevant symptoms, as well as monitoring
progress of diseases, in finding the most suitable therapeutic intervention, and serve as a
predictor to responsiveness to therapy and to evade overtreatments. Another possible field
of application could be nutritional evaluation, as well as observing children’s growth (73).
Once there exist urinary biomarkers for OW/OB in children, POCT applicable in clinical
practice for screening for such, should be developed. Studying metabolomics opens a
highly relevant medical, socio-economic, interdisciplinary field, because it enables early
recognition of diseases and the chance for early intervention for healthy happy children
with a healthy happy future!

To add the molecular aspect into the definition of MetS or a molecular definition of the
condition as such has already been proposed in Bruzzone et al. (2021) (96). The same
could apply to defining OW/OB in children. In primary school children, like up to now the

BMLI, devices for OB-screening, like urine sticks (73), could be applied in a large scale.
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