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INTRODUCTION

1. Introduction

1.1 Obesity and Brain Health

Obesity is a significant global health concern, affecting approximately one in eight
people worldwide as of 2022 (WHO, 2024). This condition significantly elevates
the likelihood of developing insulin resistance, type 2 diabetes (T2D),
cardiovascular diseases, cancers, and neurodegenerative disorders, including
Alzheimer’s disease (Anstey et al., 2011; Garcia-Garcia et al., 2022). Moreover,
obesity during pregnancy significantly increases the probability of gestational
diabetes mellitus (GDM) (Chu et al., 2007; Yen et al., 2019), which, in turn,
contributes to the risk of obesity in the offspring (Kawasaki et al., 2018).

As a complex metabolic condition, obesity has systemic effects, including on the
brain. Research has linked it to changes in both brain structure and function,
affecting individuals from childhood to old age (Morys et al., 2024). A recent
review showed that adults with obesity exhibit alterations in brain morphology,
such as reductions in cortical thickness and volume, as well as altered neural
activity that negatively affects cognitive function (for review, see (Li et al., 2023a)).
These structural and functional alterations are especially pronounced in brain
regions within the mesocorticolimbic circuitry, including the striatum,
hippocampus, amygdala, insula, and prefrontal cortex (Li et al., 2023a).

The effects of obesity during childhood and adolescence are particularly
concerning due to its both immediate and long-term health outcomes. Long-term
consequences include a heightened risk of adult obesity and metabolic
comorbidities such as insulin resistance (Marcus et al., 2022). Importantly,
childhood and adolescence represent crucial stages of brain development,
marked by heightened neuroplasticity (Tooley et al., 2021). Both structural and
functional studies suggest that reward processing regions mature earlier,

whereas the cognitive control system develops later (Konrad et al., 2013; Herting



INTRODUCTION

and Sowell, 2017). This developmental imbalance may contribute to their
preference for immediate rewards (e.g., high-caloric foods) over long-term health
outcomes, making them vulnerable to obesity (Walker et al., 2017).

Notably, obesity is associated with insulin resistance, a condition in which insulin-
sensitive tissues exhibit impaired responsiveness to insulin, resulting from
hyperinsulinemia (Barazzoni et al., 2018). Peripheral tissue insulin resistance is
a key feature of T2D and GDM. Historically, the brain was thought to be insulin-
independent because the central nervous system can utilize glucose without
insulin. However, findings in animals and more recently humans show that central
insulin resistance has strong metabolic and behavior effects, influencing weight

maintenance and the development of T2D and GDM (Kullmann et al., 2020a).

1.2 Central Insulin Signaling and Metabolic Regulation

1.2.1 Brain as an Insulin-sensitive Organ

Although the brain was historically regarded as insensitive to insulin (Hasselbalch
et al., 1999; Seaquist et al., 2001)—this view was challenged by the discovery of
insulin receptors across various species (Kleinridders et al., 2014). These
receptors were widely distributed in regions such as the olfactory bulb, cortex,
and subcortical areas. Similarly, postmortem studies in humans revealed
widespread insulin receptor expression across the brain (Kullmann et al., 2020a).
Steven Woods and colleagues discovered in the late 1970’s, the pivotal role of
central insulin in regulating food intake and body weight using
intracerebroventricular infusions in baboons (Woods et al., 1979). This discovery
fundamentally changed the understanding of insulin’s role, indicating that it has
important central functions beyond its well-known role in peripheral glucose
regulation.

Peripheral insulin can pass through the blood-brain barrier (BBB) via a receptor-

mediated, saturable transport process, allowing it to influence various neuronal
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functions (Woods et al., 2003; Gray et al., 2014). Once in the central nervous
system, insulin is vital for regulating both cognitive and metabolic processes. In
particular, it is known that insulin influences memory, appetite, mood regulation,
olfactory perception, and peripheral glucose homeostasis (For reviews, see
(Kullmann et al., 2020a; Hallschmid, 2021)).

However, central insulin action is thought to be impaired in obesity and T2D
(Tabassum et al., 2024). In animals, selectively disrupting insulin receptors in the
brain caused overfeeding and obesity (Bruning et al., 2000; Obici et al., 2002;
Wardelmann et al., 2019), while restoring central insulin signaling could prevent
the onset of diabetes (Okamoto et al., 2004). These findings provided the first
evidence that selective central insulin resistance can cause obesity and other
metabolic disturbances.

Humans with obesity show elevated plasma insulin levels, but reduced insulin
concentrations in cerebrospinal fluid (Kern et al., 2006; Heni et al., 2014b). This
suggests diminished insulin efficacy in the brain, potentially due to insulin
resistance at the BBB (Verdile et al., 2015). Moreover, in humans, central insulin
resistance was first proposed in a neuroimaging studies using
magnetoencephalography (MEG). Tschritter et al. demonstrated that adults with
obesity exhibit absent brain responsiveness to exogenous insulin during
hyperinsulinaemic-euglycaemic clamp, which is thought to result from disrupted
insulin signaling in the hippocampus (Tschritter et al., 2006).

Evidence points out that brain insulin signaling is already impaired in fetuses
exposed to GDM during prenatal development. Animal studies indicate that
hyperinsulinemia exposure can lead to brain insulin resistance in the fetus
(Dearden et al., 2020). During gestation, nutrients are delivered from the mother
to the fetus via the placenta and umbilical cord, making the fetus highly
susceptible to the maternal metabolic environment. In the case of GDM, elevated

maternal glucose level results in an increase in fetal blood glucose through
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placenta transfer, stimulating the fetal pancreas and resulting in fetal
hyperinsulinemia (For review, see (Hufnagel et al., 2022)). This hyperinsulinemia
results in fetal macrosomia and raises the risk of these offspring developing
obesity and T2D later in life (Hufnagel et al., 2022). Weight gain following
hyperinsulinemia exposure is often driven by increased food intake, as observed
in children exposed to GDM (Luo et al., 2021b). It is therefore plausible that
chronic hyperinsulinemia exposure during fetal development affects brain
maturation, as insulin signaling is necessary for proper brain development
(Hufnagel et al., 2022). Supporting this, fetal MEG studies showed a delayed
brain response in fetuses with maternal GDM and higher obesity-related insulin
resistance, after a glucose challenge (Linder et al., 2014; Linder et al., 2015).
Furthermore, children exposed to GDM failed to show a normal brain reaction to
glucose intake (Page et al., 2019). These changes indicate that impaired brain
insulin signaling resulting from intrauterine hyperinsulinemia exposure may also
impact brain development in humans.

Figure 1 provides a comprehensive overview of the associations between

obesity and insulin resistance.

1.2.2 Detection of Central Insulin Action in Human Brains

To detect central insulin action, various neuroimaging techniques can be used in
combination with insulin administration techniques. Imaging modalities such as
functional magnetic resonance imaging (fMRI), positron emission tomography
(PET), electroencephalography (EEG), and MEG offer insights into how insulin
influences brain metabolism and function (for review, see (Kullmann et al.,
2020a)). fMRI, in particular, measures blood-oxygen-level-dependent (BOLD)
signals, enabling the detection of insulin-induced neural activity and functional
connectivity during both resting state and different paradigms (Kullmann et al.,

2020a). For example, the visual food cue task is a widely used paradigm in which
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participants view food images (vs. control images) to assess brain responses to

food of varying caloric content.
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Figure 1 Overview of the associations between obesity and insulin resistance across
lifespan. Figure was created with BioRender.com.
GDM, gestational diabetes mellitus; Hippo, hippocampus.
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Insulin function in the human brain can be investigated using different techniques
by means of endogenous insulin release, as the oral glucose tolerance test
(oGTT) or exogenous insulin stimulation, using a hyperinsulinemic-euglycemic
clamp or intranasal insulin, for example. Both the hyperinsulinemic-euglycemic
clamp and oGTT influence insulin levels throughout the body, making it
challenging to differentiate between centrally mediated and peripheral effects.

Intranasal insulin administration has been established as a reliable, non-invasive
method for selectively investigating central insulin action. Only minimal amounts
of intranasally administered insulin are absorbed systemically, minimizing the risk
of peripheral side effects (Hallschmid, 2021). By utilizing the olfactory or
trigeminal pathways, this technique allows insulin to bypass the BBB and reach
the central nervous system (Dhuria et al., 2010). In the olfactory pathway, insulin
is thought to travel via extracellular routes through the intercellular spaces of the
olfactory epithelium, ultimately reaching the olfactory bulb, from where it spreads
to multiple brain regions, including the hippocampus (Edwin Thanarajah et al.,
2019a). Moreover, insulin also travels along the trigeminal nerves to reach the
brainstem, as supported by findings from animal studies (Lochhead et al., 2019).
Thus, combining intranasal insulin administration with neuroimaging offers a
powerful approach for studying insulin’s central effects and may provide insights

into therapeutic strategies for cognitive and metabolic dysfunctions.

1.2.3 Central Insulin and Brain Activity

Using intranasal insulin and fMRI, it is suggested that central insulin regulates
peripheral energy balance primarily through its action on the hypothalamus, a
main component of the homeostatic system. For instance, insulin-induced
hypothalamic activity has been linked to improvements in peripheral glucose
metabolism and insulin sensitivity in healthy adults (Heni et al., 2014c; Heni et al.,

2017). Additionally, brain insulin has been shown to inhibit hypothalamic activity
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(Kullmann et al., 2013; Kullmann et al., 2015), potentially resulting in decreased
food consumption (Opstal et al., 2017).

Another system that the central insulin interacts with is the mesocorticolimbic
system. Insulin influences brain activity in regions such as the amygdala, striatum,
and prefrontal cortex during resting state (Heni et al., 2012; Kullmann et al., 2013;
Kullmann et al., 2018). This activity is negatively related to food craving (Kullmann
et al.,, 2015). Furthermore, central insulin inhibited functional connectivity
between the ventral tegmental area and nucleus accumbens during food
valuation, which contributes to a reduction in food palatability rating (Tiedemann
et al., 2017). Notably, participants with insulin resistance show disruption in
insulin action in the mesocorticolimbic system, companied with higher preference
for palatable food (Heni et al., 2012; Kullmann et al., 2015; Tiedemann et al.,
2017; Edwin Thanarajah et al., 2019b). These findings suggest that central insulin
plays an important regulatory role in food reward behavior via mesocorticolimbic

system (Kullmann et al., 2020a).
1.3 The Hippocampus in Cognitive and Metabolic Regulation
1.3.1 Role of the Hippocampus in Memory and Learning

The hippocampus is an essential brain structure recognized for its fundamental
role in various cognitive processes, particularly memory, learning and spatial
navigation. It is widely recognized for its involvement in the formation,
consolidation, and recall of various types of memories, including declarative
memory (Olafsdéttir et al., 2018). Additionally, the hippocampus is crucial for
spatial navigation, where it organizes relational memories and cognitive maps to
guide movement through space (Redish and Touretzky, 1997; Eichenbaum,
2017). Beyond its well-established cognitive functions, the emerging evidence

increasingly highlights its role in regulating food-related behaviors.
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1.3.2 The Hippocampus in Appetite Regulation

Food intake regulation involves various brain regions within the
mesocorticolimbic system, with the hippocampus integrating food-related
episodic memories and sensations of hunger and satiety (for reviews, see
(Kanoski and Grill, 2017; Buzsaki and Tingley, 2023)). Behavioral studies in
healthy adults show that recalling recent meals can reduce future food
consumption, while distractions during eating lead to increased intake later on
(Higgs, 2002; Higgs et al., 2008; Higgs and Woodward, 2009; Oldham-Cooper et
al., 2011). Amnesic adults struggle with interpreting signals of hunger and fullness,
affecting their ability to regulate food intake (Hebben et al., 1985; Rozin et al.,
1998). Moreover, the hippocampus is vulnerable to adverse conditions: even
short-term exposure (4-7 days) to diets high in sugar and fat can impair learning
and memory processes in both animals and humans (Winocur and Greenwood,
2005; Attuquayefio et al., 2017; Stevenson et al., 2020).

Neuroimaging studies have also identified the hippocampus as a key region
involved in processing food cues and responding to sugar and postprandial
hormones like insulin in both children and adults (Luo et al., 2019; Kullmann et
al., 2020a; Jones et al., 2021; Kanoski and Boutelle, 2022). Hippocampal activity
during food cue processing differs between fasting and postprandial states,
supporting its role in sensing interoceptive signals (Jones et al., 2021). In
individuals with obesity, both children and adults, increased hippocampal activity
during food cue processing has been observed compared to lean counterparts,
and these alterations predict food intake (Mestre et al., 2017; Makaronidis and
Batterham, 2018; Li et al., 2021; Kosling et al., 2022).

Moreover, the hippocampus is known to be particularly vulnerable to GDM
exposure. Animals with chronic hyperinsulinemia in utero show impaired synaptic
plasticity, and reduced neuronal density in the hippocampus in offspring, related

to hippocampal insulin resistance (Golalipour et al., 2012; Lotfi et al., 2016; Vuong
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et al., 2017; Schmitz et al., 2018). Human studies validate these results, with
children exposed to GDM and maternal obesity showing decreased hippocampal
thickness and volume (Alves et al., 2020; Lynch et al., 2021).

Taken together, hippocampal dysfunction may impair the retrieval of meal-related
memories or the processing of hunger and satiety signals, potentially contributing

to overeating (for reviews, see (Kanoski and Grill, 2017; Parent et al., 2022)).

1.3.3 Impact of Central Insulin on the Hippocampus

Although little is known about the hippocampal response to central insulin, some
imaging studies involving intranasal insulin administration in adults have provided
valuable insights. These studies have demonstrated alterations in hippocampal
activation and functional connectivity in response to central insulin (Guthoff et al.,
2010; Zhang et al., 2015; Kullmann et al., 2017). Specifically, hippocampal activity
was inhibited during a food cue task after intranasal insulin administration
(Guthoff et al., 2010). Furthermore, resting-state studies showed an increased
functional connectivity between the hippocampus and prefrontal cortex following
intranasal insulin administration compared to a placebo, observed in both
metabolically healthy individuals and those with T2D (Zhang et al., 2015;
Kullmann et al., 2017). This enhanced functional connectivity was also associated
with reduced hunger feelings (Kullmann et al., 2017), indicating an interaction

between central insulin and the hippocampal network in appetite regulating.

1.4. Sex Differences in Central Insulin’s Effect on Cognition and Metabolism

The effects of central insulin exhibit significant sex differences (for review, see
(Hallschmid, 2021)). Behavioral research in both animal models and humans
have shown that males and females respond differently to intranasal insulin,
especially regarding food intake and memory. Males show reduced food

consumption during fasting and weight loss following chronic insulin
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administration (Clegg et al., 2003; Hallschmid et al., 2004; Benedict et al., 2008),
whiles females show enhanced hippocampus-dependent memory and decreased
shack consumption after lunch following acute insulin administration (Benedict et
al., 2008; Hallschmid et al., 2012).

To better understand the mechanisms behind these sex differences, animal
studies have been conducted and suggested that low estrogen level is necessary
for the anorexigenic effect of central insulin (Clegg et al., 2006). However, human
data do not fully support these findings in terms of food consumption and
hippocampus-dependent memory (Krug et al.,, 2010; Krug et al., 2018),
suggesting that estrogen might not be the sole factor impacting central insulin
action in humans.

Despite considerable behavioral evidence for sex differences, neuroimaging
studies have largely ignored the role of sex in central insulin action. Our previous
works provided important insights, showing different central insulin action in the
hippocampus and prefrontal cortex between males and females (Wagner et al.,
2022; Wagner et al., 2023). We also demonstrated that variations in peripheral
insulin sensitivity across the menstrual cycle may be regulated by central insulin,

suggesting an interaction with sex hormones (Hummel et al., 2023).

1.5. Aims of The Thesis

Given the dynamic nature of the developing brain, understanding the connection
between pediatric obesity and brain alterations is critical to identify effective
interventions. However, current findings are inconsistent, highlighting the need
for systematic synthesis in this field. Moreover, it remains unclear how intrauterine
hyperinsulinemia (exposure to GDM) and central insulin action impact the
hippocampal network and its communication with other brain regions during the
processing of high-caloric food cues. Similarly, the potential sex differences in

these responses remain poorly explored.
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Therefore, the aims of this thesis were to: 1) systematically review neuroimaging
studies of brain alterations in children and adolescents with obesity (Chapter 1);
2) explore the associations between GDM exposure and hippocampal network
alterations during food cue processing in children (Chapter 2); and 3) investigate
the hippocampal network response to acute intranasal insulin, including potential
sex differences and associations with eating behavior during food cue processing
in adults (Chapter 3). To understand how hippocampal activation interacts with
other brain regions in response to food images with varying caloric content,
functional connectivity (hippocampal network) was measured during a food cue

task.
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2. Results and Discussion

2.1 Structural and Functional Brain Changes in Children and Adolescents

with Obesity (Chapter 1)

Sixiu Zhao, Lorenzo Semeia, Ralf Veit, Julia Moser, Hubert Preissl, Stephanie
Kullmann

Minor Revision in the Obesity Reviews on 19 December 2024.

Chapter 1 systematically reviews neuroimaging studies examining brain
alterations in children and adolescents with overweight and obesity. Structural
changes, such as alterations in brain volume and cortical thickness, and
functional changes, including neural activity and functional connectivity during
resting state and food-/non-food paradigms, are discussed.

The mesocorticolimbic system emerges as particularly vulnerable to obesity in
these populations. Obesity's impact on brain structure and function varies
significantly across developmental stages. Mesolimbic regions show heightened
activation in response to food-related rewards, while inhibitory control regions
display decreased activation in children but inconsistent patterns in adolescents.
Similar impacts are observed in children with parental metabolic conditions, such
as maternal obesity and GDM, regardless of their current weight status.
Additionally, non-pharmacological interventions, including exercise, eating
behavioral strategies and weight-loss programs, demonstrate positive effects by
increasing activation in inhibitory regions and reducing reward-related brain
activity. The chapter concludes by identifying current gaps in pediatric obesity

neuroimaging research and suggesting future research directions.
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Abstract

Obesity, particularly pediatric obesity has dramatically increased over the last
three decades with a wide range of detrimental health outcomes, including
negative consequences for brain neurodevelopment. The present article
reviewed magnetic resonance imaging studies between January 2011 and March
2024 examining the brain’s role in pediatric obesity, including parental influences
and diverse interventions. A literature search identified 97 eligible MRI studies in
the pediatric population. Findings suggest that altered brain structures and
functions in pediatric obesity are strongly dependent on the developmental stage
of children and adolescents. The function and structure of limbic regions, as the
hippocampus, amygdala, and striatum, as well as the prefrontal cortex seem to
be particularly affected by higher body mass index during development. In
response to palatable foods, children and adolescents with excess weight have
increased activation in reward-related regions and decreased activation in
regions involved in interoceptive signal processing especially during decision
processes. In addition, children of mothers with obesity and gestational diabetes
mellitus show alterations in brain structure and function independent of their
current obesity. Behavioral, exercise and weight-loss intervention studies showed
promising effects on the brain with increased structural integrity, decreased brain
responses to reward, and strengthened inhibitory brain responses in children and

adolescence with excess weight after the intervention.
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1. Introduction

The global prevalence of overweight (Body Mass Index (BMI) percentile =
85th) and obesity (BMI percentile = 95th) among children and adolescents has
risen dramatically, rising from 8% in 1990 to 20% in 2022 (WHO, 2024). Pediatric
obesity could persist into adulthood, and it increases the risk of developing type
2 diabetes, cardiovascular disease, and cancer later in life (Kumar and Kelly,
2017).

During this developmental phase the brain undergoes rapid and dynamic
development, characterized by heightened neuroplasticity (Tooley et al., 2021).
Magnetic resonance imaging (MRI) enables the estimation of brain size,
microstructure, and the function of specific systems throughout childhood and
adolescence. It has been shown that the volume of cortical grey matter generally
develops in an “inverted U” pattern, which is increasing during early childhood
and declining in post adolescence, with latest maturation in the prefrontal cortex
(for reviews, see (Lenroot and Giedd, 2006; Konrad et al., 2013; Herting and
Sowell, 2017)). Mesolimbic regions, such as basal ganglia, and hippocampus/
amygdala exhibit the same developmental pattern with peaking time at 10 and 14
years respectively (Lenroot and Giedd, 2006; Tamnes et al., 2018; Russell et al.,
2021). Cortical thickness keeps decreasing, and the integrity of white matter
keeps increasing throughout the whole childhood and adolescence (Herting and
Sowell, 2017). Generally, both structural and functional studies indicate an earlier
maturation in the mesolimbic reward regions, while the prefrontal control system
develops later (Konrad et al., 2013; Herting and Sowell, 2017).

Several neurobehavioral hypotheses for the development of obesity have
been proposed, even though they are not exclusively focused on pediatric obesity
(for review see (Stice and Yokum, 2021)). For example, the incentive
sensitization hypothesis suggests that overconsumption of high-calorie food

leads to increased response to food rewards in reward (e.g., striatum, amygdala,
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hippocampus, orbitofrontal cortex, insula) and attentional regions (e.g., occipital
cortex, fusiform gyrus, frontal operculum, anterior cingulate cortex) via food
reward learning, subsequently promoting overeating. The reward surfeit
hypothesis posits that a hyperactivity to high-calorie food tastes in the reward
system contributes to overeating and obesity. In addition, the inhibitory control
deficit hypothesis proposes that lower activation in inhibitory control regions (e.g.,
ventral lateral prefrontal cortex, dorsolateral prefrontal cortex) in response to
immediate food rewards results in overeating. Despite relying on different
circuitries, all these hypotheses of obesity imply an imbalance of reward and
cognitive control systems.

The aim of this review is to provide a detailed insight into neuroimaging
research (i.e., using structural and functional magnetic resonance imaging (MRI
and fMRI)) examining the neural alterations related to pediatric obesity. Moreover,
we consider how maternal or paternal metabolic status influences obesity onset
in the offspring. Lastly, we review available non-pharmacological intervention
strategies and their effect on brain structure and function in pediatric obesity. We
will also evaluate the evidence for the different hypotheses regarding obesity.

2. Materials and Methods
2.1 Search strategy

We reviewed MRI research on excess weight related neuro-alterations
among children and adolescents. To identify relevant studies, we searched the
online database PubMed and Web of science to include articles published
between January 2011 and March 2024. Search terms are given in the
Supplementary Text. We screened the identified studies to see if they matched
the review topic by reading the title and abstract and examined the remaining
articles in detail. The study selection process is illustrated in the Supplementary
Figure 1.

2.2. Selection criteria and data extraction
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In the current review, inclusion criteria for studies were as follows: 1)
empirical research, 2) child or adolescent samples (1-18 years old), 3) MRI
methodology (e.g., fMRI) was used, 4) study sample includes children or
adolescents with excess weight (BMI = 25 kg/m2; BMI percentile = 85th). The
following studies were excluded: 1) review articles, case studies or meeting
abstracts, 2) participants with type 2 diabetes, Prader—Willi syndrome, and
psychiatric/ neurological disorders, 3) studies not written in English.

Extracted data included information regarding sample characteristics (i.e.,
age, sample size, Tanner stage, weight status, gender, exclusion criteria), MRI
methods (including MRI modality, task description, covariates), interventions
used, and a summary of key findings from the extracted data.

2.3. Selected publications

Thus far, 97 publications in total met the inclusion criteria. Most studies (n =
63) investigated effect of obesity on brain structure and neural activity in children
and adolescents (n = 23 assessed structural differences (in both grey and white
matter), n = 5 assessed microstructural differences in white matter, n = 1 detected
both structural and white matter microstructural differences, n = 1 detected
structural, white matter microstructural differences and intrinsic neural network
using rs-fMRI, n = 1 detected structural differences and intrinsic neural network,
n = 25 examined neural activity during different paradigms, n = 1 examined both
structure and neural activity, n = 6 examined intrinsic neural networks). In Table
1 and 2, we summarize the characteristics of these studies. Figures 1 and 2
illustrate the major structural and functional brain alterations in children and
adolescents with excess weight. 9 studies investigated the role of parental
metabolic status on pediatric obesity. 25 studies examined effects of physical
fithess on brain health and different non-pharmacological interventions on the
brains. The characteristics of these studies are summarized in the

Supplementary Table 1 and 2, respectively. Supplementary Figure 2
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describes the brain alterations in children and adolescents with excess weight
after diverse interventions. We use the phrase excess weight for all participants
above the normal weight range.

3. Results

3.1. Evidences of structural differences in the brain of children with excess
weight

Obesity impacts the brain structure in children. Previous studies measured
different metrics, including volume, cortical thickness and T2 relaxation time, to
assess brain structural alterations in children with excess weight. Volumetric
alterations in brain areas indicate changes in either the number or the size of cells
in these areas (de Sousa and Proulx, 2014). Cortical thickness measures gray
matter width, which is determined by synaptic density, as well as intracranial
myelination (Tahedl, 2020). In addition, T2-weighted signal intensity can provide
insights into changes of brain tissue properties, by detecting variations in water
content, where hyperintense signals reflect gliosis (Bitar et al., 2006;
Sewaybricker et al., 2019).

Our review includes 26 studies addressing structural alterations associated
with pediatric obesity. Volumetric alterations in mesolimbic regions, such as
hippocampus, amygdala, and basal ganglia (divided into globus pallidum and
striatal divisions) have been linked to obesity, but results are inconsistent. For
example, compared to their lean peers, children with excess weight showed lower
volumes in the hippocampus and amygdala (Bauer et al., 2015; Mestre et al.,
2017; Jiang et al., 2023), while adolescents with excess weight (13 - 14 years)
exhibited higher volumes in these regions (Moreno-Lépez et al., 2012; Perlaki et
al., 2018). Similarly, a positive correlation between BMI and the volume of the
globus pallidum and nucleus accumbens (NAcc, i.e. ventral striatum) was found
in adolescents (de Groot et al., 2017; Perlaki et al., 2018). However, other studies

found no correlation between the volume of the amygdala, hippocampus and
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obesity measures among older adolescents (14 - 16 years) (de Groot et al., 2017;
Mestre et al., 2020). The observed inconsistency in mesolimbic regions between
children and adolescents might arise from obesity disrupting the typical
developmental pattern, characterized by an initial increase in the volume of these
regions during early childhood, followed by a decline during adolescence (Herting
and Sowell, 2017). However, longitudinal studies in both children and
adolescents (spanning puberty) with excess weight showed a greater reduction
in the volume of the amygdala, hippocampus and caudate (dorsal striatum) after
a 2-year (Jiang et al., 2023) and 3-year (Hashimoto et al., 2015) follow-up
respectively, suggesting a potential detrimental impact of obesity on brain growth.
Notably, studying a wide age range from childhood to adolescence, could mask
interaction effects that change throughout the developmental process.
Interestingly, better sleep and longer breastfeeding duration were associated with
larger hippocampus in children with excess weight (Migueles et al., 2021; Higgins
et al., 2022).

The structure of the prefrontal cortex (PFC), a critical brain region related to
executive function, has been widely studied in children and adolescents,
employing large sample sizes. For instance, children with higher BMI or waist
circumference exhibited decreased volume and cortical thickness in several
regions of the PFC (Laurent et al., 2020; Ronan et al., 2020; Brooks et al., 2023;
Cui et al., 2023; Hall et al., 2023; Kaltenhauser et al., 2023; Zhang et al., 2023).
Lean mass index positively predicted PFC volume (Gracia-Marco et al., 2020).
Furthermore, the reduced volume and thickness of the PFC partially mediated
the inverse relationship between BMI and executive function (e.g., working
memory) (Laurent et al., 2020; Ronan et al., 2020; Sakib et al., 2023). Additionally,
children with excess weight showed a greater reduction of PFC volume and
thickness over 2-years of development (Jiang et al., 2023; Kaltenhauser et al.,

2023). Conversely, older adolescents exhibited a thicker PFC with increased
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visceral abdominal fat (Saute et al., 2018), implying a potential reversal in the
developmental pattern of cortical thickness due to obesity. According to the
robust correlations supported by large sample sizes and replicated results, the
observed link between obesity and the size and morphology of the PFC, this
region is likely to be vulnerable to the effect of pediatric obesity. The delayed
maturity of the PFC compared to other brain regions during childhood and
adolescence could be the reason (Laurent et al., 2020). However, given that the
majority of studies were cross-sectional in nature, a clear causal relationship
between brain development and obesity remains elusive. In addition,
inflammatory biomarkers (Adelantado-Renau et al., 2019) and adverse early life
factors (Solis-Urra et al., 2019) were also related to decreased PFC volume in
children with excess weight.

T2 relaxation time was used to investigate tissue properties, especially
gliosis resulting from obesity, in the hypothalamus (homeostatic system) and
hippocampus among adolescents. For example, adolescents with higher BMI
exhibited longer T2 relaxation time in the hypothalamus (Sewaybricker et al.,
2019; Sewaybricker et al., 2021b), suggesting the presence of hypothalamic
gliosis, a response of the central nervous system to injury caused by obesity or
high fat diet (Sewaybricker et al., 2019). In addition, hypothalamic gliosis
predicted weight gain over one year in adolescents with overweight but not with
obesity, suggesting that gliosis could potentially precede the development of
obesity (Sewaybricker et al., 2021a). On the contrary, a negative association
between BMI z-score and T2-relaxation time was found in the hippocampus
(Mestre et al., 2020). Unlike gliosis, a decreased T2 relaxation time in the
hippocampus might be due to the accumulation of macromolecules and lipids
resulting from a high fat diet, resulting in heightened tissue viscosity (Autti et al.,
2007). However, there remains a research gap regarding the tissue properties in

children with excess weight. Moreover, exploring additional brain regions, such
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as other limbic regions, could provide deeper insights into brain alterations related
to pediatric obesity.
3.1.1. Summary

According to these studies, children and adolescents with excess weight
have altered volume, cortical thickness, or tissue properties mainly in the limbic
regions, PFC and hypothalamus. Although the results are mixed, multiple studies
found decreased cortical thickness and volume in the PFC, accompanied with
diminished executive function. Volumetric alterations in the hippocampus,
amygdala and basal ganglia are strongly dependent on developmental stage,
with decreases observed in children and increases in adolescents (Figure 3a).
3.2. Evidences of white matter microstructural differences in the brain of
children with excess weight

Besides alterations in brain size, obesity-related changes in white matter
microstructure have also been investigated using diffusion tensor imaging (DTI),
a neuroimaging technique that detects water diffusion at the cellular level
(Alexander et al., 2007). Fractional anisotropy (FA) is the primary indicator of
white matter integrity (Alexander et al., 2007).

We identified 7 studies linking excess weight to altered white matter integrity
in children and adolescents. Association fibers, which connect the cortical regions
within same hemisphere, seem to be susceptible to obesity. For example,
children with obesity aged 7-11 years showed higher FA in the association fibers,
as well as lower FA in the superior cerebellar peduncle, compared to their lean
peers (Ou et al., 2015; Augustijn et al., 2018). A structural network analysis
revealed stronger connections within the ventral and dorsal striatum, as well as
greater involvement of the precentral gyrus in this age group (Augustijn et al.,
2019b), suggesting that obesity impacts both the reward network and motor
cortex. However, this study did not examine behavioral data on reward

processing or motor skills. Larger head circumference at birth and worse
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household socioeconomic status also influence the maturation of association
fibers in these children (Solis-Urra et al., 2022; Li et al., 2023b). In older children
and adolescents, however, a negative association was observed between BMI
and FA in the association fibers and callosal fibers, with BMI negatively predicting
FA in these fibers over a 2-year development (Alarcén et al., 2016; Kaltenhauser
et al., 2023). Obesity may contribute to the inconsistency in FA values observed
in the association fibers during development by disrupting the typical linear
increase observed from childhood to adulthood. Additionally, FA values are
determined by water diffusivity along three distinct axes, each of which can
independently impact FA. Consequently, alterations in diffusion along these
directions could also result in varied findings. However, given the limited research,
especially in early adolescence, more studies are necessary to replicate the

current findings.

3.3. Evidences of functional differences in the brain of children with excess

weight

By assessing changes in the paramagnetic properties of hemoglobin, which
depend on blood-oxygen levels, fMRI, including task-based fMRI and rs-fMRI,
can infer local neuronal activity and functional connectivity (Carnell et al., 2012).
3.3.1. Resting state fMRI

In comparison to task-based fMRI, resting state functional connectivity (rs-
FC) provides insight into intrinsic neural networks (Borowitz et al., 2020).

There are a total of 8 studies investigating rs-FC in children and adolescents
with excess weight. They showed altered rs-FC between regions related to
cognition and reward processing, with alterations in rs-FC between reward-
related regions. These alterations are notably influenced by the developmental
stage. For example, adolescents with excess weight showed decreased rs-FC
between cognitive regions (e.g., hippocampus, dorsolateral PFC) and reward

regions (e.g., caudate, orbitofrontal cortex) (Moreno-Lopez et al., 2016; Martin-
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Pérez et al., 2019; Borowitz et al., 2020); also increased FC among reward
regions (e.g., pallidum, orbitofrontal cortex) (Martin-Pérez et al., 2019; Borowitz
et al., 2020). While children with excess weight exhibited the opposite
connectivity patterns (Black et al., 2014; Pujol et al., 2021). Reward regions are
relatively more developed in adolescence than cognitive regions (Casey and
Jones, 2010), and these reward areas might simply be underdeveloped in
younger children, resulting in a lack of strong connections (Casey et al., 2000;
Borowitz et al., 2020). However, these studies investigated connectivity patterns
between specific regions based on researchers’ hypotheses, rather than
exploring effects of obesity on brain wide connectivity. Only two studies using
network analysis, showed a negative association between BMI and rs-FC within
salience, executive control and default mode networks in children with excess
weight (Brooks et al., 2023; Kaltenhauser et al., 2023). Whether these brain
alterations predict food craving behavior or subsequent weight gain was not
examined. Early life factors, such as birth weight and breastfeeding were also
associated with hippocampal FC in children with excess weight (Solis-Urra et al.,
2023).

In sum, the available literature suggests that adolescents with excess weight
have weaker connectivity between regions involved in cognition and reward, and
stronger connectivity between reward regions. Children with excess weight show
an opposite pattern.

3.3.2. Task-based fMRI

A variety of different tasks were used in relation to pediatric obesity.
Specifically, food-related paradigms including a visual food cue task (n = 5)
(Yokum and Stice, 2013; Jastreboff et al., 2014; Adam et al., 2015; Masterson et
al., 2019; Roth et al., 2019), food specific go/no-go task (n = 1) (Jensen et al.,
2019), tasting (n = 4) (Boutelle et al., 2015; Bohon, 2017; Mestre et al., 2017;

Yokum and Stice, 2023), food specific attention network task (n = 1) (Yokum et
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al., 2011), food choice task (n = 2) (Moreno-Padilla et al., 2018; van Meer et al.,
2019), food and physical activity decision task (n = 1) (Lim et al., 2023) and a
food commercial trigger (n = 5) (Bruce et al., 2013; Burger and Stice, 2014;
Yokum et al., 2014; Rapuano et al., 2016; Gearhardt et al., 2020) were used to
examine eating behavior related brain response in children and adolescents with
excess weight. Furthermore, non-food paradigms including a monetary incentive
delay task (n = 1) (Navas et al., 2018), modified card-guessing task (n = 2) (Adise
etal., 2018; Adise et al., 2019), risky-gains task (n = 2) (Delgado-Rico et al., 2013;
Mata et al., 2015), social decision-making task (n = 1) (Verdejo-Garcia et al.,
2015), and a chatroom task (n = 1) (Jensen et al., 2022) were used to investigate
neural activity.
3.3.2.1. Food related paradigms

The chronic overconsumption of calories over the life course plays a major
role in obesity (Nielsen et al., 2002). Hence, brain responses to high-calorie food
cues are investigated to evaluate neural mechanisms of eating behavior. Children
and adolescents with excess weight showed higher response to visual high-
calorie food stimuli (vs. non-food) in reward-processing brain regions such as the
medial orbitofrontal cortex (OFC), ventral striatum, dorsal striatum, amygdala,
substantia nigra/ventral tegmental area and insula than their lean counterparts
(Jastreboff et al., 2014; Roth et al., 2019), aligning with the incentive sensitization
hypothesis of obesity. The responses in the reward regions were also positively
correlated with leptin level and negatively correlated with insulin sensitivity
(Jastreboff et al., 2014; Adam et al., 2015), supporting the role of these hormones
in regulating eating behavior. However, behavioral data such as food craving or
food intake were not assessed in these studies. Additionally, different cognitive
strategies, such as considering benefits of not eating when confronted with high-
calorie food cues, resulted in increased activation in the inhibitory control regions

and decreased activation in the attention-related regions among adolescents,
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independent of their BMI (Yokum and Stice, 2013). Despite its small sample size,
the study could provide a theoretical framework for developing effective
interventions, such as cognitive training. Interestingly, sleep restriction increased
food cue-related reward processing independent of weight status during a food
specific go/no-go task (Jensen et al., 2019).

In addition, elevated responses in regions related to reward, gustation and
attention to appetitive taste (vs. water) predicted increased eating in absence of
hunger in children with excess weight (Boutelle et al., 2015; Bohon, 2017; Mestre
et al., 2017; Yokum and Stice, 2023), suggesting an increased sensitivity of
gustation. These results support the reward surfeit hypothesis of obesity,
highlighting the significance of brain responses to food taste in the development
of obesity.

An attention bias to food in adolescents with excess weight was found as
well (Yokum et al., 2011). Specifically, during a food-specific attention task,
adolescents with higher BMI not only exhibited a faster response to food stimuli,
but also a hyperactivity in the reward and attentional regions to appetitive food
pictures. Moreover, these elevated responses predicted weight gain 1-year later
(Yokum et al., 2011). These findings also support the incentive hypothesis of
obesity, emphasizing the role of reward and attentional regions for weight gain.
Notably, only female adolescents were included in this study.

Caloric intake is also controlled by decisions (Delgado-Rico et al., 2013).
Adolescents with higher BMI exhibited decreased activation in the inhibitory
control regions when choosing appetizing food and physical activity images (van
Meer et al., 2019; Lim et al., 2023), which is consistent with the hypothesis of an
inhibitory control deficit. Higher response in the attentional regions during food
choice predicted greater weight gain per year (van Meer et al., 2019), aligning
more closely with the incentive sensitization hypothesis. However, increased

response in the inhibitory control regions during food choice was found in older
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adolescents (Moreno-Padilla et al., 2018). Again, the inconsistent results could
arise from the interaction between obesity and developmental trajectory. For
example, the older the adolescent, the more mature the inhibitory control regions,
potentially prompt more deliberate attempts to suppress appetite resulting a
higher reaction to food rewards (Moreno-Padilla et al., 2018). Alternatively,
studies with smaller sample sizes could contribute to the replication crisis, serving
as another potential reason.

Brain responses to food commercials (e.g., food advertisements or logos),
identified as significant contributors to children's eating behavior leading to
obesity (Story and French, 2004), were also examined, even though they are not
standardized paradigms. Greater response to food commercials in reward and
attentional regions predicted greater subsequent high-calorie food intake and
weight gain one-year later in children and adolescents (Burger and Stice, 2014;
Yokum et al., 2014; Rapuano et al., 2016; Gearhardt et al., 2020). The effects of
excess weight, however, were not specifically investigated in these studies. Other
studies showed that children with excess weight had increased activation in
attentional regions and decreased activation in inhibitory control regions
compared to their lean peers (Bruce et al., 2013; Masterson et al., 2019). These
results are consistent with both incentive sensitization and inhibitory control
deficit hypotheses of obesity. It appears that the rewarding properties of food
commercials affect all children, but the impact is more pronounced in those with
excess weight, potentially diminishing their self-control. Reducing exposure to

food commercials in their daily life could be an effective intervention.
3.3.2.1.1. Summary

Taken together, children and adolescents with excess weight show
hyperactivity in regions related to reward, gustation and attention to external food
cues and taste. These responses are predictive for subsequent overeating and

weight gain. We therefore suggest that current findings are more consistent with
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the incentive sensitization hypothesis of obesity, emphasizing the role of reward
regions in the development of pediatric obesity. The findings regarding activation
in inhibitory control regions were mixed (Figure 3b).

3.3.2.2. Non-food paradigms

To examine whether the association between pediatric obesity and
hyperactivity in reward-related regions is specific to food or general to all rewards,
studies employed paradigms involving non-food (e.g., monetary) rewards.
Adolescents with higher body fat had decreased activation in the somatosensory
cortex to monetary reward feedback (Navas et al., 2018). However, no
association was observed between weight status and the brain's response to
either monetary or food rewards in children (Adise et al., 2018; Adise et al., 2019).
Given that children's brains exhibit less maturity compared to those of
adolescents, it is possible that the effects of weight status on neural processing
to food vs. monetary reward was not fully distinguished in children (Adise et al.,
2019). Different task designs in children versus adolescents could be another
possible reason for the inconsistent results.

Maximizing reward at the cost of risk seems to characterize the adolescent
brain (Ernst and Fudge, 2009). Among adolescents with excess weight,
decreased activation in the risk-signaling region (i.e., insula) to risky choices
predicted reduced interoceptive sensitivity and increased external eating.
Increased activation in the reward region than their lean peers was observed as
well (Delgado-Rico et al., 2013; Mata et al., 2015). These findings may suggest
a higher focus on the reward properties than on the possible long-term risks
associated with a decision in adolescents with excess weight, resulting in a
propensity to choose high-calorie foods in their daily life.

In addition, neural responses in adolescents with excess weight have been
found to be influenced by social factors, stress and sleep. Obesity in adolescents

decreased brain responses to unfair monetary offers in reward and emotional
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regions during a social decision-making task, suggesting reduced emotional
monitoring of social unfairness (Verdejo-Garcia et al., 2015). Social stress was
also related to obesity. For instance, among girls with excess weight who were
sleep deprived, both positive and negative peer evaluations were linked to
increased brain activity in emotion-related regions. This was interpreted as them
paying more attention to social feedback (Jensen et al., 2022).

In sum, no relationship was observed between obesity and brain responses
to other form of reward in children, but a negative correlation was identified in
adolescents. Decreased activation in interoceptive signal processing regions,
and increased activation in reward regions during decision-making were also
found in adolescents with excess weight. However, caution is warranted in
interpreting these results due to the limited number of studies and the variability
in task designs.

3.4. The role of parents on brain’s function and structure of children

Evidence indicate that genetics, epigenetics, shared environment and other
factors contribute to weight gain (Faith et al., 1999). Parental obesity is a reliable
predictor of offspring obesity risk in childhood, adolescence, and adulthood (Rath
et al., 2016). Exposure to maternal gestational diabetes mellitus (GDM) and
obesity in utero also increase risk for obesity in offspring (Page et al., 2014). Our
review provided 9 studies addressing the role of mothers on the brain response
of children and adolescents at high risk for excess weight.

3.4.1. Parental obesity and gestational diabetes mellitus

Even lean adolescents with obese mother showed a reduced volume or
cortical thickness in the somatosensory and taste cortex, as well as inhibitory
control regions, compared to lean peers of normal weight mothers (Thapaliya et
al., 2021). Independent of their current adiposity, children also showed weaker
activation in inhibitory control regions in response to food cues, suggesting

weakness in inhibitory control circuitry could play a role in the intergenerational
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effects of obesity (Carnell et al., 2017; Luo et al., 2021a). Only one study thus far
has investigated paternal influence on children’s brain, and, no relationship was
found between children food cue reactivity and paternal BMI (Luo et al., 2021a).
Risk for developing obesity also derives from exposure to maternal metabolic
disorders in utero. For example, the volume or radial thickness of the
hippocampus, middle frontal gyrus and superior temporal gyrus in children
exposed to maternal pre-pregnancy obesity and GDM was decreased
independent of their current BMI (Alves et al., 2020; Lynch et al., 2021; Luo et al.,
2023). Similarly, independent of children’s adiposity, GDM exposure increased
hypothalamic cerebral blood flow and gliosis, as well as OFC activation in
offspring (Page et al., 2019; Luo et al., 2021b; Chandrasekaran et al., 2022),
suggesting that both, homeostatic and mesolimbic areas might be affected by
GDM exposure. However, these studies are based on specific regions of interest.
Future studies based on other hypotheses, such as dysfunction of inhibitory
control system in children exposed to GDM, are necessary.

Collectively, the included studies suggest that independent of their current
adiposity, children of mothers with excess weight have a hypoactive inhibitory
control circuitry, while those who are exposed to early GDM show hyperactivity
in the homeostatic and reward system. Moreover, maternal metabolic disorders
may induce hippocampal structural alteration in children. However, we are unable
to fully depict the impact of parental metabolic status on children's brains, as
studies examining children with normal weight but obese parents were not
included in this review.

3.5. Non-pharmacological interventions against pediatric obesity

Several interventions have been developed to prevent and treat pediatric
obesity. These interventions target physical activity, eating behavioral
adaptations, or a combination of these. Our research provided 12 studies

investigating the relationship between physical fithess and brain

31



CHAPTER 1

function/structure in children and adolescents with excess weight, and other 13
longitudinal studies addressing the effects of different interventions on their brain,
including exercise.

3.5.1. Physical fitness and exercise intervention

Physical fitness, investigated by physiological parameters (i.e.,
cardiorespiratory/ speed-agility/ muscular fithess) and questionnaires, was
positively related to brain volume, cortical thickness, global FA, node clustering
and connectivity of the resting-state networks in children and adolescents with
excess weight (Esteban-Cornejo et al., 2017; Esteban-Cornejo et al., 2019a;
Esteban-Cornejo et al., 2019b; Rodriguez-Ayllon et al., 2020a; Rodriguez-Ayllon
etal., 2020b; Alves et al., 2021; Brooks et al., 2021; Esteban-Cornejo et al., 2021;
Logan et al., 2022; Adelantado-Renau et al., 2023; Cadenas-Sanchez et al., 2023;
Haapala et al., 2024). The above findings indicate that brain development may
benefit from physical activity. Hence, exercise interventions are used to improve
the brain health in children and adolescents with excess weight.

In children with excess weight, even though cognitive ability was improved,
no effect of a 20-weeks aerobic and resistance exercise intervention on brain
volume was found, which may result from insufficient intervention time or
alterations restricted to the cellular or molecular level (Ortega et al., 2022).
Interestingly, effects of exercise on the white matter microstructure were found.
For example, compared to sedentary group, an 8-months aerobic exercise
intervention increased FA in the fronto-temporal and fronto-parietal fiber tracts of
children from baseline, a change that was also related to higher attendance in
the exercise (Krafft et al., 2014b; Schaeffer et al., 2014). In the same exercise
program, reduced synchrony in default mode network, executive control network
and motor network; altered brain activation in cognitive processing regions during
an antisaccade/flanker task; and increased cognitive performance were also

found after intervention (Krafft et al., 2014a; Krafft et al., 2014c). This may
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suggest an improvement in brain specialization and efficiency with exercise
(Krafft et al., 2014a; Krafft et al., 2014c). Similar results were shown in another
3-month aerobic exercise intervention study (Davis et al., 2011). Whether these

children lost weight was not reported in above studies.
3.5.2. Eating behavioral strategies

The adaptation of eating behavior has been shown to be an effective strategy
in managing weight (Carnell et al., 2013). For example, compared to breakfast-
skipping day, adolescents’ brain responses to food (vs. non-food) cues in
reward/motivation regions was decreased following a 6-days breakfast
consumption. The brain activation in these regions was also positively related to
appetite (Leidy et al., 2011). Another study showed a reduced food cue reactivity
in reward and visual attention regions following glucose consumption after a 6-
months food intake reduction device training, which reduces portion size and
eating speed by feedback technique (Hinton et al., 2018). Even though findings
from these studies may suggest a reduction of subsequent food intake, this
parameter was not investigated in these studies, nor was weight loss. Notably,
the reduced sensitivity to food rewards observed post-intervention supports the
incentive sensitization hypothesis of obesity, which highlights hypersensitivity in
reward regions promoting overeating and obesity. A decrease in sensitivity to
food rewards could suggest a normalization of the reward system, similar to that
observed in children with normal weight.

3.5.3. Weight-loss program intervention

Weight loss interventions, combining exercise with dietary restriction,
cognitive behavioral therapy, family management etc., have been used
commonly to manage weight and reverse the effects of obesity on the brain. For
example, after a 5-months combined intervention including exercise, dietary
restriction and cognitive behavioral therapy, there was not only a significant

weight loss, but cerebellar cortex and total grey matter volume were increased
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among children (Augustijn et al., 2019a). In addition, adolescents who exhibited
a greater increase in insula activation during a risky-gain task from baseline to
post a 12-week similar intervention lost more weight. This implies that during risky
decision-making, the insula displayed heightened responsiveness in individuals
who achieved greater weight loss, potentially suggesting a normalization of the
interoceptive system (Mata et al., 2016). Similarly, adolescents with greater
reductions in BMI showed a normalization of the reward system after exercise
and dietary intervention as well (Kinder et al., 2014). Moreover, decreased
activation after a meal and lower rs-FC in the appetitive regions before
intervention predicted greater weight loss after 6 months (Schur et al., 2020) and
3months (Martin-Pérez et al., 2020), respectively. This may suggest a predictive
role of the reward system for successful weight loss.

In summary, exercise is the most commonly used intervention form to
improve brain health in children and adolescents with excess weight with
widespread effects on brain structure and function. Eating behavioral adaptations
result in decreased brain reward responses. A low response to reward and high
response to risky decision making seem to predict the success of weight loss.

4. Discussion

Pediatric obesity is a concerning public health burden that needs to be
addressed. MRI studies in children and adolescents with excess weight provide
evidence of obesity-related alterations in brain function and structure. Findings
suggest that altered brain structure and function in pediatric obesity are strongly
dependent on the age or developmental stage of the children and adolescents
studied (Figure 3). Specifically, limbic regions, as the hippocampus, amygdala,
striatum exhibit decreased volume in children with excess weight, contrasting
with increased volume in adolescents. Furthermore, studies consistently report
decreased volume and cortical thickness in the PFC. In response to palatable

foods, children and adolescents with excess weight have increased activation in
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reward and attention-related regions and decreased activation in regions involved
in interoceptive signal processing especially during decision making processes.
Activation patterns in inhibitory control regions vary inconsistently across studies.
We suggest that these findings support the incentive sensitization hypothesis,
given the hyperactivity of primarily reward related regions and predictive role of
these regions in future weight gain. In addition, children of mothers with obesity
and GDM show similar alterations in brain structure and function independent of
their current adiposity. Furthermore, exercise, eating behavioral adaption and
weight-loss intervention studies showed promising effects with increased
structural integrity, decreased brain reward responses in children and
adolescence with obesity after the intervention. However, post-intervention
weight loss in studies of exercise and eating behavioral adaption was not reported.
In weight loss programs, a decreased brain response to reward and an
interoceptive system sensitive to risky decision making predicts the success of
weight loss. The findings summarized in this review can provide a theoretical
framework for developing more effective interventions.

Obesity has a strong genetic basis, encompassing genes linked to early-
onset monogenic obesity in pediatric populations and polygenic obesity, many of
which are expressed in the brain (Saeed et al., 2024). These obesity-related
genes are thought to influence body weight primarily through centrally-mediated
effects (Saeed et al., 2024). A recent review highlighted two distinct neural
pathways in the brain's regulation of energy balance in monogenetic and
polygenic forms of obesity, based on gene expression in specific brain regions
(Saeed et al., 2024). For monogenic obesity, such as leptin deficiency and
Prader-Willi syndrome, an impaired hypothalamic pathway involved in appetite
control has been identified (Saeed et al., 2024). However, neuroimaging studies
in children suggest that structural and functional alterations extend beyond the

hypothalamus, impacting other areas, including the mesolimbic circuitry (Wu et
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al., 2022; Huang et al., 2024a; Huang et al., 2024b). In contrast, polygenic obesity
is thought to involve disruption in reward processing pathway (Saeed et al., 2024),
with many obesity-associated genes being highly expressed in the mesolimbic
circuitry (Ndiaye et al., 2020). This aligns with the incentive sensitization
hypothesis and is supported by MRI studies in pediatric populations, which reveal
reduced brain volume in regions within this circuitry (Kennedy et al., 2019; Morys
et al., 2023).

The review indicates neural changes in children and adolescents with excess
weight; nevertheless, several limitations persist. There is a considerable variation
in sample sizes, such as from 12 (Adam et al., 2015) to 230 (Pujol et al., 2021)
among fMRI studies. It is crucial to question whether findings from these smaller
studies accurately represent the effects of population-level alterations. Power
analyses should be conducted to ensure appropriate sample sizes for research.
In addition, variations in fasting durations before task-based fMRI measurement
(from satiety to 6 hours), and exclusive focus on specific sex (Yokum et al., 2011;
Adam et al., 2015; Lim et al., 2023) require caution while interpreting certain
findings. Moreover, reward-related tasks were typically performed in children,
whereas adolescents were engaged in tasks related to attention and decision-
making. This could also lead to skewed findings. Furthermore, limited longitudinal
studies prevents us from reaching a conclusion regarding long-term brain
outcomes resulting from disruption by obesity. Finally, despite evidence showing
the relationship between pubertal measures/hormones and brain structuring
during adolescence (Blakemore, 2012), no studies have investigated the specific
impacts of pubertal status on the brains of children and adolescents with excess
weight.

Future research may benefit from task designs that focus more specifically
on inhibitory control, to examine how self-regulation is affected by appetizing food

cues. Furthermore, the connection between pediatric obesity and sex remains
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uncertain, highlighting the need for investigating potential sex-based distinctions
in future research. Finally, it will also be necessary to conduct more longitudinal
neuroimaging studies in order to determine whether the observed alterations are
a cause or consequence of the excess weight. The impact of obesity on the
developmental trajectory of the brain in children and adolescents should also be

investigated.
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Figure 1

Structural alterations found in children and adolescents with excess weight. DTl =

diffusion tensor imaging; FA

fractional anisotropy; NAcc = nucleus accumbens; PFC

prefrontal cortex. “4” means increased metrics. “|” means decreased metrics. “ — ”

means no changes in metrics. Straight font means that the study used whole brain

analysis. Italic font means that the study used region of interest analysis.

38



CHAPTER 1

—
3
g
8,
«—
- 3
= ™~
3 & EE
L, ‘E-g A
«—— ®@m®wE g
£ T =D
-+ 80
\E(_J s = =
S35 g23458
=5
a5 s SEsaf e o
£ a = -2 0 Ea — I
~ O _7 ETWag= @
S = & 55 .87 5
T g = 2B mOoOda
TEg mBas 2o
“Eou_ L_;,.,m_E-D_E
= AT ETT M
< = O vy = T = )
5= g -
> P S o
=] Zwn
=58 g >
[ T J
ey T 2 8% §U
) SE& B < <
—» - -~ —
o — —~
) )
[V
o 8, =
T
m
(7)) -
£ g
—
— R w
e N =
-—— — ™~
(48] 8] w ™ — —
— = 2 0, 2
o
(4] = & -— o
o = L g
© 6 =
e] <] 2 ]
Q S = T3 — @
s £ 5 - g
) ] S “
R =1 o £ =
© £ 3 E
- ~alou . O ®
[V SET O 23 @
- %8:93 Bl =
) 2SS E® 5 = o
o] XagT = E —
(@) E2C X A<
< I I =
o &
(W o,
—
?‘\-‘“ Cﬂm
o 52 S
2
-— =@
m —
] E 2
o [
E— [= e
2 2 5
5 £ 5 £ o0
= = m©
m oo J B
|- ]
© e (o Ry}
Es g9
2 5w
=5 = 0
S5t ~
—_—
o m
c 53
e E
£83
Z 00
:l—l—
E oo Vo]
Figure 2

Functional alterations found during food-related paradigms in children and adolescents
with excess weight. ACC = anterior cingulate cortex; dACC = dorsal anterior cingulate
cortex; PFC = prefrontal cortex; dIPFC = dorsolateral prefrontal cortex; vIPFC =
ventrolateral prefrontal cortex; OFC = orbitofrontal cortex; IPL = inferior parietal lobe; IFG
= inferior frontal gyrus. “1” means increased activation during different paradigms. “|”
means decreased activation during different paradigms. Straight font means that the
study used whole brain analysis. Italic font means that the study used region of interest
analysis.
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a) Structural Changes b) Functional Changes
Children

Figure 3

Altered brain structures and functions in pediatric obesity are dependent on the
developmental stage of the children and adolescents. a) structural changes. b) functional
changes. ACC = anterior cingulate cortex; Amy = amygdala; DS = dorsal striatum; dIPFC
= dorsolateral prefrontal cortex; GP = globus pallidum; Hippo = hippocampus; Hypo =
hypothalamus; Ins = insula; MTG = middle temporal gyrus; OFC = orbitofrontal cortex;
PFC = prefrontal cortex; PCC = posterior cingulate cortex; VS = ventral striatum; vIPFC
= ventrolateral prefrontal cortex; STG = superior temporal gyrus. Figure was created with
BioRender.com.

40



CHAPTER 1

(28vd jxau 1o panuijuod)

41

. ; (Y
i ﬁ._mo% v.%mw.__w crl D\Bmmu [L1lzioz
| snduresoddiy ureiq TAN | o - oy HO/MO . .
: QUIN[OA L9 S8'PT ‘MO SN “oe 9¢ SO [e10 zad 0]
m—o\ao yim wwchmm_QU.{ IQ_OSB muzﬁuz.h_m ,AwNv 97°0Z AOM : ,BI -OUAIO]
/10 : . ervl
‘MH ‘INg g OV
(<o)
(A%
T e[epdiwe b0
‘1 snweey) ‘T gepned ‘T snad3 [enuaddad HE))
‘T snaA3  ejuoay  perpaw  aopadns (£'0) 0°0€ O 8Trl (€0
1 snak3 [ejuoay ppruiaorddns/roLIayul sisk[eus swnoa (1°0) ‘MH 957
‘€O Yim udIpiyd dn-mofjog 1eak -z " e o s AN | gy I'8I:MH 1sod SN wod WH ST [91] €202
e, forp  BAONSS (T'0) §'9z 1O C0Ss  cor) ‘e 32 Buerr
1 eaae a0jow Argyudwsyddns ‘T snwepey) ((1°0) 891 611:d0
‘0 emsur ‘T snaAd qeaodwdy aowadns MH 21d JINg (0) £cs
‘1 snaAS [ejuoay Jorjul ‘T eEpsAwy 1’611
*HO Ym uaIp[iyod autjaseg ‘MH
axd
oo
(00'1)
A (€T°¢) 80°01 (g0
1 sndwesoddiyg siskjeue swmjop _ ob 0192 : 90 SN g0 zl ) [s1]L10T
SHO PIm udIp[iyn 104 eInpNIg (61 ILLT (9T'1) ‘MH ‘T8 10 21SIN]
‘MH ‘1IN" 8€01  €1)6T
‘MH
(0°) (a0
 winsojiea - syskjeus RN | 19°12 :HO/MO @o MO [1] 102
sndaod ‘T wnpgaidd ‘7T sndwedoddiyg ure.q WINJOA Injonng 9 Am..: 6751 ‘S'N 9L IV Sl O & 10 Joneg
HHO/MO YA UDIP[IYD -210UM ity . ‘MH
‘MH ‘IN"
81) £€
(as ‘'m) %Ing
/21008 afuel a8uel
(areway 9100 TINY /(N a5e k)
spoyawt Ajepowr %) /ING ZINg  d8ers Ads  1dues  uSisap
SAWI0DINO UTRIA] sIsA[euy SOLOIA  SuiSew] Iopudn) smeis ySop  puue] ‘) 8y Apms  Apmig Joymy

*JYSIIM $SIIXI [JIA SHUIISI[OPE PUR UIP[IYD UI SAPNIS [ L PUE [HIN [eIn3anas jo uondridsa(

I 2lq¢eL



CHAPTER 1

(aspd 1x2u U0 panulIuod)

(1s0) (40
T X2)105 [ejuoay [E)Iq10 [BIpaw T snaAd siskjeue owmjoa (6T°0) 9I'vPI /MO
[euoly touadns eIpaw *T X21103 Jpen3up " ureiq .. AN I ¢p LOLTEOMO .o HO/MO  TEL o [¥e] €20t
JA0LIdJUE [esiop ‘T snIAS [ejuoay dorrddng -u_c.c>> £215 BINONNS (11°0)91°81 (9%°0) ‘MH ‘[ 30 Sueyz
“HO/MO M UIpIyD ‘MH ‘INg revrl vrT)
‘MH 9LV
awnjoa y ©10)
| sndwesoddry sisA[eue bzws RN s (€LDT86 .o :Mo._m i O [€T] TToT
‘L uonenp  Suipagjsealq  QAISN[IXH 104 £a15) BINIONNS AV %INE TV ov._ ‘[e 12 suSdiy
SUOITAI UIRIQ [BOII0D [BIDAJS UT dWIN[OA
J9yS1y yaim pajeIdosse a1am siolaeyaq doalg sisA[eue €1'D
‘sndwesoddiy urelq 1A (68°0) .. : (mor [cz] 120
“ josuo  doaps 1oye  Suruayem -a[0yMm i BINIONDS ov 0 IV ZINEG SN No oz_x ur) 96 §O “Te 12 sa[anSIN
‘1 Aousmoiyge dogps <) owm dogis w10 /104 Al
“HO/MO Pim uIp[iyy
| snuAS jedwedoddiye.aed .
1  ssdmendie ouasod  siskjeue _— I°Le-§°T1 sod AT (L O o—
ay) ur dwnjoA Ay} Jo aIsearour Ay ‘1 ureiq AUIN[OA eI Ly YL ‘SN T ur) ST 12 OJ0UIYSE
asearout TN “Juawdoaaap sieak-¢ Suung -2l0UuMm -z eraad Ng ..va LOIT ’
1S1UDIS[OPY ’
e[ep3Awe ‘sndwesoddiy ‘winjerns jo awnjoa (a0
ay pue JNg udmpq digsuonepr oN stsjeue AN I - - e i € le1] L1oTT®
| winpiqed snqojo 109 e L vINONIS SN SN SN or-tl ‘MH 5O 19 10010)3p
“dO YIM SJUadsa[opy 61)TH
| wpepBAure <| 2oV °| 21005-Z [N o T RN €9 (A ¢z m..m_w (oo .o (811810
104 empnns 8€°0 [V ZINY v ur) g ‘1B 32 Deliad
(as ‘m
o,IINE /21008 oBuel oguel
(areway 2102 TINY /N age 2
spoyjaw Ayepow %) /IN€] ZINg 98e1s Aas dwes uSisap
SIWOINO UTRJA sIsA[euy soa  SuiSew]  1opuan ismeys JySop  Iouue] ‘W) 98y Apms  Apmig oyny

42



CHAPTER 1

(23pd 1x2u 1o panunuod)

1 s1eak-z ur wnsoqfed sndiod ‘suoneipel
Jlweey) Joudjue  ‘Inaidsey  [ejdoode

-0JUOIJ-I0LIdJUI AU} UL /] *| aurjaseq 1e [INg A (9°2)
. sisAjeue 9 4-s1/vd ; ; : (12103 [82]
I ot g psowprp  FHA g (ED S0 S6IL Ty e g e
uares  urgpum D (T aolewjtouru -aouMm [BOI07) + TN | €0 IV ZING <1 qjuow oL ISTEUSHEY
sdaaaoj ‘snnamse) jeurpmisuo] Jorddns : BINPNIS TV
‘winsoed sndaod Ay jo vy (T snaAS
[EJUOI} J[PPIW [EI)SOX JY) UT SSAWYIIY)
[eoNI0D ‘| 2oudIjUNOID ISleM ‘| [N
T 910d [eaodwd) ¢T snaAS [ejuody . — e
sopsadns 1 snakS pejuoxy Jppru eysos =___E SSowpPI TN o o e e ! ”:w . [£2] 020z
“t snad3 peyuoay Jouyur ‘T Y40 ‘| 1NY s [BO10))  BINJONAS : ‘& 19 ueUOYy
ok doyMm 00LT
: PUODaS puE JUI[ASEq 1Y
1 910d [eaodwa) ‘T sna3 eaodwa) sisA[eue — LN 66 $9°8I Mwww (12101 l9z] 0Z07
Jor1djur/roriddns 7 snaAs jeyuoay sor1adns ureiq _mo:\aU IoNNg 4 IV S INE c-1 yuow ur) 'S [ 13 Juamme |
‘T snuAS [ejuoay Ippiu [eaysod ‘T ajod -9l0y M. : LA g 061¢€
jesuoay ° sprenBuery sied ‘1 540 L INE g
 Resso ssauyoIy) M..wm_v
€U0} J[PPIW ‘| 2I00S-Z IAE] UT SISLAIoUl Eu_:.o * (Card) mesod  (poy
:dn-mojjoy 1eak-| siskjeue STNOA NN . 1 :[esod e ‘L) N [sz] €Tot
104 opEm  eans (Coeo ﬁ 61 97ZI1 ‘232 [[eH
1 X21.102 [¥JU01J0}1q10 [e1)e] ‘T SNIAS o e aid ZpNg e axd
[eIUOI} J[PpPIW /IOLIdJUI ‘| 2100S-Z [INE O .ﬁ___EoE
(asm
o, JINg /21008 aFuer a3uer
(oreway 2100 [INY JON) o3e d
spoyow Kyepow %) /ING ZING  2Bess Adas [dwes uSisap
SOWO02INO0 UIBJA sIskjeuy soIapy  Swidew] 1opuan)  smeis ySrop  Jouue] ‘) 98y Apmig  Apmig Joyiny

43



CHAPTER 1

(28vd 1xau uo panuijuos)

1)
SSUDIN)
21095-Z [INH _mavut%o r) §T 90) (o
pUE UONOUNJ dANNIIXD UIIMIDG UOTIBIDOSSE sisA[eue Lo RN T 6'1 ‘e asod 1180d : ar) . [z€] €202
ISIDAUL 3}  PpaRIpAW  SNJAS  [ejU0I} 10 \.6 rE BINONNS 8 ool (8°0) _.mo : s ‘1B 32 qIyes
JIPPIW JO SSIUNDIY) [BOTI0D PUE SWINJOA Y], MED qre axd :zpAg ET AV t0LTl
a1
| snaA3 [ejq.ao-ojuoay
Jorddns 1onew A213 ‘| xopur ssew ued|
‘ ¢ + Hogal sisA[eue oumoa ) (w0 [1€]
[erored ‘| winjPgasd ‘| snik3 [ejqio : Ionew DI T (L°€) . :. [ L .
-ojuoly Jppiw ‘| snIA3 [eipaw-ojuoly iy K213 eamonng o L9T IV {TINE SN ﬁo_ ut) SO 020C 18 13
aorddns ‘| snad8 [ejuoay aowadns | -IlOUM JONYM v 001 O2TeA[-BIOBIL)
udweind 1opEWw NIYM © | Xopul SSEW ued]
SHO/MO Y UdIpiyy
(0z'0)
9811
1 emsuy oo} o Ammmﬁ
‘1 anqoy eyduied dorrddns ‘T snaundaad sis[eue JwnjoA el cw m_Ov _.N 0 Z0€1
‘1 sk [enuadsod ‘T sniAS  [enuadaxd urerq  /SsauydIyl RN ]S ) m.o 0 SN vr6ll MO ‘SO [o€]
‘ ' ) eInponng £8°0C ‘MO MO . £20T 1B M)
AU} Ul SWN[OA [BO10D ‘T snaAS [endur T -210Y M [BO1)10)) “20°0) £L°91 “01°0) ‘6SLS §
D40 [BINE] 3Y) UL SSIUHOIY) [BINI0D “| [INE] e AT TN W 6311 IMH)
‘AH 818
JIUON
T ya0A32u
[01JU0D JADNIAIXD ‘T NIOMIIU  IDUII[ES
‘T jdom)ou uopuane [esiop ‘T yIompdu -8 (L6'0) SL'1 90 '€
apow jnejap ur FuLIDISN[D ‘SSIUPJIIUUOD sisA[eue i AU {0+0) g (1101 lez]
‘oudiisarl ‘Aousrorge  [eorfojodoy ‘O uielq / | + TN T rds 99°0 ‘MO -1 0'oct ur) 'S ) 6C] £20T
- a : : /8SauWyOIY) T . uow : [® 10 syoo1g
T $9913.100 [e31d1290 [RAI)E] -9l0yM 2110 eimonng (LS°0) 9F°0 : ey
‘T D40 [e1)e] /eIpawl ‘T X2310) djen3ur s - IMH ZINF TV
JoLdjue ‘7 snaAS jejuoay ppru Lrordng
“HO/MO Yim udapiyn
(as - 'w
oL [INE] /21008 d3uel ofuel
(s[eway 202 [INY /N o5e 9
spoyjaw Arepow %) /UNG ZINF  98e1s Ags  dues  uSisop
SAW0INO UIBIA sisA[euy soPN  Suidew]  Japuany ismers ySropy  Jouue] ‘W) o8y Apms  Apmig Joyny

44



CHAPTER 1

(28vd 1x2U 2Y] UO PaNULILOD)

| 1eak duo 1280 i (92°0) ¥0°C 9O 90 Aw% [L€]
ure3 Aysodipe °| epepdiwe/snwereyrod Ay mihwm uonexe[) ezww_ﬁm_ Ly (Lo LeT g ° o%% ‘MO ST 120T 181
"0 10U INg ‘MO YA UIP[IYD L "MH “ZNd 66 ‘MO 1400 1jouqhemas
8¢£C
(g0
l siskjeup o NIN I O1°T) (D /MO [9¢]
snweeyjodAy [eseqoipaw ‘| 210s-Z [N . 10Y S BINONIS 19 SL'0 NV ZIINg SN 8¢l 1 §9 Lehe 142
) L il v ‘MH 1ypLgheMag
00) 1¢
Lo
s 6Tl (g0
| snwepeyyodiy stsAjeue s NN €oreEae (0] |§ (- fer}
g0 YA UBIpIY) 0¥ uonexeal eI 8Y (8°0) S'N “17) ‘AMH SO 610C T8
’ ' L ¥'0 ‘MH “ZINd cel z) €T 1xpughemag
‘MH
| uonen3ar uonows pue s — 4D
uoniugos 19pio 1oySIy ur paAjoAur suoigal Al ! RN T (9¢) : _. ; ([e101 . [sel6l0T T®
Jo owmnjoa ‘| Suipsapsearq paduojord L, S rINONIS 8¢ L9T 1V :INE SN 0ot ur) 96 §9 19 BLI[)-SI[0S
‘L pSuap yug ﬁ:m. wsm g 1ysiy -loum ARIE v . .
| sna143 jerodway sorradns | urajord .
aAnoedl-) il snidd  erodwdy dpppru i IR AN e .. :. D (s . ) [vel 6102
i ‘ ureiq aWnjoA (84 D S'N 001 ur) SO [B 39 neuay
1 1199 poojq a1ym ¢| sna4S [ejuoay JoLjul e rINONNS L'9Z IV ‘INg . : RS
‘| n-10108] s1so10au Jown | g-upynapur i T UM v Lol PSRy,
SNIAS [ejuoay dortadns | uioord aanoeal-))
(€L0)
| snoundaad ¢| snik3 sisk[eue (17°¢) 7791 (g0
rendpdo [eaaje| | snaA3 enuansodpad R e UL RIN | nie:do .. g0 81 . [egl 8102
‘L snIA3 [eaodwd) aorddns ‘| snaA3 st 4 [eonIo)  eInONNS 05 (0L 1) 8E°1T SN (1L ‘MH s ‘[e 12 Jnes
[eyuody aorddns ©| B} [RUILOPQE [BIAISIA 1°9m MH STNE 1891 92 ¥
‘MH
(asw
o IINE /21008 aFuel a3uel
(oreudy oo ITNd /() o3e 2
spoyjaw Ajepow %) /NG ZINg ~ 98es Aas (dwes uSisap
SOWOINO UIRN sIsA[euy soop  SwiSewy] 1opueny  smels ySopy  Jduue] ‘) 98y Apmis  Apmig loyiny

45



CHAPTER 1

(23nd 1xau ay) uo panunuod)

01
sonsIeIS (89°¢) ° oﬁmmw
SYI0MJAU UIBIq P 99°¢T 40O -+
O} Ul SUODBIOYE UM PIIBIDOSSE JOU SBM postq “61°1) .o 01 (50
-jiomisu  ySudns o = ‘MH .
UONUDAIIUIL  [RIOIARYDQ  Juauodwodn|njy €6'91 :MH 1sod 81 _ [zv]l 6107 18
¢l 29y N ‘a3epned pue udwend pue - pajoautios La = H{S ) L ysod ‘MH ST ufmsnSny
: goeoxdde  yiomjoN — (oD h
uoamIaq  (ISuans  PajoAUU0d  [RINONNS S . $9°1€ 'O 6 60 70 0F
O Y uaIpiy) "ydei3 (sr _m §8°91 1)
MH oxd :
MH INg 96 : Bﬂ_
al
1 2ouajaduwioo sisk[eue €0°1 MN.@ m._w w.oﬁ.oM.__mW 8% [1+] 810 ®
1ojow T dpunpad Ie[[PqaId Joadng "0 Vi 1La e werposor SN D wmH 52 joufsndny
SO YIm uIp[IY) o 5 )
‘MH ‘INg $6:MH SOt
| ejeIpRa BUOI0D S (60) (4o
Jopadns ¢|  snnanse)  [e3diddo-0juod) w_mw___ﬂm 1La+ (v m;wm,ﬁ.mov T & %i: (o) e A [ot]
Jordnsztondyur oy jo ped Ioudsod 149 vd 2ImPNNg 0s . ..o_ SN (L0) ‘MH §9 S10Z [®1RP N0
L . 210Uy A\ 8°C1 ‘MH ‘INd !
HO Y udIp[iy) 86 °MH Tl)¥T
aumjo,
awnjoA eduresoddiy siskeue. 4 ur\_/_ AN | (Lo 481 (ol loz] ozoz
pue 2100s-Z []N] U2amiaq diysuonepar ou : : €¢ e ‘S'N LOST ur) SO :
1 sndwesoddiy [OY uonexe[dr  eINJAINING S0 IV ‘ZIINg Y 201 [€ 12 21Sa]N
ay) ur Aysudul [eusis 7] ‘| a109s-z [NY (&
(as w
2%IINE /21008 aFuel o3uel
(drewdy s INg /() age 2
spoyow Lijepow %)  /ING/ZING ~ 93es Aas dwes uSisap
SAWOIINO UIBJA] sisAjeuy SoR  SuiSewy 1opudn)  smiels jysap Jouue] ‘) o8y Apmg  Apmg loyiny

46



CHAPTER 1

"UONRIAJP pIRpUR)S = (]S
‘uorsnyyIp J1donost PIZI[BULIOU PAIILNSAI = [N} UOISNJIP [BUOTIDAIP PIZI[BULIOU PAJILISAI = (N ‘Surdeun wnnoads nonowsal = [SY £1SAIJUT JO U0I32I ([ $1S2IUI JO
uoI3al = [OY AT 21eIS Sunsal = RYJAF-ST {X21109 [eIU0y [e1qI0 = DJO A115290 = O SIRMIA0 = A\ {SUIQUINIJE SNA[INU = IIYN ‘pai1oads 10u = "N SAIAISNJIp
UBAW = (N ‘SuISew 20ULUOSAI JNAUTeW = [ ‘Apms [eurpmiSuo] =S T ydam Aieay = MH ‘Adonosiue [euonoel) = v (A [BUOBIUN] = AT ‘UedW = JA ‘Suidew!
J0SUR} UOISIYIP = [ ‘APMUS [BUONIIS-SSOI ='§7)) *2I00S-Z [INF = Z[JNg *Xopul ssew Apoq = [IN§] ‘SOLIW PISLIIIP SUBSW , T, SILIIW PIseAIdUT sugawl , |, 2I0N

AN%M (+0)
-0 vyl (dO
sisApeue (€0)696 90 (.0 40 /MO
T snnorsey ’ (#0) 006 :MO ) (o8 9 . [s¥] 910z
: utelq Vi [Ld 154 e CE a ¢ S0 .
[eupmiuoy Joujuidotddns | NG BT ®D68s . Mo EUEMO - MH [€ 12 UQdIBlY
MH%INE Loy (000 88)
¢ rl (43!
‘MH MH
Jolew sdadaoy ‘suonerpe.
JIuE[eYy) I0LIAUR ‘SN[NIDSE) [euIpnyIsuo] ’ . (8) 611 (1o
JoLIOJU ) JO UONEIMEW AW pue ki 1La o0 oo D powmw) g0 o Y]
SnIe)S  JIWOUO0JI0II0S PIOYISNOY UIIMIOq ANY-ISY v0 -1V -ZINg TV 788 XAUALE RS
sdiysuonejar 2anesau  saeipaw  A)1s2qQ
T uonerpea )
s sIsA[eue or1°71)
drwejey) Jorrddns  pue  [eurdsodniod : (r9¢)8s9T .. i (o [ev] TzOT TR
‘T wnn3um jo yed snad3 aensurd 2y ul & Mmﬁn AWV La 6¢ 1V INE SN m@ 01 ur) 86 SO 19 BLI)-SI[0S
N ‘. snpnatse} [e3drado-ojuoly IoLdjul 1°UM v
o) ur W ‘| YMIQ JB 9JUQIJWINIID PBAH
(as ‘m)
o4 [INF /21008 d3uel aSuel
(o[eway 3102 [INY AN age 2
sporaw Ajepow %) /ING ZING 2518 Aas [dwes uSisap
SOUWI02INO UTEJA sIsAJeuy somepy  SuiSew] Jopuon  ismejs Siopy  Jouue] ‘) 98y Apmig  Apms Joqiny

47



(28pd JxoU 1O panuiuod)

(L8°0)
40 18128 3Y) pue Jdd (1s'n 9911 (g0 los]
[BIP2WOIIUIA I} PUE SNIAT sisAjeue Jels 08°L6 :dO - B2(0) ‘ s i
[£)U0) [PPIW O} UMIAG D] | 10¥ Sunsoy Edi % (epoDeets SN (wp 9 %% b w_mwm__m
HHO P udIpiy) ‘MH %INg €Tl
‘MH
D0d 2y pue sniss eaodway (o1
dppIW oY) udMIdG O T DDV siskjeue (¥8°€) L9b1: (g0 l6v]
U} pue gpnsul ay) usamiaq 4 urelq aes A 19 97'6T ' dO/MO ‘SN q40/MO /MO ) 910T e
T {240 2y pue snu43 jerodwd)y -9[0yM Sunsay (6€7) 80T (81 09 ‘MH 1 zadoT]
APpIw 2y usdaMIaq D | /10d ‘MH ‘TNY [1S1 SS)SII -OUaIoN
HO/MO UNM SJUIISI[OPY ‘MH
1IAS [enuadysod
/Tenuadaad ‘peyuoayaad (8.1
JIPPIW ‘WN[[3GAIAI 3Y) pue (86°¢) rOPl (g0 (8]
snwepeyrodAy oy uoomiaq D T sisA[eue e)s 86't6 :HO/MO s q0/MO /MO e 610T T8
1X23.10) [eaodwd) A pprw ‘gnsur 103 Supsay LAt 9 sevo) seTs SN g Rl $9 pzong
JOLIIUE ‘SA ‘DO Y pue ‘MH %INg 6TST 15 H01 -UnJeN
snwepeyodAy oy usamiaq D4 | ‘MH
SHO/MO YNM SIUDISI[OPY
Jgepned ) ?o. 0)
pue sndwedoddiy oy3 usamiaq (2€°0) 90°Z : wm L4
ay) pue DO [BIpIW sisk[eue aels s o i /MO .. .
oy} udaamiaq D1 T apaqn) 109 Sunsoy L € 2B 10 SN PIPL o am 85I 19
¢ . (190 +1°0 MO Z1MoI0g
K10paejjo ‘winpiped snqo|3 MH ZINg “Go'T) 88) 91
Y1 puB )40 [BIPAW I UIIMIAQ R . YTPT
04 1 ] Asaqo judasajopy MH
(as ‘M) % 1Ng~ 238uel a3uel
IR (oreway /21095 2[02 [N /(W) ofe
spoysu - alojaq Aepow %) /ING ZING  95es Ads ozis  usIsop
SAWOIINO UIB[A] sisleuy Sunseq  wdipereq  SwiSew)  aopudany smyeys  ySapy  Jouuep ‘) oFy opdweg Apmg loymny

48

CHAPTER 1

*JYSIIM SSIIXD [)IM SHUIISI[OPE PUE UIP[IYD UL SAPMIS [IAJ Jo uondiidsa(y
¢9lqe]L



CHAPTER 1

(28vd j1xau uo panunuos)

| suordaa paemar-uoneanow

ay) ur uoneanae ¢| undo ) . Qh.. D
spalqns Iy siskjeue Ry yse) L wE0 Ty 6951 (g [95] 102
:| suoydaa drquuyy ureq Joud  anod pooy 1A gg SLCHOME  BY  HO ortwm gD 819
-[B)eLS dY) Ul (POOJUOU 'SA) oYM ygoeq [ensiA : oy .9 A A .@m. 2 S o Jjoqansef
pooj au0[ed-y3Iy 0} asuodsay] “MH -ZINd “MH .m S1
SO YNm SIU2ISI[OPY "MH
[eaw
sasuodsal 1591
urpaayd [ewtou aydsap | eynsui e Iaye (80)
‘| vaae pyuaWSI) [RIJUIA/RITIU sisA[eue AN . . v ol
MREIAINE ST | iy P oo MMM I 194 o wo.mmw ‘SN s 123 Akmm ‘§D o_owm.ﬂ
Sa ‘L SA L DJO [epaw ayy uy -104M TIN BNSI . o (6'0) ~ W0
(s102[qo "sA) NS pooj dLI0[Ed J10Y Joud [ENSIA 9% -MH -%INg ol oL 12 hod
-y31y 0) [eaw-isod uoneANIY y¢ied ‘MH
O Pia UaIpyy TING
18]
SNIAS aen3ue
X23.102 a0jowr Arewnid oy pue
snduedoddyy ay) usamiaq D 1
m__m__ww .__.w_m.ﬁ._“__w_w AppIw ) pue srskTeus p— o . (¥ [ 1) @ma .?a Te0t
1Y 243 usamiaq o Sunsa RIS 8¢ GRS S'N 10°01 ur) SO e
| ¢| Surpaspsealq ‘wnppgaId 104 Hs3d L9t v INd v 196 -s110§
‘LIAS [enyuadysod/oad
ap pue sndwedoddiy
ayy usamiaq D | *L 1ySrom yuig
- (g0
.ty B e sumey TN 0 oo BD gy 60 LB _Now_.m
:0/MO YA UIP[IYD 0 =l B S0 SN oY 1) 10 [ofng
0€¢
(as ‘m) % INg  oFuel aguel
NG (opewidy /21098 2102 [NEH JIN) a5e
spoylowr  210J3q Kjiepow %) /ING /ZINg ~ 98e1s Aas oz1s  udisap
SAWOINO UIRA sisAleuy  Sunse] wdipeied  Suifew] 1opudny smels  yIwpy  Jouue] ‘) 98y opdwesg  Apmis Joyny

49



CHAPTER 1

(28pd 1xau U0 panuiuod)

50

(00'1)
| sndwesoddpy L 8001 (g0 [s1]
9l U 9)5€) 03 UONEBANDY -~ “Om paieg Sunse|, RIS or ,%M_WN_ hmna_v SN Ao.mm._w 71 ‘MH pe) L10T T&
b 1M UIP[I . ’ 19 2189
€O Yim udIpIy) MH TAE gco] VST W
‘MH
DoV ysel
‘| snJAS [ejuOLy JOLIJUIPIPPIW  SISA[RUR 03-ou/03 (09%) (©51) (g0 [09]
21} Ul 5and pooy 0 urelq oy1oads e 8L°€6 ‘dO/MO S . /MO s :
asuodsar uteiq *| uonowmsardaa[g  -ajoym L pooj L L (rSvT) SSHS Ll oa.__ma_\ €T 'MH e H% ”_.WM:MW
‘MO /10 ‘uonoLysal ‘MH “%INd . 620) TS
jou Ing ‘M N YIM SJUDISI[OPY doalg
| sn143 ppuidavweadns amsodxa ’ Am.._l..e
¢ | snJIAS uiojisny sisAJeue A [eroJawiod 0016 m%ww\,mov m%\w%O. \MW [6s] 610T
¢ | D40 2y ut ynwms pooy urelq Joud Koypooy RN 123 00°81) 00'SH ‘SN 89°0) 91 ‘MH ‘SO eru
auofea-y3iy o3 asuodsar urerq  ~2IOUM ERELE laye ysel AH %NS v8L SO 1 OsINSeN
. and pooj &
JYSrom $S20X2 YIIM UIP[IYD MH
sa1391ens [esieiddeas
QARIUTOD YIM 1[nLuns pooy yser ana
Suumnp + snaundaad © 1 xa3100 siskjeue YA} PooJ [ensIA ©1'¢) |1°1) (o1 [85]
en3ump aotd)sod © | X3).100 urelq Joudy 4+ sardarens I 9 6'L7 1V INE SN el ur) 1z kojre) £10T 1
[eyuoaad [eadjeonudA | -ooypm  sieg  [esteaddear v ; 19 Wnyo A
snIAS [ejuoay appprw/toradns RS0
A} Ul UOIIBATIOY
(pooj-uou "sA)
pooj auofes ysiy 03 T wingnasado
spuejol T wnnasado [eyuo.ly EM__HM _M__\M - ww% I [ (VA9 Tl (rn (Mo s <l :..m
‘T emsul °t D40 ‘T 2OV o ooqM Y £ 1ed S \.,,_ an WOl Gez:mona Mo 66:m0  TDTI it %_M@c
ur UOnBAIOR ‘| AJIAIISUDS UInsu| 1o4 4 [enst
‘MO Pim sHID
(as ‘) % INg  28uel a3uel
R4 (sreway o008 2100 INE /(N) a3e
spoypewr - alojeq Aepow %) /IN€ ZINg  oFers Ads azis  udisap

SaWOANO UIRA] sisAjleuy  Junsej wdipeied  SuiSew]  Iopusn smels  ySiop  Jouue] ‘) 28y opdweg Apmig loyiny




CHAPTER 1

(280d jxau U0 panuiluod)
(pooy urerd

; (99'1)
sA) pooj Suiznadde Suisooyd . Y
Suump ‘| DAd [e1IB[0UIA  SISA[euB 1| - 6862 .m%\_ﬂ w m\% wp_o \Memf_m wSWm@M
‘0d4diIp ‘D0VPp ‘sndwededdry  ureiq oud T RN g 3 e , '§O ;
‘g ‘ . 3 pooq (LoD 9g'1T (€91 8¢ ‘MH 12 B[lIped
[nsul ‘wnpified snqo[d  -ojoyp\ Y ¢-[ 1eg T : ) Pl
‘3,10 “WNJELS 2} UT UOHBANDY ‘MH -INd w.m 91  6¢)LL N
F10/MO 1M SIUISI[0PY i
I3)e] JBak-3u0 ures Jysram -
paoIpa1d DO Ay Ul UONBATOY .
sand pooj Suiznadde  sisAeue EH\M FHORGN (S%) . Go. 0) (1210 . ?.E
0} TOLUANE 3 lou uonuane [dNG 001 AR SN 9¢l ST T110T'Te
I Jo uonedo[[eal suLInp 10Y TPTCNV [ ING : u) 6¢
c 4 9-¥ieq oytoads v 19 WNHOA
} winpnasado [ejuoayensug e
JOLIAJUE ) UT UoeANIE ‘| [INF pood
(¥8
1 SA | x33100 e n3up (87 0SHI:
JOLID)UE [B1UIA *|X2)10 [ejuoy m_mm___”m W%WM Sunse 0°LT :d0/MO ony dO/MO H.BO T ﬁm.c_w
[eIpaW 2y} ul JIsE) 0 asuodsay . 4 o nse|, RN 001 “0°7) SN “(£6°0) 8 %E §O Em%ﬂmo_
‘HO/MO P SJU0S[0PY I e €07 ‘MH ‘INg 9¥I oL} 88 T
‘MH
SN2 POOJ [BNSIA J0J SAIUAIIIFIP OU
:| 9ren3um tor13ysod pue e A—— oo - ( [z9]
| snoundaad ¢| sniAg aemsue | :__E WMWM oﬁw_ Mzm; 56788 .@O - i ,30 . m.wa
snuAS [enusdaxd ¢ wnpnasado s q ot p w m_ o 1A <L U -€L SN 89 8 MH SO %wwmo_
| egnsu oy u 2158} 0} asuodsay 10UM 4 9-71ed nse], S 'MH *%INd 01) 81 12 uoyog
‘MO JIM UIP[IYD
1x91100  sisAjeue (5'0) 896 : . A.m 0) ( [19]
[ejuoy [uipow ‘wnsur ‘elepSiwe  weiq o phe i TR b AT
muosmosuodny opyy TS TRy MEO6E SN0 oUAH s e
O g uaIpy)y /109 R H
(s ‘W) % IINF~ 25uel Jguel
spopow T (arewdy /21008 2109 [N JON) a5e
s a10J2q Aypepow %) /ING ZINg  23els 1 Aas ozis  udIsap
SOWONO UIB]y  ISA[BUY Sunseq wdipered  SwiSew] ISpudn) SmEIS  SIAW  ouue] ‘W) 8y opdweg  Apmg oyny

51



CHAPTER 1

(a50d 1x2u UO panunu03)

, laaye wak-ouo m.mmmﬂ.u:_ 1nNg sisk[eus [BIOI2UIWOD <) B :..: (210} B W.E
(JeroIawitiod pooj-uou "sA) pooy 0¥ LS pooy RN LS 697 11V \TINEL S'N 49! ur) op ST  vIoT'Te
0} WIN)ELIS Y] UT UONBATIOY -uou/poo ] A v : 19 WNYOA
| A1oe10qe]  sisAjeue |BIDI2WILLOD _
Ay ur Sunes ‘S[BIdIAWWOD POO) ureiq . pooj . . . i (120 . 1Ll @Mow
isej Sunmp | sndwedoddry | -ajoym SN -uou/pooj W SN SN SN 91t un) 141 §D - ,mmuy
JJepned ‘| YN Y} Ul UONBALDY /10 188,] HIRERRD
[ XM sk (L'1) 6'86 O (€T1) (g0 loc]
[eyuoggaad JoLyuipppln . U 030] pooy ef 1 - : ‘ o T8
a1y ur 5050] PO0} 03 UOHRALOY o Q9 T TN P00 A SS . .A..Ql 61) S'N mm I 0l WSI SO Hmu_ %uw.ﬁ_
€0 M UIPIYD) [oUM 0S ‘MH %INd AV 01)oT dq
SNJIAS  sisA[eue BIDIDWIIOD )
‘ o . £ (Sraal J1 - ®0 (mo L69]
[enuadsod ‘uaweind ‘epnsur oy urelq Lz pooy JR:1N 8F ks S'N 9! SO vlOT e
PAILAIIIE [BIDIDWIWIOD NULIP JOS  -3[OUYM -uou/pooy] IV =%INd MV ) 62 12 1331ng
[BIOIWIWIOD POOJ 0] | $39110d  SisA[eue (15°2) . (g0
10)0uI-£10SUISO)RWOS I1JIIAds ureiq _W%Mm __m_EuEMMMH . pe 07°€E ' 9O/MO N mqmw_w /MO — [89] Jw@%
-ynow °| ensul | DO AP -9JOYM 8 -uow/poo o (0T sroT . 81 ‘MH ot
uruoneAnoe ‘| ey Apoqjousdnag /10y oo # MH :TNE LA FY e
suoIs1oap Ajanoe [eaisAyd uumnp yse)
1 snuaA3 [eaodwo) Joriddns  sisAjeue uoIsIdap (£6°0)
I ! IST ’ ; o
pue ‘T X310 a0jou ‘T X32.10d ureiq L4 Ayanoe LA 0 Am.m mm.w_wo 1L SN 88°¢l EME X SO F%momwwm
[eIU0I} JOLIJJUI AU} UI SUONBATIOY  -9[OUM TeotsAyd TV %INg v DIV I "1
HO/MO YN S$JUdISI[OPY PUE poo,
Ieak 1ad ued
1S1om 103213 pajorpaid suordar . . _
Teuonuane dy) ur asuodsar Y31 sisAjeur _M% sk} 2101 . 1< (#0'1) 870 IV Aaw%mv Awm_ w (1210 — 99] mew
201042 pooj SuLmp T D4dIP oy} 10 4z H.um_ poodq v 121095 2103 JNH 1V v un) 11 109 UA
ul uoneAnde *| [Ng Pm’ a8y . )
'SJUQDSI[OPE PUE UAIP[IYD)
(as ‘M) % IINg~~ 95uel o3uelr
Y (orewdy 21005 00 [NE /(N) oge
spoyjawt 210J9q Ayjepowt %) /ING /ZING  25ms 1 /Aas azis  uSisop
SOWIOINO UIR  SISA[BUY Sunseq wipeied  SwiSew] apuan smeis  ySopy duue] ‘W) o8y odweg  Apmig loymy

52



(aspd 1x2u uo panunuod)

(€0'7)
1 PICl: (g0 m
Sunes [ewa)xa ‘7 Suned paurensar  siskjeue . JySB) SuIen) 0F'6T :dO/MO ..., dO/MO /MO —
T Ananisuas aandasosayuy 10Y b -Kysry L B wroue SN oD zzMH w_.ww_r
‘| eqnsui ay) ur uoneLANIY €661 TOPS
‘MH
Yorqpaay (1e'n
juawysiund "sa premar Suump ¢| 6Cvl
wn([3¢a.433 ¢ sndwesoddiyeaed 40 ( [o]
‘| snweeyy ¢ snaA3  siskjeue (L9 0 o.\.
' - Se) suted) o . /MO ez e
[BJUO.L 10LIJUL Y} UI UOLEANOE urelq S'N AN 0S SN LOYI ‘
So01040  -d[0YM -Kysry ‘MO 9¢ ‘MH 1o 001y
ayes “sA Aysu Suunp *| ureaqprw 08610z (91 s PR
‘1 epnsur 2y} ur UONEBANDY 88°¢l
'HO/MO YNM SIUISI[OPY ‘MH
(rn :
sme)s Jydrom b ® (zn
Jojuapuadapur ‘| Sunearono  siskjeue e i gl v'6: (80 [sc]
LosdEpw g0l weq  yguwpy Ny b SEEUR0 OB ygneg R0 810 0
h : ' -p1ed (8°0) 8T ‘MH
elep3Awe oy ur spiemal (Aouow  -9JoyM i e 3 W) ) 12 38IpY
sA) po0} 0} asuodsal urelg PaIpoN ‘MH %INg \NL 'S MH 1€) 65
(rn @n
snjeis Jys1om Jo - sisAjeue yse) 6'1:d 6 €:(0) ™
ssapiedal ¢| wnjeLns ay) ul (pooy urelq . Suissan3 SP6 :dO/MO  O/MO : /MO .
*SA) Aduow Sutuuim 01 asuodsay  -3joym 1¢ W -p1ed R b (8°0) mO.ﬁ»W 1€ ‘MH M_%mmﬁﬂ
URIP[IYO [TV 109 PayIpoON ‘MH %INE 91 .. 0€) 19 '
MH L'8 ‘MH
§orqPad) pIEMAl [BIDUDT jyse) Kejaq . . (se'1) [eL]
fuump 1 suoips Cxosuasoremos T onmuoon g o (BBOEEE) o gogp MO 810 0
‘ 104 : u) 89
ay) ur uoneanae ‘| Ansodipy K1ejouoy v 12 SBABN
(s ‘) % INg  25uel J5UEl
spoylaw N (9rewdy /21008 310D [INY J(N) age
S 210J2q Anjepow %) a8esa Aas ozZ1s
SawooIno urely  IsAjeuy Sunsey wdipered  Suidew]  Idpuan) auue] ‘W) o3y  9qdweg loyiny

CHAPTER 1

53



CHAPTER 1

"WNJBLNS [BIUIA = S A ‘UONBIAID PIEPURIS = (IS ‘TYIAJ 2181S Sunsar = NAJ-SI S1sa1)ut Jo uordar :;JOy $xo1100 ajendur Joudisod = HDd ixau00 [puonard = Hid
£X21102 [BIUOHONQI0 = DO ANS90 = gO YS12MIA0 = A SUQUINDIE SNA[INU = 20yN ‘panj1dads jou = *g'N ‘SurSewn aoueuosal opsufewt = [N ‘uesw = |y Apnis
eurpmiduo] =" T ysrom Ayeay = MH ‘Adonosiue [euonoel) = v ‘AIAIOULO0D [RUOnIUNY = O] TN [BUONOUNS = [YIAJ ‘X110 [ejuodjald [erajejosiop = D[P
SWNJRLS [BSIOP = S(] SAPNIS [BUONDIS-SS0ID ='§™) 12100S-Z [INF = Z[JN{ ‘Xapul ssew £poq = [JAg XoH02 ajenSuld Jouaue = D)D)y ‘AHANIUUOD [BUOHIUNY PISBIIIIP

10 swidtpered Jud1d}J1p SULINP UOBATIOR PISEIINAP suBdW , 1, (AJIANOIUUOD [RUONOUN] PAsEAIdU! 10 swSipeied JuaIdIp SULIND UOHBANOR PISEIIOUL SUBdW |, "JJON

| vondumnsuoo

aLI0[ed ¢| YorqPagy [B100S aAnESaU yse)
suLnp DV ay) UruonEAIY Kjeue uondnput D) LSHE (oD (10} l6L]
“uonen[eAd [e1o0s Juunp 0¥ Uy ssans [eloos NS 001 IV %A ‘SN 8¥91 ur) zp ‘§O TeoT e
| sndwesoddry ‘| vowreynd ‘uoneatdap o v : 19 udsuaf
oy ur uoneanae ‘| paardop dag|g dagg
:uoneaudap
doafs yum safewd) JUIISA[OPE MO
. (owe3 (88°1)
SI9JJ0 (118} "SA) . i
IIBJUN JNOQE SUOISIOAP Futmp °T - siskjeue EEmEMMMW 11762 m%w\waw m_wwtma_o. \MMW S _cwm..n.m
ureaqprua ‘T snwepey) ‘T gnsut ure S : ‘S’ ‘S
E....e_“_«f uw< ok, ‘T ensur | ureiq S'N Suppew RN 19 dqeposor SN 40D oe‘MH 5P  wmomn
) et M ~UOISI3ap "MH ‘TNd sl 1) 08 -ofapiap
HO/MO PIM SIU0SI[0PY _.E.oom MH ’
(as ‘M) % IINg~ 25uer afuer
spoyjow A (oewiay  por00saod NG /(W) a5e
E al0j2q Aypepows %) /INE ZINE  28eis 1 Aas azis  ugisap
SAWI0NNO UIBY  ISA[eUY Sunse, wdipered  Suifew Iopudan) smels  JySop duuel ‘W) o8y odwes  Apmg Joyny

54



CHAPTER 1

Supplementary Text

Search terms for PubMed were as follows: ((neuroimaging [MeSH]) OR
magnetic resonance imaging [MeSH)]) OR (diffusion tensor imaging [MeSH]) OR
neuroimaging [TW]) OR (magnetic resonance imaging [TW]) OR (fMRI [TW]) OR

resting state [TW]) OR (functional connectivity [TW]) OR (structure [TW]) OR
structural [TW]) OR (volume [TW]) OR (diffusion tensor imaging [TW]) OR (DTI
[TW]) OR (Arterial Spin Labeling [TW]) OR (ASL [TW])) AND ((child [MeSH]) OR
(adolescent [MeSH]) OR (child [TW]) OR (children [TW]) OR (adolescent [TW]))
AND ((obesity [MeSH]) OR (obesity [TW]) OR (obese [TW])). Search terms for

(
(
(functional MRI [TW]) OR (functional magnetic resonance imaging [TW]) OR
(
(

Web of science were as follows: (((((((TS=(neuroimaging)) OR TS=(magnetic
resonance imaging)) OR TS=(fMRI)) OR TS=(resting state)) OR TS=(functional
connectivity)) OR TS=(structure)) OR TS=(volume)) AND ((((TS=(children and
obesity)) OR TS=(adolescent and obesity)) OR TS=(children and obese)) OR
TS=(adolescent and obese)). Additional potential studies were searched in the

reference sections of eligible articles.
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Records identified through
database searching
Pubmed (n=3336)

Web of Science (n=5814)

Additional records identified
through other sources

J [ ldentiﬁcation}

Screening

[]ncluded} [ Eligibility J [

Supplementary Figure 1

Records after duplicates removed
(n=7776)

¥

Record screened

(n=7776)

Full-text articles assessed for
eligibility
(n=167)

Records excluded by title and
abstract
(n=7609)

¥

Studies included in review
(n=97)

Flow chart of study selection process.

Full-text articles excluded:
Sample included adults (n=43)
Only normal weight sample (n=17)
Same study population (n=2)
No measurement of obese group
(n=1)

Data of interest was not reported
(n=4)

Sample includes Type 2 diabetes
(=1)

Unclear sample BMI (n=2)

Activation in intervention

Between-network synchrony: l
DMN, ECN and motor network v [111]

Weight-loss Volume: e
int i Cerebellar cortex responders:
program intervention Total grey matter | [116] Putamen (117, 113)
Insula
Activation:
Hippocampus
Eating behavioral Amrg;ia'a
. Cingulate
strategies Activation: Parahippocampus
Putamen Insula
[115] Fusiform cortex v dIpFC [114]
Volume:
Hippocampus — [107]
FA: pp P
Fronto-parietal fiber tracts
. Fronto-temporal fiber tracts | [108 109]
Exercise Activation:
Precentral gyrus, posterior parietal cortex, precuneus i
Anterior cingulate cortex, dIPFC, insula T [110, 112]

—

7 8 9

Supplementary Figure 2

10

11 12 13
Mean Age [years]

14

15

16 17 18

Brain changes after diverse interventions in children and adolescents with excess weight.
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FA = fractional anisotropy; ECN = executive control network; DMN = default mode
network; dIPFC = dorsolateral prefrontal cortex. “t” means increased activation during
different paradigms. “|” means decreased activation during different paradigms or
decreased functional connectivity. © — ” means no changes in metrics. “Exercise”
section includes aerobic and resistance exercise. “Eating behavioral strategies” section
includes 1) having breakfast instead of skipping it, 2) using food intake reduction device
training, which reduces portion size and eating speed by feedback technique. “Weight-
loss program intervention” section includes interventions combining exercise with dietary
restriction, cognitive behavioral therapy, family management. Activation means brain
response to visual food cue task, risky-gains task, antisaccade task requiring participants
to view the mirror orientation of the displayed image; and flanker task, which requires
participants to identify the orientation of the central symbol and press a button using the
corresponding hand. Straight font means that the study used whole brain analysis. Italic
font means that the study used region of interest analysis.
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2.2 Exposure to Gestational Diabetes Mellitus in Utero Impacts
Hippocampal Functional Connectivity in Response to Food Cues in

Children (Chapter 2)

Sixiu Zhao, Lorenzo Semeia, Ralf Veit, Shan Luo, Brendan C. Angelo, Ting Chow,
Andreas L. Birkenfeld, Hubert Preissl, Anny H. Xiang*, Kathleen A. Page*,
Stephanie Kullmann*

*A.H.X., K.A.P. and S.K. contributed equally

Published in the International Journal of Obesity (2005) vol. 48,12 (2024): 1728-
1734.

Chapter 2 focuses on the long-term effects of intrauterine hyperinsulinemia
exposure on hippocampal development. Hippocampal functional connectivity
during a food cue task was compared between children aged 7—11 years who
were exposed to GDM and those not exposed, adjusting for current adiposity
measures (i.e., waist-to-hip ratio). The study design is illustrated in Figure 2.

Children exposed to GDM exhibited increased hippocampal functional
connectivity with regions involved in reward processing compared to non-
exposed children. Additionally, we explored the associations between children’s
BMI and hippocampal functional connectivity in both GDM-exposed and Non-
exposed groups to understand the potential influence of obesity. Notably, a
negative correlation between hippocampal connectivity and the somatosensory

cortex was found exclusively in children with GDM exposure.
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Figure 2

Study design of Chapter 2. Figure was created with BioRender.com.
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Exposure to gestational diabetes mellitus in utero impacts
hippocampal functional connectivity in response to food cues
in children

Sixiu Zhao'?, Lorenzo Semeia(®'?, Ralf Veit(®'?, Shan Luo®*>®, Brendan C. Angelo(®>*, Ting Chow’, Andreas L. Birkenfeld (3 '%%,

Hubert Preiss|3)'%%%, Anny H. Xiang”'", Kathleen A. Page®*'®" and Stephanie Kullmann (&1

© The Author(s) 2024

OBJECTIVES: Intrauterine exposure to gestational diabetes mellitus (GDM) increases the risk of obesity in the offspring, but little is
known about the underlying neural mechanisms. The hippocampus is crucial for food intake regulation and is vulnerable to the
effects of obesity. The purpose of the study was to investigate whether GDM exposure affects hippocampal functional connectivity
during exposure to food cues using functional magnetic resonance imaging (fMRI).

METHODS: Participants were 90 children age 7-11 years (53 females) who underwent an fMRI-based visual food cue task in the
fasted state. Hippocampal functional connectivity (FC) was examined using generalized psychophysiological interaction in response
to food versus non-food cues. Hippocampal FC was compared between children with and without GDM exposure, while controlling
for possible confounding effects of age, sex and waist-to-hip ratio. In addition, the influence of childhood and maternal obesity
were investigated using multiple regression models.

RESULTS: While viewing high caloric food cues compared to non-food cure, children with GDM exposure exhibited higher
hippocampal FC to the insula and striatum (i.e., putamen, pallidum and nucleus accumbens) compared to unexposed children. With
increasing BMI, children with GDM exposure had lower hippocampal FC to the somatosensory cortex (i.e., postcentral gyrus).
CONCLUSIONS: Intrauterine exposure to GDM was associated with higher food-cue induced hippocampal FC especially to reward
processing regions. Future studies with longitudinal measurements are needed to clarify whether altered hippocampal FC may raise
the risk of the development of metabolic diseases later in life.

International Journal of Obesity; https://doi.org/10.1038/541366-024-01608-1

INTRODUCTION

Gestational diabetes mellitus (GDM) is traditionally defined as glucose
intolerance with first-time diagnosis during pregnancy [1]. It develops
in approximately 10% of pregnancies, making it one of the prevalent
complications during gestation [2]. Intrauterine exposure to GDM
increases the risk of developing obesity in offspring [2]. It is not yet
clear which factors might drive these conditions later in life, but early
neurodevelopmental processes appear sensitive to intrauterine
hyperglycemia, hyperinsulinemia and neuroinflammation caused by
maternal overnutrition, including hyperglycemia [3, 4]. Furthermore,
intrauterine exposure to GDM may lead to increased food intake,
which is regulated by multiple brain regions, as the hypothalamus,

striatum, insula, hippocampus etc. [5, 6]. Significantly, functional
imaging data demonstrated that food cue reactivity in these brain
regions can predict weight gain including in children [7, 8].
Children exposed to GDM display higher food cue reactivity in
the orbitofrontal cortex [9], fail to inhibit hypothalamic activity
after glucose ingestion [10] and exhibit hypothalamic inflamma-
tion [11]. Moreover, data from animals and humans suggests the
development of the hippocampus is sensitive to adverse in utero
environmental exposures (e.g, GDM) [4, 12-15]. In animals,
intrauterine exposure to diabetes caused decreased neuronal
density and reduced synaptic integrity in the hippocampus
[4, 12, 13]. GDM exposure in utero and maternal obesity also

"Institute for Diabetes Research and Metabolic Diseases of the Helmholtz Center Munich at the University of Tiibingen, Tiibingen, Germany. German Center for Diabetes
Research (DZD), Tiibingen, Germany. *Division of Endocrinology, Keck School of Medicine, University of Southern California, Los Angeles, CA, USA. *Diabetes and Obesity
Research Institute, Keck School of Medicine, University of Southern California, Los Angeles, CA, USA. *Department of Psychalogy, University of Southern California, Los Angeles,
CA, USA. ‘Imaging Genetics Center, Mark and Mary Stevens Neuroimaging and Informatics Institute, Keck School of Medicine, University of Southern California, Los Angeles, CA,
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Tibingen, Germany. '’Neuroscience Graduate Program, University of Southern California, Los Angeles, CA, USA. "These authors contributed equally: Anny H. Xiang, Kathleen A.
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associated with reduced thickness and volume in the hippocam-
pus in children [14, 15].

The hippocampus is known for its major role in learning and
memory and is believed to influence food intake by integrating
learned experiences with interoceptive signals (for review, see
[16]). Animal models and behavioral studies in humans suggest
that even a brief exposure to a diet rich in dietary fat and sugar can
impair hippocampal-dependent learning and memory [17, 18].
Behavioral data in healthy humans showed that influencing meal
memory can reduce or enhance later food intake [19, 20].
Furthermore, amnesic patients fail to interpret interoceptive signals
related to hunger and satiety [21]. Using fMRI, the hippocampus
has been shown to be responsive to the ingestion of sugar, visual
food cues, and postprandial hormones in healthy adults
[16, 22, 23]. Hence, hippocampal dysfunctions may impair the
ability to retrieve memories of meals, detect interoceptive signals,
which may lead to overeating (for reviews, see [24]).

However, there is currently no available research on the
hippocampus functional network in response to visual food cues
in children with GDM exposure, who exhibit higher risk of
developing obesity [2]. Thus, the current study investigates the
relation between GDM exposure and functional connectivity (FC)
of the hippocampus in children.

We examined task-based FC of the bilateral hippocampus in
children with and without GDM exposure using generalized
psychophysiological interaction (gPPl) in response to visual food
cues (food minus non-food) in the BrainChild Cohort [9, 25]. Prior
studies [26-32] indicate higher food-cue-induced neural reactivity of
reward regions and alterations in hippocampal FC in both children
and adults with obesity. Hence, we hypothesized that hippocampal
FC is higher to reward-related regions during food cue presentation
in children with GDM exposure when compared to children without
exposure. In addition, we explored the relationship between
adiposity measures of children and mothers and hippocampal FC.
Given prior evidence suggesting that GDM has distinct effects on the
left and right hippocampus in children [14], we conducted separate
exploratory analyses on the FC of the left and right hippocampus.

METHODS

Participants

Participants included 112 children from the larger BrainChild study assessing
the impact of exposure to GDM in utero on neural and endocrine systems
underlying risk for obesity and diabetes [10). The BrainChild study included
typically developing children aged 7-11 years recruited from Kaiser
Permanente Southern California (KPSC) [9, 25). Inclusion criteria included
KPSC's electronic medical records, which documented maternal GDM or
normal glucose tolerance during pregnancy, uncomplicated singleton birth,
and children with no history of medical/psychiatric disorders or taking
medicines affecting metabolism. Twenty-two participants were excluded due
to excessive movement, image artifacts, or the presence of brain lesions. The
final analyses included a total of 90 participants. Based on the sample size of
N =90 and the detected effect size of 0.8 (primary analysis: GDM versus Non-
GDM), we achieved a statistical power of 0.96 at an alpha level of 0.05.

Ethics approval and consent to participate

The institutional review board at both KPSC (# 10282) and University of
Southern California (USC) (# HS-14-00034) approved this study. This study
was in accordance with the Declaration of Helsinki. Parents and children
were provided with written informed consent and informed child assent
prior to the study.

Maternal GDM exposure

GDM during pregnancy was determined based on one of the following
laboratory plasma glucose values during pregnancy: (1) plasma glucose
values = 200 mg/dL from a 50 g 1-hr glucose challenge test, (2) at least two
plasma glucose values meeting or exceeding the following values on
either the 759 2-hrs or 100g 3-hrs oral glucose tolerance test: fasting,
95 mg/dL; 1h, 180 mg/dL; 2 h, 155 mg/dL; and 3 h, 140 mg/dL [33].

SPRINGERNATURE

Study procedures

The data for this study were collected over two visits conducted after a 12-
h overnight fast. The first visit consisted of metabolic phenotyping,
including assessments of anthropometric measures. The second visit was a
neuroimaging visit, including functional magnetic resonance imaging
(fFMRI) measurement during a food cue task after the overnight fast.

First visit: anthropometric measurement

During the first visit, anthropometric data, including height, weight, waist
and hip circumferences of both the mother and child, tanner stage of child
were collected at the Clinical Research Unit of the USC Diabetes and
Obesity Research Institute as previously reported [10]. Specific to children,
BMI z-scores (BMI-z) were calculated using the Center for Disease Control
(CDC) guidelines [34].

Second visit: MRI measurement

After the overnight fast, fMRI measurements of the children were
performed at the USC Dana and David Dornsife Neuroimaging Center.
Children first underwent training on a mock scanner, after which they were
imaged in a 3T MRI scanner. All children were scanned between 8 and 10
am following 12-h of overnight fasting. They completed a visual food cue
task in the scanner (For more details, see [25]). Briefly, children were
presented high-calorie food (e.g. ice cream) and non-food (e.g., pencils)
pictures and instructed to watch the pictures attentively. The stimuli were
selected based on pilot studies of children’s ratings of familiarity and appeal
of the food and non-food items. And, the food and non-food tems were
also selected to include similar characteristics such as contrast, salience,
color, shape and complexity. A total of 12 blocks of stimuli were included,
comprising an equal distribution of 50% food images and 50% non-food
images. Each block included three images and each image was displayed
for 4s with 1s consistent inter-stimulus interval between pictures. The
sequence of the blocks was randomized. The food cue task lasted 1965 in
total. The task was designed to be particularly efficient for differential
effects (food versus non-food) with a short stimulus onset asynchrony and
not for common task effects or task effects versus implicit baseline.

Image acquisition and preprocessing

The imaging was conducted on a Siemens MAGNETOM Prismafit 3T MRI
scanner with a 20-channel head coil. Functional images were obtained
using a 2D single-shot gradient echo planar imaging sequence with the
following parameters: repetition time (TR) = 2000 ms; echo time = 25 ms;
flip angle = 85°; voxel resolution 3.4 x 3.4 x 4 mm?; 32 axial slices. A high-
resolution structural image was also acquired at 1x 1 x 1 mm? resolution.
For more details, see publication [25].

The preprocessing of the fMRI data was performed using SPM12 (http://
www filion.ucl.ac.uk/spm). Slice timing and realignment were performed
for each fMRI time series. Movement criteria was movement > 2° or 2mm in
any direction, or mean framewise displacement of more than 0.3 mm. The
resulting mean functional image and the structural image was coregistered.
Unified segmentation was performed to the anatomical image and
normalization parameters were estimated. Then, these parameters were
applied to the functional images and normalized into Montreal Neurolo-
gical Institute (MNI) space, using the same method applied in our previous
paper by Luo et al. [25] and in other studies [35, 36] with children within the
same age range. The data were then smoothed with an 8 mm field-width
half-maximum (FWHM) Gaussian kernel. Physiological noise signals in the
white matter and cerebrospinal fluid were extracted using Principal
Component Analysis (PCA) using the PhyslO toolbox [37].

Region of interest (ROI) definition

To specifically investigate the effect of GDM on the hippocampus FC, we
used an anatomical ROl-based approach. Left, right and bilateral ROIs of
the hippocampus were created using the AAL atlas 3 (AAL3, https://
www.oxcns.org) (Fig. 1).

Generalized psychophysiological interaction (first level
analysis)

For each participant, the brain response to high-calorie food and non-food
images was convolved with a canonical hemodynamic response function,
and then added to the General Linear Model (GLM). The six motion
parameters, and three components each of the white matter and
cerebrospinal fluid signals extracted by PCA were also included in the
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GLM as confounds. High-pass filtering was applied using bandwidth =
0.0078 (1/128) Hz.

Task-based FC between anatomical seed region of the hippocampus
(i.e., bilateral hippocampus) and all other brain voxels was assessed using a
generalized psychophysiological interaction (gPPl) approach (https://
www.nitrc.org/projects/gppi version 13.1). In an exploratory analysis, FC
was assessed for the right and left hippocampus separately in the
same way.

First, the time series from the seed region were extracted. Second, the
PPl interaction terms were generated for food and non-food stimuli
according to the time series. Finally, FC of the seed region was computed
for food and non-food stimuli for each participant.

Statistical analyses
Hippocampal functional connectivity in response to food minus non-
food cues. To evaluate intrauterine exposure to GDM on food-cue induced
hippocampal FC, the gPPI contrast maps of food minus non-food were entered
into a second-level two-sample t-test model with the GDM exposure (GDM vs.
Non-GDM) as grouping factor. Age and sex were included in the model as
covariates due to their potential effects on hippocampal structure and
function [14, 38]. Waist-to-hip ratio (WHR) rather than BMI has been reported
to be positively correlated with hippocampus activity in response to food cues
[39] and we recently reported higher WHR in children with GDM exposure [9].
Therefore, WHR was adjusted for the possible impact of adiposity.

The statistical parametric maps were thresholded using an uncorrected
threshold of p<0.001 and a cluster-level family-wise error (FWE) corrected
threshold of p <0.05. In addition, small volume correction (SVC) was performed

R Hippo L Hippo

R Hippo L Hippo

Fig. 1 Masks of the hippocampus derived from the AAL atlas 3,
overlaid on the normalized T1 ighted image of the
children. Hippo, Hippocampus; L, left; R, right.

S. Zhao et al.

for the insula and striatum (caudate, putamen, nucleus accumbens, pallidum),
based on their activation in response to food reward processing and influenced
by obesity in children and adolescents [40, 41]. The striatal mask and the insular
mask were generated based on AAL3 (https://www.oxcns.org) and the wfu pick
atlas (httpsy//www.nitrc.org/projects/wfu_pickatlas/). Multiple comparison was
implemented for two masks using corrected threshold p < 0.025.

Correlation between task-based hippocampal functional connectivity and
obesity measures of children and mothers. To explore the effect of children’s
obesity and maternal adiposity on bilateral hippocampal FC in children, a
second-level multiple regression model was created using SPM 12 at the
whole-brain level. This analysis was performed separately for children with
and without GDM exposure. These models included the gPPI food minus non-
food contrast as intercept, with WHR, BMI z-score, maternal current BMI or
maternal prepregnancy BMI as the regressors of interest, adjusted for age
and sex. An uncorrected threshold of p<0.001 and a cluster-level FWE
corrected threshold of p < 0.05 were used. The correlations were assessed for
the right and left hippocampus separately in the same way.

RESULTS

Demographics

The demographics of the 90 participants included in this study are
shown in Table 1 (ages 7-11 years, 53 females, 50 GDM exposed),
and 89% of children were in Tanner Stage 1. There were no
significant differences in children’s age, sex, BMI z-score, or
maternal current BMI or maternal prepregnancy BMI among GDM
exposed vs, unexposed groups (p > 0.05, Table 1), There was a
trend towards a higher WHR for children exposed to GDM than
unexposed (t [88] = 1.97, p = 0.052, Table 1).

Hippocampal functional connectivity in response to food
minus non-food cues

We observed higher FC in children with GDM exposure compared to
children without GDM exposure between the bilateral hippocampus
and the left insula (prywe = 0.037) and left putamen, which extended
to the left pallidum (prwe = 0.019, SVQ) (Table 2, Fig. 2).

In an exploratory analysis, FC was assessed for the right and left
hippocampus separately. In children with GDM exposure com-
pared to children without exposure, we observed higher FC
between the left hippocampus and the right putamen (ppwe =
0.007), left putamen (ppwe = 0.017, SVC), right insula (ppwe =
0.017), left insula (ppwe = 0.011, SVC), and left nucleus accumbens
(NAcc, pewe = 0.013, SVC) (Table 2, Fig. 2). The cluster of the right
putamen extended to the right insula. The cluster of the left
putamen extended to the left pallidum. No group differences were
found for the right hippocampus.

Table 1. Demographics*.
Overall Non-GDM GDM t/z p
20 N =40 N=50
Children
Age (years) 8.23 (7.82, 9.08) 8.61 (7.75, 9.67) 8.14 (7.85, 8.63) 1.406 0.30
Sex 0.13
Female 53 (58.9%) 20 (50%) 33 (66%)
Male 37 (41.1%) 20 (50%) 17 (34%)
BMI z-score 0.66 (0.03, 1.67) 0.59 (-0.06, 1.68) 0.76 (0.23, 1.69) 0.285 043
WHR 0.87 + 0.06 0.86 + 0.06 0.88 +0.06 1.969 0.052
Mother
Current BMI (kg/m?) 30.27 (26.52, 35.43) 29.58 (25.60, 35.06) 30.71 (26.90, 36.11) 4.921 0.64
Prepregnancy BMI (kg/m?) 29,07 (25.23, 33.22) 29.07 (24.61, 32.98) 2898 (2537, 33.51) 2.186 061

BMI body mass index, GDM gestational diabetes mellitus, WHR waist-to-hip ratio, t statistic for two-sided independent-samples t-test, Z statistic for

Mann-Whitney test for data with skewed distribution.

*For continuous variables, normally distributed data (WHR) were described as mean + standard deviation (SD); data from skewed distribution were described
by the median (Q1, Q3); Categorical variable was described as N (%), p value was calculated using Chi-square test.
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Table 2. Hippocampus task-based functional connectivity in response to food versus non-food cues adjusted for age, sex and WHR.
Brain region Hemi MNI coordinates Peak t Cluster size Prwe
X y z
Seed region GDM > Non-GDM
Bilateral Hippo
Insula L 42 14 7 431 59 0.037
Pallidum/ Putamen L -15 2 2 429 23 0019°%¢
Hippo L
Putamen R 36 =1 —4 4.87 91 0.007
Insula R 39 =1 -4 420 74 0.017
NAcc L -15 5 -13 44 5 0013%¢
Putamen/Pallidum L -18 s 432 30 00175
Insula L -42 8 -4 442 20 00115
Hippo R

No differential activation
Non-GDM > GDM
No differential activation

FWE family wise error, GDM gestational diabetes mellitus, Hemi hemisphere, NAcc nucleus accumbens, WHR waist-to-hip ratio, L left, R right, p value FWE
corrected using whole-brain cluster correction, SVC pewe small volume corrected for ROIs.

a) GDM n-GDI

fee

b) GDM > Non-GDM

see

Fig. 2 Hippocampal functional connectivity during the food-
cue task. a Children with GDM exposure showed higher FC between
bilateral hippocampus and left insula, left putamen/pallidum.
b Children with GDM exposure showed higher FC between left
hippocampus and the bilateral putamen, insula, and left NAcc. The
cluster of the right putamen extended to the right insula. The cluster
of left putamen extended to the left pallidum. Color map
corresponds to T values (p <0.001 uncorrected for display) overlaid
on the normalized average T1 weighted image of the children.
Hippo hippocampus, FC functional connectivity, GDM gestational
diabetes mellitus, NAcc nucleus accumbens, L left, R right.

Association between task-based hippocampal functional
connectivity and obesity measures of children and mothers
No significant correlation was observed between the FC of the
bilateral hippocampus and WHR, BMI z-score, maternal current or
maternal prepregnancy BMI in both the GDM and Non-GDM
groups (all Prwe-corrected > 0.05).

Further analysis of the FC of the left or right hippocampus
separately revealed significant correlations. In the GDM group,
there was a negative correlation between BMI z-score and the FC
of the left hippocampus and the right postcentral gyrus (peak-
voxel (MNI) x: 57, y: —34, z: 26); r = —0.607; Prwe-corrected < 0.001)
(Fig. 3). In the Non-GDM group, a positive correlation was found
between the maternal current BMI and the FC of the left

SPRINGER NATURE

hippocampus to the right superior frontal gyrus (peak-voxel
(MNI) x: 18, y: 59, z: —1); r = 0.574; Prwe-corrected = 0.001).

DISCUSSION

The current study investigated the relationship between intrau-
terine GDM exposure and food cue induced hippocampal
functional connectivity in children aged 7-11 years in the fasted
state, Consistent with our hypothesis, children with GDM exposure
compared to unexposed showed higher hippocampal FC to
reward processing regions (i.e, putamen, pallidum, NAcc and
insular cortex) and lower hippocampal FC to the somatosensory
cortex with increasing BMI.

We observed higher functional coupling between hippocampus
and striatal regions and insula in children with intrauterine GDM
exposure compared to children without exposure, primarily driven
by the left hippocampus. A previous structural MRI report found
reduced left hippocampal thickness in children with GDM
exposure compared to unexposed children [14]. Therefore, GDM
may affect both the structure and function of the hippocampus.

Hippocampal neurons interact with other neurons in the
mesolimbic system receiving dopamine projections to commu-
nicate rewarding properties of environmental stimuli [16, 42]. As
potent rewards, palatable foods can trigger associations with
reward and motivational behaviors that potentially could lead to
overeating and, eventually, weight gain [42]. These food cues tend
to evoke heightened memories and mental simulations of
consumption in children [43]. Moreover, a meta-analysis indicated
that the hippocampus-striatum connection may play a role in
craving and the formation of habits associated with obesity [44).
Concomitantly, higher activation in the striatum and insula in
response to food images were observed in children and
adolescents with obesity compared to their healthy-weight peers
[40, 41, 45]. In the resting state, higher striatal and insular network
FC was also linked to eating in the absence of hunger, food
craving, disinhibited eating, weight gain and obesity in both
children and adults [46-49]. In the current study, no significant
influence of WHR or BMI was identified on these hippocampal
connections in children. However, BMI negatively correlated with
the left hippocampus to the somatosensory cortex FC in children
exposed to GDM, aligning with resting-state studies in children
with obesity [50]. The oral somatosensory cortex is known to sense
fat and food texture [51] and children and adolescents with
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r = -0.607

BMI z-score

Fig. 3 Hippocampal functional connectivity in relation to BMI z-score in the GDM group. a Children with GDM exposure showed lower FC
between the left hippocampus and the right postcentral gyrus with higher BMI z-score. Color map corresponds to T values (Multiple regression
analysis with BMI z-score; p < 0.001 uncorrected for display) overlaid on the normalized average T1 weighted image of the children. b Negative
correlation between BMI z-score and the extracted cluster of the FC of the left hippocampus and the right postcentral gyrus in the GDM group.
Error bars indicate 95% confidence interval. Hippo hippocampus, FC functional connectivity, GDM gestational diabetes mellitus, L left, R right.

obesity show greater activation in the somatosensory cortex to
food [8, 52]. The higher preference for high-fat foods in children is
a predictor of future weight gain [53]. Nonetheless, it is yet
unknown whether altered hippocampal to somatosensory con-
nectivity patterns in children with GDM exposure predict the
development of obesity later in life.

Our study points to a distinct effect of intrauterine GDM
exposure on the hippocampal network primarily to reward
processing regions, rather than obesity itself at this young age.
These results align with animal studies [4, 12, 13] and provide
evidence to support the hypothesis that prenatal exposure to
diabetes might result in changes in brain pathways. These
changes, in turn, may contribute to the increased risk of weight
gain and obesity in affected children at a later age. Interestingly,
previous studies suggest that hyperactivity in the brain’s reward
system might be a susceptibility factor for weight gain [8, 54].
Similarly, our previous study showed that children exposed to
GDM had higher daily energy intake [9]. Moreover, parental
obesity has been related to greater striatum and insula activation
in response to food rewards and higher ad libitum intake even in
adolescents of healthy-weight [8, 55]. In the current study, we
also found higher food-cue induced hippocampal FC to the
frontal cortex in children of mothers with higher BMI. Although
this connection in relation to maternal obesity has not yet been
fully investigated, higher FC between temporal and frontal
regions has been reported in adolescent obesity [56]. Future
studies with longitudinal measurements are necessary to
evaluate whether hippocampal changes in FC result in weight
gain and raise the risk of developing obesity later in life.

Our study includes some limitations. Given the limited size of
our sample, each subgroup, based on GDM exposure, included a
relatively small number of subjects. In addition, food intake and
behavioral assessments were not assessed, and future studies are
necessary to provide a more detailed understanding how the
observed functional alterations in the hippocampus are related to
cognitive and metabolic processes. Moreover, longitudinal data
are needed to examine the association between functional
alterations in the hippocampus and future weight gain in children.

CONCLUSION

Our study suggests that intrauterine exposure to GDM alters
hippocampal food cue processing network in children. During
palatable food picture presentation, children with GDM exposure

International Journal of Obesity

exhibited higher hippocampal connectivity specifically to reward
processing regions and lower hippocampal connectivity, with
increasing BMI, to the somatosensory cortex. These alterations may
be associated with a potential risk for future weight gain. Longitudinal
research is required to determine if altered hippocampal functional
connectivity during exposure to food cues leads to future weight gain
and a higher likelihood of metabolic disorders, including obesity.

DATA AVAILABILITY

Data is available upon reasonable request from KAP,
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2.3 Sex Differences in Insulin Induced Hippocampus Functional

Connectivity during Visual Food Cue Presentation (Chapter 3)

Sixiu Zhao, Ralf Veit, Lorenzo Semeia, Julia Hummel, Leontine Sandforth,
Andreas Fritsche, Andreas L Birkenfeld, Martin Heni, Hubert Preiss|, Stephanie
Kullmann

Published online in The Journal of Clinical Endocrinology & Metabolism on 28

November 2024.

Chapter 3 examines the effects of central insulin on hippocampal functional
connectivity and sex differences while food cue processing in adults, as shown in
Figure 3. Study 1 compares insulin-induced functional connectivity during the
task between women and men. Study 2 investigates the correlation between
insulin-mediated hippocampal connectivity during food cue processing and sex
hormone levels in women with natural menstrual cycles, analyzed separately in
the follicular and luteal phases.

Following intranasal insulin administration, hippocampal functional connectivity
with the inhibitory control region increased independently of sex, which was
associated with a stronger reduction in hunger and food cravings. Sex differences
were observed in the hippocampal connectivity with the visual processing cortex,
with men showing higher connectivity than women. This response was linked to
a greater decrease in food desire in men. Additionally, we investigate the potential
role of sex hormonal action throughout the menstrual cycle in modulating these
connectivity differences in premenopausal women. In the luteal phase,
hippocampal functional connectivity with visual processing regions was
negatively associated with the estradiol/progesterone ratio, an effect not

observed in the follicular phase.
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Study design of Chapter 3. Adapted from (Wagner et al., 2022; Hummel et al., 2023).

Figure was created with BioRender.com.
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Abstract

Context: Central insulin has been shown to regulate eating behavior and cognitive processes in a sex-specific manner. Besides memory, the
hippocampus is pivotal in the control of appetite.

Objective: This work aimed to investigate how insulin interacts with the hippocampal food-cue response and evaluate the potential role of sex
hormones.

Methods: Using functional magnetic resonance imaging, we evaluated task-based functional connectivity (FC) of the hippocampus during food-
cue presentation in 60 participants (age: 21-69 years; 30 women) after intranasal insulin or placebo administration, in a randomized within-subject
design. In an exploratory analysis, we investigated whether hippocampal FC after intranasal insulin administration is related to estradiol and
progesterone levels during the follicular and luteal phase of the menstrual cycle in 13 premenopausal women (age: 20-28 years).

Results: Intranasal insulin increased hippocampal FC with the prefrontal cortex compared to placebo, regardless of sex. This correlated with
stronger reduction in subjective feeling of hunger and food craving. Moreover, we observed an interaction between sex and nasal spray
condition with higher hippocampal FC to the calcarine gyrus after insulin compared to placebo in men, while women showed a lower
response. In premenopausal women, the centrally mediated effect of insulin on hippocampus to calcarine gyrus FC negatively correlated with
the estradiol/progesterone ratio in the luteal phase.

Conclusion: Central insulin influences hippocampal FC to regions vital for inhibitory control during high-caloric food-cue presentation, implying a
potential role of the hippocampal network in modulating insulin’s anorexic effects. The observed sex differences between the hippocampus and
visual cortex might be influenced by sex hormone action.

Key Words: hippocampus, fMRI, insulin, sex

Abbreviations: BMI, body mass index; dIPFC, dorsolateral prefrontal cortex; FC, functional connectivity; FCQ-S, Food Craving Questionnaire-State; fMRI,
functional magnetic resonance imaging; FEW, family-wise error; gPPI, generalized psychophysiological interaction; PFC, prefrontal cortex; ROI, region of
interest; SVC, small volume correction.

The dual function of the hippocampus in the memory and body
state regulation is increasingly acknowledged (for review, see
(1)). For instance, the hippocampus can inhibit food intake
by detecting physiological state of satiety and hunger, also
through (neuro)hormonal signals including insulin, and encode
food-related memories (for reviews, see (2, 3)). In addition,
central insulin action influences food intake, memory, mood,
and peripheral metabolism (for reviews, see (4, 5)).

In humans, intranasal insulin administration allows the inves-
tigation of central insulin action with only minimal systemic ab-
sorption (5). Intranasal insulin influences the reactivity and
functional connectivity (FC) of the mesocorticolimbic system
(4), including the hippocampus, amygdala, striatum, and pre-
frontal cortex (PFC) (6-11). Compromised insulin action in
the mesocorticolimbic system is related to greater preference
for palatable food in persons with obesity-associated insulin
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resistance (7, 12, 13). Moreover, central insulin decreases the
feeling of hunger in part by enhancing hippocampal FC
(14, 15). It thus seems that central insulin regulates food reward
behavior through the mesocorticolimbic system (4).

Behavioral studies in animals and humans have shown a sex
disparity in central insulin’s regulation both of food intake and
memory: Males reduced food intake after acute administration
of intranasal insulin in the fasted state and lost weight after 8
weeks of intranasal insulin delivery (16-18), while females re-
duced snacking in the postprandial state and showed improved
memory on acute administration of intranasal insulin (16, 19,
20). Moreover, our previous imaging studies showed decreased
central insulin action in the hippocampus with increasing age in
women but not men (21) and higher centrally insulin-mediated
effects on food-cue responsiveness in women in the dorsolateral
prefrontal cortex (dIPFC) (15). Animal studies have suggested a
link between estrogen and these sex-dependent effects of central
insulin (22). In contrast, human studies have found no inter-
action between insulin and estrogen on food intake and several
hippocampus-dependent memories (eg, visuospatial and de-
clarative memories) after intranasal insulin administration
(23-25). However, verbal recognition memory was improved,
indicating an interaction between estrogen and insulin signaling
on hippocampus-PFC~dependent cognitive processes (25).
Additionally, in women, the response of mesolimbic regions
(eg, hippocampus) to food cues and to changes in postprandial
insulin levels varies across menstrual cycle phase (26-30), sug-
gesting a potential role of sex hormone action (29).

However, it remains unclear how central insulin affects the
hippocampal network and communication to other brain re-
gions during high-caloric food-cue presentation, and whether
there is a sex difference. Additionally, it also remains unknown
whether sex hormones are related to a distinct pattern of hippo-
campal FC,

In the present study, we investigated the effect of central in-
sulin on food-cue-induced hippocampal FC and potential sex-
specific patterns, as the functional activation of specific brain
regions does not exist in isolation and may indirectly influence
the functioning of other regions (31). We measured central in-
sulin action in the hippocampal FC through intranasal insulin
administration. Based on previous studies (14, 32), we hy-
pothesized that central insulin increases FC between the hippo-
campus and regions involved in cognitive control, such as
dIPFC. Based on previous findings (16-18), we expected a high-
er response in men than in women. In exploratory analyses, the
relationship between insulin-induced hippocampal FC and
hunger rating, food-craving measures were investigated.
Finally, in a separate group, we also evaluated the relationship
between food-cue induced FC in the hippocampus after intra-
nasal insulin administration and estradiol and progesterone
levels in premenopausal women.

Materials and Methods

Participants

Seventy participants were enrolled in the study, as recently re-
ported (study 1, for more details, see (15)). Ten participants
were excluded due to inadequate data quality, incomplete meas-
urements, and anatomical brain abnormalities. The final
analyses included 60 participants with a wide age and weight
range (age range, 21-69 years, body mass index [BMI] range,
20..87-32.38, 30 women). No statistically significant differences
were observed in age, BMI, or peripheral insulin sensitivity

between men and women. The characteristics of participants
are provided in Supplementary Table S1 (33). Sixteen other
normal-weight women with natural menstrual cycles were meas-
ured once in the follicular and luteal phase (study 2, for more
details, see (30)). Additionally, sex hormone levels (ie, estradiol
and progesterone) were analyzed during each visit as previously
described (30). Three participants from study 2 were excluded
due to incomplete measurements and extreme estradiol/
progesterone ratio (>3 SDs from the mean) in the luteal phase,
respectively. Thirteen premenopausal women (age range,
20-28 years; BMI range, 19.21-23.39) were included in the final
analysis for study 2. Participant characteristics are shown in
Supplementary Table 2 (33).

None of the participants had a medical or psychiatric history,
nor were they taking any medications (apart from oral contra-
ceptives in study 1). The ethics committee of the medical faculty
of the University of Tiibingen approved these studies, and they
were conducted in accordance with the Declaration of Helsinki.
Participants provided written informed consent prior to each
study (clinical trial Nos.: study 1: NCT04372849; study 2:
NCT03929419).

Study Procedures

Functional magnetic resonance imaging (fMRI) data of each
participant were collected over 2 visits after an overnight fast,
with a time interval of 3 to 28 days between visits (for more de-
tails, see (15)). For study 1, The fMRI measurements included
an intranasal insulin and placebo visit in a randomized manner,

In a separate group, premenopausal women (study 2) under-
went fMRI measurement during 2 intranasal insulin visits (no
placebo visit): in the follicular phase visit and the luteal phase
visit (random order). The follicular and luteal phases in each
participant were determined as described previously (30).

In both studies fMRI measurements were performed 30 mi-
nutes after administering the nasal spray. Before and approxi-
mately 75 minutes after applying the spray, a hunger rating
questionnaire and the Food Craving Questionnaire-State
(FCQ-S) was assessed (described later).

Intranasal Insulin/Placebo Application

In study 1 participants were assigned in a randomized and
blinded manner to receive a total of 160U of insulin
(Insulin Actrapid; Novo Nordisk) or a placebo vehicle during
each visit. In study 2 participants received 160 U of nasal insu-
lin at each visit (follicular and luteal phases). No placebo was
administered in this group.

Magnetic Resonance Imaging Measurements

All participants underwent identical fMRI measurements at
each visit in a 3T MRI scanner (Siemens MAGNETOM
Prismafit). The imaging was conducted with a 20-channel
head coil. Functional images were obtained using a multiband
accelerated echo-planar imaging sequence with the following
parameters: repetition time = 1500 ms; echo time = 34 ms; flip
angle = 70°% voxel resolution 2x2x2 mm?% and 72 axial
slices. A high-resolution structural image was also acquired
at 1 x 1x 1 mm? resolution.

As previously described (15), 30 minutes after nasal spray
application, participants underwent a visual food-cue task in
the scanner. Briefly, participants were presented high-caloric
and low-caloric food pictures in a pseudorandomized order.
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An event-related design including 60 standardized food pic-
tures (30 high-caloric [eg, pizza, cakes], 30 low-caloric [eg,
salads, fruits]) was used. Each image was displayed for 2 sec-
onds with an intertrial interval of 6 to 10 seconds. The food-
cue task lasted 11 minutes including 2 sessions, each lasting
5 minutes and 30 seconds.

Hunger Rating and Food Craving Questionnaire
Subjective feeling of hunger and the FCQ-S (34) were evaluated
both before (pre) and 75 minutes after (post) the application of
the spray. The FCQ-S is rated on a scale from 1 to 5 (strongly dis-
agree to strongly agree), and comprises 5 subscales (desire, re-
inforcement, relief, control, and hunger). Individual scores were
calculated for each subscale, and the total score was derived by
summing up responses to all items. Subjective feeling of hunger
was evaluated using a visual analogue scale ranging from 0 to
10 (not hungry at all to very hungry). For the analysis, hunger rat-
ings and FCQ-S scores were baseline-corrected by subtracting the
premeasurement rating from the postnasal spray measurement
rating. The changes in hunger ratings and FCQ-S scores were de-
termined by subtracting the baseline-corrected ratings on the pla-
cebo day from those on the insulin day, as insulin ;. pre minus
placebo o pre (study 1), and luteal phase from those on the fol-
licular phase, as follicular .. re minus luteal o pre (study 2).

Region of Interest Definition
An anatomical ROl-based approach was employed to specif-
ically examine the task-based hippocampal FC. ROI of the
bilateral hippocampus was created using the AAL atlas
3 (AAL3, hteps:/www.oxcns.org).

Image Preprocessing

The preprocessing of the fMRI data was performed using
SPM12 (http:/www.fil.ion.ucl.ac.uk/spm). Slice timing and
realignment were performed for each fMRI time series. The
criteria for exclusion due to movement was defined as move-
ment greater than 2° or 2 mm in any direction. The mean func-
tional image was then coregistered to the structural image and
normalized into Montreal Neurological Institute (MNI)
space. Data smoothing was performed with a 6-mm field-
width half-maximum (FWHM) Gaussian kernel. High-pass
filtering (128 seconds) and correction for global AR (1) auto-
correlation were applied.

Generalized Psychophysiological Interaction
(First-Level Analysis)

The brain response to high-caloric and low-caloric food im-
ages underwent convolution with a canonical hemodynamic
response function before being added into the general linear
model. The 6 motion parameters were also included in the
general linear model as confoundings.

A generalized psychophysiological interaction (gPPI) ap-
proach (https:/www.nitrc.org/projects/gppi  version) was
used to assess task-based FC between the seed region (ie, bilat-
eral hippocampus) and all other voxels in the brain.

After extracting the time series from the seed region, the PPI
interaction terms for high-caloric and low-caloric stimuli
were generated separately for insulin and placebo days in study
1, and for the follicular and luteal phases in study
2. Subsequently, FC of the seed region was computed for high-
caloric and low-caloric stimuli for each participant in both

studies. Finally, the gPPI contrast maps of high-caloric minus
low-caloric food were created for both the insulin and placebo
daysinstudy 1, as well as for the follicular phase and luteal phase
in study 2.

Statistical Analyses

Central insulin action on hippocampal functional connectivity
during high-caloric minus low-caloric food-cue presentation
To evaluate central insulin action on hippocampal FC and sex
differences, a second-level full factorial model in SPM 12 was ap-
plied. This model incorporated sex (women vs men) as a
between-subject factor and intranasal spray (insulin vs placebo
spray) as a within-subject factor. Age was also included in the
model as a covariate. The statistical parametric maps were
thresholded using an uncorrected threshold of P less than .001
and a cluster-level family-wise error (FWE)-corrected threshold
of Pless than .05 on a whole-brain level. In addition, small vol-
ume correction (SVC) was performed for the dIPFC, a region
within the PFC known to be insulin sensitive and important for
cognitive control (4). The mask was generated based on the
wfu pick atlas (https:/www.nitrc.org/projects/wfu_pickatlas/).

The connectivity parameters (B values) of significant clus-
ters and voxels were extracted using REX toolbox based on
MATLAB (https:/www.nitrc.org/projects/rex/) for plotting
of the results and further correlation analyses using IBM
SPSS Statistics (version 25; IBM Corp).

Post hoc analysis of sex x spray interaction

Independent ¢ tests were used to compare hippocampal FC be-
tween men and women within the insulin and placebo condi-
tions separately. Paired ¢ tests were conducted to compare the
insulin and placebo conditions within each sex group. To ac-
count for multiple comparisons, the P value was adjusted us-
ing Bonferroni correction (0.05/4 =0.0125).

Association between insulin-induced hippocampal network
and hunger rating and food craving

Exploratory correlation analyses (study 1) were performed be-
tween the differential (insulin — placebo) hippocampal FC and
hunger rating, FCQ-S total score. For regions showing a statistic-
ally significant interaction with sex, correlations were evaluated
for men and women separately. For ordinal scales, Spearman
correlation analysis was employed, while Pearson correlation
analysis was used for continuous scales. A significance level of
P less than .05 was considered statistically significant.

Association between hippocampal functional connectivity
after intranasal insulin administration with sex hormone
levels in premenopausal women

In an exploratory analysis, in study 2, a multiple regression
model was created for the follicular and luteal phases in
SPM 12 to examine the role of sex hormone in hippocampal
FC in response to central insulin on a whole-brain level.
This model included the high-caloric minus low-caloric food
contrast as intercept and the estradiol/progesterone ratio as
the regressor. The estradiol/progesterone ratio, rather than es-
tradiol or progesterone alone, was included as an interest of
regressor, as it better captures hormonal fluctuations across
the menstrual cycle and has shown better predictive power
for behavior (35). An uncorrected threshold of P less than
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Figure 1. Central insulin action on hippocampal FC during high-caloric food-cue presentation. A, FC between the hippocampus and right dorsolateral
prefrontal cortex was higher after intranasal insulin administration compared to placebo (Prwe < .05; small volume correction). Color map corresponds
to t values (P < .001 uncorrected for display) overlaid on the standardized brain image. B, The violin box plot shows the extracted p values of voxels
showing higher hippocampus FC following insulin administration compared to placebo. C, Correlation plot shows a negative relationship between
hippocampal FC (insulin minus placebo) and hunger ratings (insulin pos1pre MiNUS placebo pesipre). D, Correlation plot shows a negative relationship
between hippocampal FC (insulin minus placebo) and total food craving score (insulin posipre Minus placebo posipre). Hence, higher insulin-induced FC
was related to decreased subjective hunger feeling and food craving. Figure was created using R version 4. 2. 2 and BioRender.com

Abbreviations: Bi, bilateral; dIPFC, dorsolateral prefrontal cortex; FC, functional connectivity; Hippo, hippocampus; R, right.
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Figure 2. Sex differences in central insulin action on hippocampal FC during high-caloric food cue presentation. A, Interaction of sex x nasal spray on
the FC between the hippocampus and the bilateral calcarine gyri (Prwe < .05; whole-brain corrected). Color map corresponds to t values (P< .001
uncorrected for display) overlaid on the standardized brain image. B, Men exhibited higher FC between the hippocampus and the calcarine/flingual gyri
than women after insulin administration. Furthermore, men exhibited higher FC in response to insulin compared to placebo. Women showed an
opposite pattern. Bonferroni corrected threshold = 0.0125. C, In men but not women, insulin-induced changes in FC (insulin minus placebo) were
negatively correlated with changes in food craving (FCQ-S subscale desire for food, insulin gos.pe Minus placebo pesiprel- Figure was created using R
version 4. 2. 2 and BioRender.com.
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Abbreviations: Bi, bilateral; FC, functional connectivity; Hippo, Hippocampus; ns, not significant.
have revealed the significance of the dIPFC activation in control- regional activity in the hippocampus and dIPFC are particularly
ling appetite, promoting healthy dietary choices, and facilitating sensitive to central insulin, as seen in altered activation patterns

both weight loss and weight maintenance (36-39). Furthermore, during resting state and exposure to food cues after intranasal
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Table 2. Hippocampal food-cue functional ivity in relation to diol/prog one ratio in premenopausal women after intranasal
insulin administration

MNI coordinates

Seed region Brain region Hemi x ¥y z Peak ¢ Cluster size Prwg

Negative correlation with estradiol/progesterone ratio in luteal phase

Bilateral hippo Calearine gyrus L —24 —68 8 6.80 96 .040
Calcarine gyrus L -24 —60 4 5.84
Superior occipital gyrus R 26 -88 22 6.50 154 .001
Superior occipital gyrus R 24 74 20 6.28
Calcarine gyrus R 24 —68 14 5.25

Positive correlation with estradiol/progesterone ratio in luteal phase
No differential activation
Correlations in follicular phase

No differential activation

P value FWE corrected using whole-brain cluster correction.
Abbreviations: FWE, family-wise error; Hemi, hemisphere; L, left; R, right.
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Figure 3. Central insulin action on hippocampal FC during high-calaric food cue presentation is associated with estradiol/progesterone ratio during the
luteal phase of the menstrual cycle (Paye < .05; whole-brain corrected). A, Color map corresponds to tvalues (P < .001 uncorrected for display) overlaid
on the standardized brain image. B, Correlation plot shows extracted FC values of the cluster of the left calcarine gyrus showing a significant negative
correlation with the estradiol/progesterone ratio during the luteal phase. Figure was created using R version 4. 2. 2 and BioRender.com.

Abbreviations: Bi, bilateral; FC, functional connectivity; Hippo, hippocampus; L, left; R, right.
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Abbreviations: FC, functional connectivity; dIPFC, dorsolateral prefrontal cortex.

insulin administration in men and women with varying body  differences in FC between the hippocampus and dIPFC.
weight (9, 15, 21). This response is in part sex-specific: Women  Additionally, participants exhibiting higher insulin-induced FC
showed higher insulin action in the right dIPFC to highly desired showed a stronger reduction of hunger feeling and food craving,
food cues than men and lower insulin action in the hippocampus ~ aligning with findings that showed that hippocampus FC pre-
with increasing age (15, 21). However, we observed no sex dicts subjective feeling of hunger (14, 40). Taken together, our
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findings suggest that central insulin may diminish food consump-
tion by enhancing the feeling of satiety and reducing food-related
motivation through the hippocampus-dIPFC pathway.

In addition, central insulin action elicited a sex-dependent al-
teration in FC between the hippocampus and calearine/lingual
gyri (parts of the visual cortex). Specifically, men exhibited high-
er FC following nasal insulin application relative to women.
Notably, there was no difference in peripheral insulin sensitivity
between men and women, suggesting that the observed sex-
specific effects of insulin on hippocampal FC are unlikely to be
influenced by variations in peripheral insulin sensitivity. Our
previous study has shown a sex-specific action of central insulin
in the hippocampus, with women exhibiting a reduction of cen-
tral insulin action with increasing age, which was not found in
men (21). Similarly, functional differences in the hippocampus
have been identified between sexes (for review, see (41)). For ex-
ample, a stronger FC between the hippocampus and calcarine
gyrus during the resting state has been observed in male patients
with mild cognitive impairment (42), the prodromal stage of
Alzheimer disease, which is linked to brain insulin resistance
(43). This may suggest a potential sex-dependent response of
this intrinsic functional connection to changes in brain insulin
levels. The calcarine and lingual gyri serve as the primary visual
cortex, vital for processing visual information and directing at-
tention (44). Their involvements in food reward evaluation,
high-caloric food preferences, and responses to such stimuli
have been indicated in imaging studies (45-49). Moreover, the
reactivity of these regions to food cues was found to be influ-
enced by endogenous serum insulin levels after glucose ingestion
(50, 51) and intranasal insulin administration (9). Additionally,
we found that only men with higher FC between the hippocam-
pus and visual-processing regions exhibited a stronger reduction
in food desire after insulin administration. This effect was not
observed in women. Behavioral data in humans also point to-
ward sex differences in the anorexic effect of central insulin,
showing a decrease in food intake and reduction of body fat
and weight exclusively in men following acute and 8-week intra-
nasal insulin application, respectively (16, 17). The higher FC of
the hippocampus in men could potentially serve as the neural
mechanism underlying central insulin action in eating behavior-
al effects, specifically by reducing food reactivity in men.
However, whether higher hippocampal connectivity to visual-
processing regions can predict less food consumption and subse-
quent weight loss in men needs to be further investigated.

In women, we further evaluated whether the central insulin
response in hippocampus FC could be due to hormonal fluctua-
tions during the menstrual cycle. Indeed, animal studies suggest
an effect of estrogen signaling on central insulin sensitivity (22).
Interestingly, during the luteal phase, characterized by height-
ened estradiol and progesterone levels, a negative correlation
was observed between insulin-mediated hippocampal FC to
parts of the visual cortex and estradiol/progesterone ratio. As
a result, women with higher estradiol relative to progesterone
levels revealed lower hippocampal FC in the luteal phase.
Likewise, women with normal menstrual cycles have been re-
ported to exhibit higher reactivity to high-caloric food in the cal-
carine gyrus in the luteal phase compared to the follicular phase,
similar to those using monophasic oral contraception pills
(which maintain high progesterone levels) (26). Moreover,
during the luteal phase, elevated postprandial insulin levels (trig-
gered by glucose ingestion) were observed to diminish the re-
sponsiveness of the calcarine gyrus to food stimuli (26). In
addition, behavioral data found no differences in food intake

and hippocampus-dependent memories after intranasal insulin
administration between men with and without estrogen treat-
ment (23, 25), as well as between postmenopausal and young
women (23-25). However, the effect of progesterone was not in-
vestigated in these studies. It has been shown that spatial mem-
ory is enhanced in the luteal phase, suggesting an interaction
between estradiol and progesterone on hippocampal activity
(52). Hence, the role of progesterone on hippocampal insulin ac-
tion is still an open question (25). According to these studies, we
speculate that the distinct pattern of hippocampal FC with
visual-processing regions could be affected by hormone fluctua-
tions during the menstrual cycle in women. We speculate that
this could increase visual processing and food memory in the lu-
teal phase of the cycle. However, in future studies, it will be ne-
cessary to explore sex differences in central insulin action within
the hippocampus across sexes while controlling for hormonal
fluctuations.

Although our study reveals hippocampal FC in response to
central insulin over a large age and body weight range, it is es-
sential to recognize certain limitations in our research. In
study 1, we did not control for sex hormones in female partic-
ipants. Hence the role of hormonal fluctuation in aging wom-
en still needs to be investigated in future studies. In addition,
food intake was not measured in our study. Further research
is required to deepen our understanding of how the observed
sex differences in central insulin action within the hippocam-
pus correspond to food intake patterns across sexes.

In conclusion, central insulin modulated hippocampal func-
tional connectivity, with sex appearing to play a substantial
role. During high-caloric food exposure, central insulin enhanced
FC between the hippocampus and inhibitory control region both
inmen and women. This implies a potential role of the hippocam-
pal network in modulating insulin’s anorexic effects. Our
findings further support the notion that central insulin action var-
ies between men and women, particularly in terms of the FC ob-
served between the hippocampus and visual-processing regions.
This disparity is possibly influenced by sex hormone action.
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3. General Discussion

Pediatric obesity significantly impacts brain development. Maternal metabolic
conditions, such as gestational diabetes mellitus (GDM), are considered obesity-
promoting factors for the offspring (Hufnagel et al., 2022). GDM exposes the fetus
to hyperglycemia and hyperinsulinemia, which alters brain responses to insulin,
indicating impairment in central insulin action (Linder et al., 2015; Kullmann et al.,
2020a; Hufnagel et al., 2022). Brain Insulin signaling is essential for cognitive
function and appetite regulation (Kullmann et al., 2020a). The hippocampus, a
critical region for cognition and food intake, is especially vulnerable to adverse
prenatal environments and is highly sensitive to insulin (Kanoski and Grill, 2017;
Lynch et al., 2019; Kullmann et al., 2020a). Therefore, this thesis systematically
reviews neuroimaging studies in children and adolescents with obesity to identify
brain alterations and explore the impact of obesity-promoting factors, like GDM,
on brain development. It also examines the long-term effects of intrauterine
hyperinsulinemia on hippocampal networks in children, as well as the impact of
acute intranasal insulin in adults while food cue processing. The main findings of

this thesis are summarized in Figure 4.
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Figure 4

Main findings of the thesis. Amy, amygdala; BMI, body mass index; Hippo, hippocampus;
S1, primary somatosensory cortex. Figure was created with BioRender.com.
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3.1 Brain and Obesity in Pediatric Population

Obesity arises from multiple factors, including an imbalance between energy
intake and expenditure, genetics, environmental influences and psychological
factors (Romieu et al., 2017). Food intake, in particular, is regulated by multiple
brain regions, including those in the mesolimbic circuity (Devoto et al., 2018). A
large body of neuroimaging studies investigated the associations between
obesity and brain alterations in both children and adults. Due to the dynamic
development of children and adolescents’ brain, the impact of obesity on their
brains may differ from that in adults, whose brains have already matured.
Moreover, pediatric obesity could persist into adulthood, and is linked to a higher
risk of metabolic comorbidities (Marcus et al., 2022). Therefore, it is essential to
understand the effects of obesity on brain maturation in this population for
developing effective interventions to address this public health challenge.

In the literature review of neuroimaging research in recent decade, brain
alterations in children and adolescents with obesity were evaluated (Chapter 1).
Similar to the research in adults, the structure MRI and diffusion tensor imaging
(DTI) were applied to detect grey/white matter volumes, cortical thickness and
white matter integrity in children. fMRI with diverse paradigms including visual
food cue task and tasting to detect neural response to food stimuli (e.g., high-
caloric foods and/or low-caloric foods) versus control stimuli (e.g., non-food items)
in children and adolescents with obesity. Additionally, cognitive tasks related to
food choice, decision-making, attention, and impulse control were conducted,
mostly in adolescents, to assess differences in brain regions involved in cognitive
processing. Functional connectivity and large-scale brain network analyses were
also employed to assess intrinsic brain organization changes during resting-state.
Consistent with findings in adults (Li et al., 2023a), mesocorticolimbic system in
children and adolescents appears particularly vulnerable to obesity, likely due to

their role in reward processing and energy regulation. However, the impact of
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obesity on brain structure and function in young populations varies significantly
based on developmental stage, particularly in regions like the hippocampus,
amygdala and basal ganglia. In children with obesity, these regions often exhibit
decreased volumes, whereas adolescents tend to show increased volumes.
These opposing patterns suggest that obesity disrupts the typical developmental
trajectory, characterized by an inverse “U” shape for volume changes from
childhood to adolescence (Herting and Sowell, 2017). The volume and cortical
thickness are consistently decreased in the prefrontal cortex.

In response to food-related reward, mesolimbic regions show heightened
activation among children and adolescents with obesity relative to their normal-
weight counterparts, which also predicts future weight gain. In particular,
increased activation of the hippocampus was consistently observed during the
processing of high-caloric food cues, palatable food choices, and pleasant tastes
in children and adolescents with obesity, and it is related to increased eating in
the absence of hunger (Jastreboff et al., 2014; Boutelle et al., 2015; Mestre et al.,
2017; Moreno-Padilla et al., 2018). These findings highlight the essential function
of the hippocampus in processing food rewards. Furthermore, the correlation
between the hippocampal activation and leptin levels indicates an interaction
between the hippocampus and endocrine signals during the food reward
processing (Jastreboff et al., 2014), which is considered as an advanced
regulation (Kanoski and Grill, 2017).

The activation of inhibitory control regions also varies with developmental stage—
decreased activation is observed in children, consistent with adults with obesity
(Li et al., 2023a), while adolescents exhibit inconsistent activation patterns.
Heightened activation in inhibitory regions during adolescence may indicate an
effort to exert control over food-related impulses, reflecting the ongoing
development of the prefrontal cortex (Moreno-Padilla et al., 2018).

In addition, interventions against pediatric obesity, including exercise, eating
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behavioral strategies and weight-loss programs have demonstrated positive
effects on both weight management and brain health. While volumetric changes
in the hippocampus have not been observed, functional improvements were
evident, such as increased activation in inhibitory regions and decreased reward-
related brain activity, notably in the hippocampus.

Building on these findings, the hippocampus emerges as a region of interest due
to its role in food-related reward processes. Understanding how insulin resistance
may influence hippocampal function could offer critical insights into the

mechanisms that drive overeating in pediatric populations.

3.2 Hippocampus and Insulin Resistance

The hippocampus regulates food intake by processing interoceptive signals of
satiety (e.g., postprandial hormone, insulin) and by inhibiting food-related
associative memories (Kanoski and Grill, 2017). In our obesogenic environment,
which is rich in external food cues, the hippocampus-dependent regulation helps
suppress excessive reward-driven eating (Stevenson et al., 2020). Impaired this
regulation can reduce appetite control, leading to overeating even when not
hungry (Stevenson et al., 2020).

This region is highly sensitive to adverse factors like insulin resistance, which is
often observed in obesity and T2D, contributing to hippocampal dysfunction
(Stranahan, 2015). Central insulin resistance, commonly linked to these
metabolic conditions, has also been associated with altered hippocampal
responses to insulin in both adults and children with obesity. For example, in
adults with obesity, absent brain responsiveness to exogenous insulin has been
observed, potentially arising from insulin resistance in the hippocampus
(Tschritter et al., 2006). Similarly, in children with obesity, an inverse relationship
between peripheral insulin sensitivity and mesolimbic reward activity was

observed (Adam et al., 2015), alongside heightened activation in the
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hippocampus in response to food cues (see Chapter 1). This evidence suggests
a potential impairment of central insulin action in these children, underscoring a
complex interaction between hippocampal function, insulin resistance, and
obesity.

Maternal metabolic disturbances, such as GDM, are particularly significant
obesity-promoting factors that impact offspring brain development, even
independently of the child’s current weight status (see Chapter 1). GDM
exposure leads to fetal hyperinsulinemia, impairing central insulin action as early
as fetal development (Kullmann et al., 2020a). This impaired insulin action has
been linked to altered hypothalamic inhibition to endogenous insulin (triggered by
glucose ingestion) in GDM-exposed children (Page et al., 2019). In addition,
GDM-exposed children exhibit structural changes in the hippocampus (Alves et
al., 2020; Lynch et al., 2021). Investigating the long-term effects of GDM exposure
offers a valuable opportunity to understand how insulin signaling influences
hippocampal development and the risk of developing obesity in later stages of life

(investigated in Chapter 2).

3.3 Long-term Effects of Intrauterine Hyperinsulinemia Exposure on the

Hippocampal Network

Exposure to GDM in utero show significant long-term effects on the hippocampus,
specifically in how it processes food cues, among children aged 7-11 years. As
observed in Chapter 2 (Zhao et al., 2024a), hippocampal functional connectivity
with reward processing regions (e.g., striatum) is higher among children exposed
to GDM versus those unexposed, regardless of their current weight status.
Consistently, animal studies have shown that perinatal hyperinsulinemia leads to
hippocampal insulin resistance in adult offspring, supporting the idea of long-term
effects of hyperinsulinemia exposure on brain function (Schmitz et al., 2018).

Within the mesolimbic circuitry, hippocampal neurons connect with neurons in
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other regions, receiving dopamine signals to convey the rewarding characteristics
of external stimuli (Volkow et al., 2011; Kanoski and Grill, 2017). Central insulin
plays a key role in modulating neuronal activity and functional connectivity across
these regions by suppressing dopaminergic signaling in the striatum (Kullmann
et al., 2021). Impaired central insulin action, as is often observed in individuals
with metabolic dysfunction, reduces the ability to suppress mesolimbic activity
(Tiedemann et al., 2017). Consequently, stronger functional connectivity between
the hippocampus and reward regions in children exposed to GDM may be linked
to impaired insulin action in the hippocampus. Central insulin resistance has been
related to more weight regain after weight loss intervention (Kullmann et al.,
2020b). Moreover, the connection of hippocampus-striatum could contribute to
food craving (Tomasi and Volkow, 2013). Therefore, the potential impairment of
hippocampal insulin action in children with GDM exposure could lead to an
increased valuation of food rewards and heightened motivation to eat. These
factors may, ultimately, contribute to metabolic disorders, including obesity.
Interestingly, the association between hippocampal functional connectivity and
obesity was only observed in children with GDM exposure, specifically involving
the hippocampus-somatosensory cortex connection. Similarly, children with
obesity show altered hippocampal connection with the somatosensory cortex, a
region that plays a role in sensing food properties, such as fat content (De Araujo
and Rolls, 2004; Li et al., 2025). This altered functional connections only in GDM-
exposed children further support that intrauterine exposure to hyperinsulinemia
modifies the development of hippocampal networks, potentially increasing
susceptibility to unhealthy eating behaviors.

Taken together, chronic hyperinsulinemia exposure leads to long-lasting changes
in hippocampal network during food cue processing, potentially contributing to
future weight gain and obesity. Building on these findings in children, we therefore

further investigated the response of the hippocampal network to acute central
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insulin during a food cue task. The study was conducted in adults in which central

insulin was administered by nasal spray (investigated in Chapter 3).

3.4 Acute Exogenous Insulin Action in the Hippocampal Network

Acute intranasal insulin enhances functional connectivity between the
hippocampus and dorsolateral prefrontal cortex during a visual food cue task
(Chapter 3 (Zhao et al., 2024Db)), aligning with findings from resting-state studies
in both metabolically healthy and unhealthy adults (Zhang et al., 2015; Kullmann
et al., 2017). Evidence suggests that central insulin modulates neural activity in
the hippocampus and dorsolateral prefrontal cortex during both food cue
processing and resting state (Guthoff et al., 2010; Wagner et al., 2022; Wagner
et al., 2023). However, sex differences in insulin-induced neural activity were
observed in these regions: women show a decline in hippocampal activity with
increasing age, as well as greater dorsolateral prefrontal cortex activation in
response to highly desirable food cues compared to men, following intranasal
insulin administration (Wagner et al., 2022; Wagner et al., 2023). Interestingly, no
sex differences were detected in the functional connectivity between these
regions in Chapter 3 (Zhao et al., 2024b).This consistency could arise from the
distinct aspects of brain function: activity reflects the involvement of specific brain
region, while functional connectivity represents the synchronization between
regions (Kirby et al., 2024).

The dorsolateral prefrontal cortex, a key region for inhibitory control, is involved
in regulating appetite, choosing healthier food, and supporting weight
management (Weygandt et al., 2013; Weygandt et al., 2015; van Meer et al.,
2019; Ester and Kullmann, 2022). We observed the functional connection
between the hippocampus and this inhibitory control region is negatively linked
to changes in the subjective hunger feeling and food craving. Therefore,

individuals with higher functional connectivity show greater reduction in both,

93



GENERAL DISCUSSION

following acute intranasal insulin. This is consistent with resting-state evidence
indicating that hippocampal network is predictive of hunger sensations (Kullmann
et al., 2017; Hoang et al., 2024). Given the anorexigenic effect of central insulin,
the hippocampus-prefrontal cortex connection may increase satiety and suppress

the drive for food-related behaviors, contributing to this effect.

3.5 Sex Differences of the Response to Insulin in the Hippocampal Network

During food cue task, acute intranasal insulin action exhibited sex-specific
differences in functional connectivity between the hippocampus and the visual
processing cortex, with higher functional connectivity in men (Chapter 3 (Zhao et
al., 2024b)). Importantly, no sex differences in peripheral insulin sensitivity were
observed, suggesting that central insulin’s effect on functional connectivity in the
hippocampus is independent of peripheral metabolism. This aligns with the idea
that hippocampal insulin resistance may develop independently from peripheral
insulin resistance (Fadel and Reagan, 2016; Kullmann et al., 2017). Grillo and
colleagues found that rats with selective hippocampal insulin resistance exhibited
impaired synaptic plasticity and disrupted hippocampus-dependent spatial
learning, despite no impairment in peripheral metabolism (Grillo et al., 2015).

Differences in the hippocampal responsiveness to central insulin between women
and men have been noted in the literature (Wagner et al., 2023). Concomitantly,
evidence points to a stronger hippocampus-visual cortex connection in men with
potential impaired brain insulin action (i.e., mild cognitive impairment), implying a
sex-specific response to altered brain insulin levels (Williamson et al., 2022).
Neuroimaging studies have demonstrated that the visual processing cortex is
involved in food reward processing (Spetter et al., 2020; Avery et al., 2021; Yang
etal., 2021; Oren et al., 2022). Additionally, its reactions to both endogenous and
exogenous insulin during food cue processing were observed (Guthoff et al.,

2010; Kroemer et al., 2013; Heni et al., 2014a). Moreover, only men with higher
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functional connection show a greater reduction in food desire following intranasal
insulin, aligning with behavioral evidence of central insulin's anorexic effects in
men.

Taken together, the response to insulin in the hippocampus during food cue task
shows a sex-specific manner. Therefore, we further investigated whether the
observed sex differences of hippocampal response to acute insulin could be

related to sex hormones in women (investigated in Chapter 3).

3.6 Potential Role of Sex Hormones in Sex Differences in Hippocampal

Response to Insulin

In women with natural menstrual cycling, we found an inverse relationship
between the insulin-mediated hippocampal-visual cortex connection and the
estradiol/progesterone ratio, but only in the luteal phase, when both hormones
are elevated (Chapter 3 (Zhao et al., 2024b)). Animal studies have shown the
interaction between central insulin and sex hormones, revealing that selectively
deletion of brain insulin receptors impacts corpora lutea and antral follicles by
reducing luteinizing hormone, which is vital for progesterone and estradiol
production (Brining et al., 2000). In humans, the association between the central
insulin sensitivity and peripheral insulin sensitivity is different across the
menstrual cycle (Hummel et al., 2023). Therefore, our findings suggest that
insulin action in the hippocampus is closely related to sex hormones levels, with
hormonal fluctuations throughout the menstrual cycle potentially influencing
central insulin effects on the brain.

Evidence from animal studies indicates that estrogen impacts brain insulin
sensitivity, with low estrogen levels being crucial for the anorexigenic effect of
central insulin (Clegg et al., 2006). However, in humans, no independent effect of
estrogen on central insulin action has been demonstrated. For example, no

differences in hippocampus-dependent memory or food consumption were
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observed between postmenopausal women and young women using estradiol-
dominant contraceptives (Krug et al., 2010). Similarly, acute intranasal insulin did
not affect food intake in men with or without estradiol treatment (Krug et al., 2018).
This inconsistency implies that estrogen may not be the only factor modulating
insulin's central effects in humans. The interaction between estradiol and
progesterone in increasing hippocampal synaptic density has been demonstrated
in animals (Woolley and McEwen, 1993). Moreover, the function of progesterone
receptor also relies on activation of estradiol receptor (Lydon et al., 1995). In
addition, improvements in spatial memory during the luteal phase in women
indicates a potential estradiol-progesterone interaction in hippocampal function
in humans (Hussain et al., 2016). Beyond the estradiol/progesterone ratio, we
further investigated the effects of estradiol and progesterone separately on
insulin-mediated functional connection between the hippocampus and visual
cortex during the luteal phase. Our findings suggest that progesterone may act
as a primary driver of the observed association between the sex hormones and
hippocampal functional connectivity (data not shown). However, the specific role
of progesterone in the hippocampal response to central insulin remains

unexamined.

3.7 Strength and Limitations of the Studies

This thesis advances our understanding of brain alterations in pediatric obesity,
as well as interaction between the hippocampal network and central insulin action
in regulating food-related behavior. In addition to providing a comprehensive
review of the impact of obesity on brain development, this thesis examines both
children with GDM exposure and adults, using fMRI and behavioral assessments
to offer a thorough perspective on insulin's impact in the hippocampus across life
stages. The studies address significant gaps by suggesting potential impaired

insulin action in the hippocampus in humans with intrauterine hyperinsulinemia
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exposure. They also investigate how hippocampal responses to central insulin
differ by sex, considering the role of sex hormonal action. The findings emphasize
the need for individualized approach in future interventions aimed at enhancing
central insulin sensitivity.

However, there are limitations that need to be acknowledged. Firstly, a relatively
small sample size constrained the statistical power available for subgroup
comparisons, especially in examining role of sex hormones in premenopausal
female adults. Future studies with a larger sample size in women with natural
menstrual cycle should be conducted to detect the differences of insulin-mediated
hippocampal functional connectivity between the follicular and luteal phases. This
is important as hormonal fluctuations across these phases can significantly
impact brain function and insulin sensitivity (Hummel et al., 2023). Secondly,
although we interpreted our results in relation to eating behaviors, we did not
include behavioral questionnaires, such as those assessing food cravings (in the
GDM study, Chapter 2), or direct measures of energy intake. This limitation
leaves the relationship between hippocampal functional connectivity alterations
and metabolic processes in children unexamined. It also restricts our
understanding of sex differences in hippocampal insulin action and their influence
on energy intake in adults. Finally, the cross-sectional design of current studies
restricts our capacity to assess whether the observed functional differences in the
hippocampus may be linked to future weight gain and development of metabolic

conditions in both children and adults.

3.8 Conclusions and Future Directions

The influence of pediatric obesity on brain structure and function, particularly in
the hippocampus, amygdala and basal ganglia within the mesocorticolimbic
circuitry, varies significantly based on developmental stage in pediatric

populations. Intrauterine GDM exposure (i.e., hyperinsulinemia exposure), as an
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obesity-promoting factor, leads to long-lasting effects on the hippocampal
network. These changes may increase the risk of future weight gain and
metabolic disorders. Importantly, acute insulin demonstrates sex-specific
differences in hippocampal network response, potentially influenced by sex
hormones. These findings highlight the importance of early interventions for
adverse prenatal exposures, such as GDM, due to their long-term effects on brain
development. Moreover, individualized approaches for addressing conditions
involving central insulin resistance, such as obesity and type 2 diabetes, that
account for sex-specific responses may provide additional benefits.

Future studies could utilize intranasal insulin administration in children exposed
to GDM to investigate and provide direct evidence of hippocampal insulin
resistance in this population, as such evidence is still lacing. Additionally, the
interaction between central insulin and progesterone in the brain warrants further
exploration, and studies comparing the effects of central insulin between young
women on progesterone-dominant contraceptives and postmenopausal women
could be particularly informative. Given the distinct roles of hippocampal
subregions, it remains unclear which subregions are responsible for the observed
insulin-induced changes in functional connectivity in children and adults. Future
research using high-field MRI, which allows for precise hippocampal
segmentation, could address this knowledge gap.

Behavioral data in adults indicate that the effects of central insulin on food intake
differ between sexes depending on nutritional states (Benedict et al., 2008;
Hallschmid et al., 2012). The hippocampus controls food intake by sensing
physiological hunger and satiety signals (Kanoski and Grill, 2017). Therefore,
future research could benefit from exploring sex differences in central insulin
action during different nutritive states, particularly in the hippocampus, to
understand the neural mechanisms behind these behavioral differences.

Moreover, comparing central insulin action between individuals with normal
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weight and those with obesity across different nutritive states could provide

further insights into central insulin resistance in obesity.
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4. Summary

Pediatric obesity significantly impacts brain development, with GDM being one of
the contributing factors. GDM exposes the fetus to hyperinsulinemia, which alters
brain responses to endogenous insulin and suggests impaired central insulin
action. Insulin signaling in the brain plays a crucial role in cognitive function and
appetite regulation. The hippocampus, a critical region for cognition and food
intake, is particularly vulnerable to adverse prenatal environments and is highly
sensitive to insulin. However, the response of hippocampal network to chronic
hyperinsulinemia exposure (from GDM) and acute exogenous insulin during food
cue processing remains unclear.

Firstly, this thesis systematically reviews neuroimaging studies in children and
adolescents with obesity to identify brain alterations and explore the impact of
obesity-promoting factors, like GDM, on brain development. The influence of
obesity on brain structure and function, particularly in the hippocampus,
amygdala and basal ganglia within the mesocorticolimbic circuitry, varies cross
developmental stage. Maternal obesity and GDM influence brain development
independent of the child’s current weight status.

Secondly, fMRI was used to assess hippocampal network during a food cue task
in children aged 7-11 years, comparing those exposed to GDM with those not
exposed. Associations between BMI and hippocampal network were analyzed in
both groups. Children with GDM exposure showed stronger functional
connectivity between the hippocampus and reward processing regions. An
association between the adiposity and hippocampal functional connection to the
somatosensory cortex was only observed in GDM group. These changes suggest
that intrauterine GDM exposure leads to long-lasting effects on the hippocampal
network, potentially increasing the risk of future weight gain and metabolic
disorders. This highlights the importance of early interventions for adverse

prenatal exposures due to their long-term effects on brain development.
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Thirdly, the response of hippocampal network to intranasal insulin during food
cue processing was explored in adults using fMRI. The influence of sex hormone
levels on hippocampal functional connectivity was assessed in premenopausal
women. Central insulin increased hippocampal functional connectivity with the
inhibitory control region, supporting insulin’s anorexic effect. Sex differences were
observed in the functional connectivity between the hippocampus and visual
cortex, potentially related to sex hormones fluctuation in women. These findings
suggest that individualized interventions for central insulin resistance conditions,

accounting for sex-specific responses, may provide additional benefits.
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5. German Summary

Adipositas im Kindes- und Jugendalter beeinflusst die Gehirnentwicklung
erheblich, wobei Gestationsdiabetes mellitus (GDM) zu den beitragenden
Faktoren zahlt. GDM fuhrt zu einer fetalen Hyperinsulinamie, die die
Gehirnantwort auf endogenes Insulin verandert und auf eine gestorte zentrale
Insulinwirkung hinweist. Insulinsignalwege im Gehirn spielen eine entscheidende
Rolle bei kognitiven Funktionen und der Appetitregulation. Der Hippocampus,
eine Schllsselregion fiur Kognition und Nahrungsaufnahme, ist besonders
anfallig fur ungunstige pranatale Umwelteinflusse und hochsensibel gegenuber
Insulin. Die Reaktion des hippocampalen Netzwerks auf chronische
Hyperinsulinamie-Exposition (durch GDM) und akutes exogenes Insulin wahrend
der Verarbeitung von Nahrungsreizen ist jedoch noch unklar.

Erstens bietet diese Dissertation eine systematische Ubersicht Uber
neuroimaging Studien zu Gehirnveranderungen bei adipésen Kindern und
Jugendlichen, um diese Veranderungen zu identifizieren und die Auswirkungen
von Adipositas-fordernden Faktoren wie GDM auf die Gehirnentwicklung zu
untersuchen. Der Einfluss von Adipositas auf die Gehirnstruktur und -funktion,
insbesondere im Hippocampus, in der Amygdala und den Basalganglien
innerhalb  der mesokortikolimbischen  Schaltkreise, variiert je nach
Entwicklungsphase. Mitterliche Adipositas und GDM beeinflussen die
Gehirnentwicklung unabhangig vom aktuellen Gewicht des Kindes.

Zweitens wurde fMRT verwendet, um das hippocampale Netzwerk wahrend einer
Nahrungsreizaufgabe bei Kindern im Alter von 7—11 Jahren zu bewerten. Hierbei
wurden Kinder mit GDM-Exposition mit solchen ohne Exposition verglichen. Die
Assoziationen zwischen BMI und dem hippocampalen Netzwerk wurden in
beiden Gruppen analysiert. Kinder mit GDM-Exposition zeigten eine starkere
funktionelle Konnektivitat zwischen dem Hippocampus und

Belohnungsverarbeitungsregionen. Eine Assoziation zwischen Adipositas und
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der hippocampalen funktionellen Verbindung zum somatosensorischen Kortex
wurde nur in der GDM-Gruppe beobachtet. Diese Veranderungen weisen darauf
hin, dass die intrauterine GDM-Exposition zu langfristigen Effekten auf das
hippocampale Netzwerk fuhrt und moglicherweise das Risiko fur zukunftige
Gewichtszunahme und Stoffwechselerkrankungen erhdht. Dies unterstreicht die
Bedeutung friher Interventionen bei ungunstigen pranatalen Expositionen
aufgrund ihrer langfristigen Auswirkungen auf die Gehirnentwicklung.

Drittens wurde die Reaktion des hippocampalen Netzwerks auf intranasales
Insulin wahrend der Verarbeitung von Nahrungsreizen bei Erwachsenen mittels
fMRT untersucht. Der Einfluss von Sexualhormonspiegeln auf die hippocampale
funktionelle Konnektivitat wurde bei pramenopausalen Frauen bewertet.
Zentrales Insulin erhodhte die funktionelle Konnektivitat des Hippocampus mit der
Region der inhibitorischen Kontrolle und unterstutzte die anorektische Wirkung
von Insulin. Geschlechtsspezifische Unterschiede wurden in der funktionellen
Konnektivitat zwischen Hippocampus und visuellem Kortex beobachtet, die
moglicherweise mit Hormonschwankungen bei Frauen zusammenhangen. Diese
Ergebnisse deuten darauf hin, dass individualisierte Interventionen flr zentrale
Insulinresistenz, die geschlechtsspezifische Reaktionen berlcksichtigen,

zusatzliche Vorteile bieten konnten.
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