Obesity

Supplement

PHYSIOLOGY OF THE WEIGHT-REDUCED STATE

Strategies to Understand the Weight-Reduced State:
Genetics and Brain Imaging

Ruth J. F. Loos "= 12 Charles Burant ") 3, and Ellen A. Schur =) 4

Most individuals with obesity or overweight have difficulty maintaining weight loss. The weight-reduced
state induces changes in many physiological processes that appear to drive weight regain. Here, we review
the use of cell biology, genetics, and imaging techniques that are being used to begin understanding why
weight regain is the normal response to dieting. As with obesity itself, weight regain has both genetic and
environmental drivers. Genetic drivers for “thinness” and “obesity” largely overlap, but there is evidence for
specific genetic loci that are different for each of these weight states. There is only limited information re-
garding the genetics of weight regain. Currently, most genetic loci related to weight point to the central nerv-
ous system as the organ responsible for determining the weight set point. Neuroimaging tools have proved
useful in studying the contribution of the central nervous system to the weight-reduced state in humans.
Neuroimaging technologies fall into three broad categories: functional, connectivity, and structural neuro-
imaging. Connectivity and structural imaging techniques offer unique opportunities for testing mechanistic

hypotheses about changes in brain function or tissue structure in the weight-reduced state.

Obesity (2021) 29, S39-S50.

Introduction

The presentations in this session focused on technologies to under-
stand the biological factors underlying obesity, weight loss, and weight
regain. The marked increase in the median weight of individuals in the
United States over the past 50 years is due, in large part, to changes
in the environment, primarily the easy availability of highly palatable,
energy-dense food (1). Once the overweight or obesity state is estab-
lished, individuals have a difficult time in achieving and maintaining a
weight-reduced state (2). As reviewed by Rosenberg, Hall, and Leibel
and summarized by Klein (vide supra), there are important molecular,
physiological, and behavioral changes that occur in individuals who
reduce their weight.

The physiological changes in the weight-reduced state include changes
in nervous system activity; hormonal changes, including decreases in
leptin and thyroid hormone levels; and reductions in total energy expen-
diture, highlighted by reductions in spontaneous physical activity and
rises in muscle efficiency quantifiable at low levels of physical activ-
ity in both lean individuals and individuals with obesity. With weight
loss, there is a reduction in the respiratory exchange ratio, indicating
increased fatty acid oxidation, and a marked reduction in the ratio of
glycolytic to cytochrome C oxidase activity without significant changes
in mitochondrial mass (3). These changes can be reversed by admin-
istration of leptin and triiodothyronine, with the latter proposed to be
the common mediator (4), suggesting changes in intrinsic activity of
mitochondria.

Dr. Debra Muoio, Duke University, provided a potential path to under-
standing the molecular nature of alterations in mitochondrial energet-
ics in normal physiology and disease states. As recently published in
Cell Reports (5), the approach to assessing mitochondrial “phenomics”
is performed by carrying out a series of validated sets of biochemical
assays under defined conditions that reflect “physiologically relevant
energy demands and thermodynamic constraints”. The platform uses
a modification of the creatine kinase energetic clamp technique mimic
variable extramitochondrial ATP:ADP ratios seen in the cell under dif-
ferent energetic conditions. The approach was used to evaluate the role
of lysine acetylation of mitochondrial proteins. Increased acetylation
has different metabolic states, including dietary overload and insulin
resistance (6-8), and associates with increases in protein acetylation.
However, using the protein platform, Muoio and collaborators investi-
gated three models of mitochondrial hyperacetylation (genetic knock-
outs of malonyl coenzyme A decarboxylase, SIRTS demalonylase and
desuccinylase, and SIRT3 deacetylase) and found that mitochondrial
function showed only a small, but significant, 15% decrease in ATP
synthase activity (9). The absence of other marked defects on mito-
chondrial function suggested that other pathways of mitochondrial dys-
function besides acetylation are likely playing a role in mitochondrial
dysfunction in obesity.

Dr. Ruth Loos from the Icahn School of Medicine at Mount Sinai
outlined the state of knowledge of genetic association studies related
to obesity. She reviewed the studies that show an important genetic
contribution in the development of obesity as well as evidence that
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many of the genetic loci that are associated with obesity partially,
but not completely, overlap with those associated with thinness.
Mapping of these genes suggests a primacy of the central nervous
system (CNS) in a person’s weight. Dr. Loos also highlighted the
importance of careful phenotyping when performing gene—weight
association studies. However, studies performed to detect genetic
associations with the maintenance of weight loss have been limited
by small sample sizes, and as such, only the relationships of loci
previously discovered to be associated with body weight have been
tested. Interestingly, a minor allele at the MTIF3 (mitochondrial
translational initiation factor 3) loci was the most statistically associ-
ated with weight maintenance, and preliminary studies have provided
some evidence for variation of expression in adipose tissue and not
the CNSS.

Dr. Ellen Schur from the University of Washington reviewed techniques
and applications of neuroimaging by functional magnetic resonance
imaging (MRI) employed to localize brain areas that are activated in
response to feeding and other cues. This allows for evaluation of poten-
tial structural and functional brain areas responsible for appetitive and
cognitive behavior related to feeding behavior. The approaches were
categorized into three categories: (a) functional neuroimaging, which
can quantify neural activity in response to a range of stimuli in lean
individuals, individuals with obesity, and weight-reduced individuals;
(b) connectivity imaging by blood oxygen-level dependent (BOLD)
functional MRI (fMRI) to identify regions that are in communication
with each other by identifying oscillations that occur in parallel in sepa-
rate brain regions, with the presumption that this indicates “cross-talk”
between distinct anatomical locations; and (c) structural neuroimaging,
which uses technologies used in clinical neuroradiology to assess tissue
volume, composition, and microstructure and correlates these measures
with a variety of clinical outcomes.

Presenting the strengths and limitations of these technologies, includ-
ing small sample sizes, statistical biases, and poor reproducibility,
Dr. Schur provided a balanced assessment of the state of the art and the
potential for deriving new, potentially actionable insights into the neu-
robiology of “leanness,” obesity, and alterations that occur in response
to weight loss.

Genetics of Healthy Thinness and Weight
Loss Maintenance

By discovering genes, human geneticists aim to gain insight into the
biology that underlies disease. The paradigm is straightforward: genes
translate into proteins and biological pathways, which in turn represent
the innate mechanisms that determine susceptibility to disease. In the
context of body weight regulation, genetic studies have predominantly
focused on obesity (10-12), at the higher end of the body weight distri-
bution, as it is a major risk factor for a range of diseases and thus clini-
cally relevant. Very few studies have examined the genetic contribution
to healthy thinness, at the lower end of the distribution, as it is consid-
ered the “normal state” for which no causes or cures need to be sought
(13-15). Healthy thinness is often defined by BMI below 18 kg/m? or
below the 10th percentile and absence of medical conditions or eating
disorders (13-15). It can be argued that insights into the physiology
that determines healthy thinness and resistance to weight gain (in an
obesogenic environment or after weight loss) may unlock the secrets to
obesity prevention and weight loss maintenance.

Understanding the Weight-Reduced State Loos et al.

Because of the lack of research into persistent healthy thinness and
weight loss maintenance, it is unclear whether the genes and biolog-
ical pathways that cause obesity also determine a person’s ability to
remain of normal/low weight. Specifically, can we assume that healthy
thinness is simply the “flip side” of obesity and thus determined by
the same genes? Or is healthy thinness its own “condition,” defined
by another set of genes and a different biology? Furthermore, it is not
known whether the genes that underlie healthy thinness are the same as
those that determine weight loss maintenance after intervention (e.g.,
lifestyle, medication, surgery).

This short review summarizes the key findings of studies that have
examined the role of genes in healthy thinness and in the maintenance
of weight loss after intervention. The discovery of genes that determine
people’s resistance to gaining weight in an obesogenic environment
may identify new targets for the prevention and treatment of obesity.

Genetic contribution to healthy thinness

and weight loss maintenance

Before the initiation of gene-discovery efforts, it is critical to establish
whether the traits or diseases of interest are heritable. A large number
of twin and family studies have estimated that 40% to 70% of the inter-
individual variation in obesity susceptibility is due to genetic variations
(16). While such heritability estimates are not available for healthy thin-
ness and weight loss maintenance, evidence for a genetic component
has come from family studies, showing that the likelihood of being thin
is higher when you have a thin relative, in particular if this relative is a
monozygotic twin sibling (Figure 1) (14,17). No studies have estimated
the genetic contribution to weight loss maintenance or regain after in-
tervention, which is likely due to a lack of genetic research in this field.
Intervention studies have predominantly focused on weight loss, for
which there is evidence of a genetic component (18-20).

Therefore, although there is evidence for a role of genes in resistance
to weight gain, the extent of the genetic contribution remains to be
examined.

Genes for healthy thinness overlap with genes

for obesity

Once a genetic component is established, genome-wide association
studies (GWAS) are a common approach to identify the actual genes
and/or genetic variants that affect variation in traits or disease suscepti-
bility. Millions of genetic variants across the whole genome are tested
for association with the outcome, without any a priori hypothesis, with
the aim of identifying new genes and pathways that were not previously
assumed to be involved.

GWAS have identified more than 1,000 genetic loci robustly associated
with BMI in the general population (10-12). Tissue enrichment and path-
way analyses based on these genetic loci have provided strong support
for a role of the CNS in body weight regulation (10,12). In addition to
the hypothalamus and pituitary gland, which are known sites in appe-
tite regulation, the hippocampus and limbic system (involved in learn-
ing, cognition, and emotion) and the insula and substantia nigra (related
to addiction and reward) have also been implicated (10-12,21-23). Even
though BMI is used to define obesity (BMI > 30 kg/m?), in GWAS, BMI
is mostly treated as a continuous trait, representing the full distribution
of body weight, from underweight to severe obesity. Yet genetic variants
associated with BMI are typically interpreted in the context of obesity
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Figure 1 Thinness and obesity among relatives. Risch’s Lambda (1) represents the risk of being thin or
having obesity, given a relative who is thin or has obesity, divided by the population risk. From Bulik and
Allison (14). For example, a Lambda of 3 means that a person is three times more likely to be thin if a
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relative is thin as well.

susceptibility; for example, the minor allele of the fat mass and obesity
associated (FTO) gene variant is associated with a 0.39 kg/m? higher BMI
and a 1.2-fold increased risk of obesity. However, because the genetic
variants tested in a GWAS are bi-allelic, findings can also be interpreted
as a function of the major allele; for example, the major allele of the same
FTO variant is associated with a —0.39 kg/m? lower BMI and a 0.83
reduced risk of obesity. By design, this means that genetic loci associated
with higher BMI are the same as those associated with lower BMI.

In an analysis of the extremes of the BMI distribution, the Genetic
Investigation of Anthropometric Traits (GIANT) Consortium performed
a GWAS that compared genotypes of people in the top 5% of the BMI
distribution to those in the bottom 5% (24). It was hypothesized that
the extremes of the distribution represent distinct groups enriched with
carriers of low-frequency variants with large effects. Despite a large
sample size (N > 25,000), no new loci were identified for the extremes
beyond those already identified in GWAS for BMI (24). This may be
due to the fact that the extremes compose a heterogenous group of indi-
viduals who, at the bottom 5%, may have been thin for a variety of
reasons (disease, older age, healthy thin, etc.) or due to the fact that the
top and bottom 5% extremes were compared to each other rather than
to a normal-weight control group.

In a more recent GWAS study, cases of “persistent thinness”” were more
carefully ascertained and defined as individuals with a BMI < 18 kg/m?
who have no medical conditions or eating disorders (13). Genome-wide
genotypes of 1,471 persistently thin individuals were compared to the
genotypes of 6,460 controls. Besides thin individuals, the study also
included 1,456 severe childhood-onset obesity cases that were com-
pared to the same controls. While the genome-wide analyses did not
reveal any new loci for either trait (Figure 2), all of the 97 previously
established BMI loci were associated with thinness and severe obesity

in the direction expected from their association with BMI. Of these
97 loci, 40 reached nominal significance (P < 0.05) for association with
severe obesity and only 15 for association with thinness. Consistently,
the 97 loci explained more of the variance in severe obesity suscepti-
bility (10.8%) than in persistent thinness (4.3%). While these findings
suggest that the BMI-associated loci better represent severe obesity than
persistent thinness, the authors argue that the difference in explained
variance may be due to the fact the “severe obesity” phenotype is more
extreme (with greater BMI range) than the “persistent thinness” pheno-
type. The single nucleotide polymorphism-heritability (h%sxp), Which
is the heritability attributable to all genetic variants tested in a GWAS,
is similar for thinness (28%) and severe obesity (33%). By design, the
h%g\p tends to be lower than the heritability estimated in twin- and
family-based studies. For comparison, the h’gxp for BMI is 22%-27%
(25), whereas the thWin/fami]y is ~40%-70% (16).

The genetic correlations of persistent thinness with severe obesity
(r = =0.49) and BMI (r = —0.69) were moderate to high, which sug-
gests that thinness and severe obesity have a shared genetic component
but that the overlap is incomplete (13). Specifically, although most loci
exert an effect across the full BMI spectrum, some loci seem to have
a more pronounced effect on severe obesity, whereas others (e.g., in
cell adhesion molecule 2 [CADM?2]) have a larger effect on thinness.
CADM? encodes a cell adhesion protein that mediates synaptic assem-
bly in the CNS (26). CADM?2 represents an interesting candidate gene,
as deletion of the gene in obese mice results in increased locomotor
activity and energy expenditure, as well as reduced adiposity and an
improved glycemic profile (27).

There was no genetic correlation between persistent thinness and
anorexia nervosa (r = 0.13), confirming the careful ascertainment of
persistently healthy thin individuals in this study (13).
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Figure 2 Miami plot of GWAS for severe early onset obesity (top) and persistent thinness (bottom). Red lines indicate genome-wide significance
threshold at P = 5 x 1078, Black labels highlight known BMI/obesity-associated loci that were taken forward for replication, and yellow peaks
indicate those that met genome-wide significance after replication. Gray labels highlight novel loci that did not replicate. From Riveros-McKay

etal. (13).

The latest GWAS for thinness compared 881 metabolically healthy thin
individuals (lowest 6th percentile of BMI distribution) with 3,173 con-
trols (30th-50th percentile) from the Estonian Biobank (15). Although
none of the genetic associations reached genome-wide significance
(P <5 x 107%), five loci showed suggestive evidence of association
(P < 1 x 107%), of which one is located in anaplastic lymphoma kinase
(ALK), a plausible candidate gene (15). ALK is a member of the insulin
receptor superfamily of tyrosine kinases and is expressed widely in the
brain and pituitary. Deletion of Alk in mice results in thin animals that
are resistant to diet- and leptin-mutation-induced obesity. ALK appears
to regulate sympathetic output, influencing energy expenditure (15).
However, the relatively weak GWAS association (P = 1.4 x 1079), and
the lack of replication, warrant caution and the need for additional fol-
low-up analyses to confirm ALK’s role in human thinness.

Genes for weight loss maintenance

Gene discovery for weight maintenance after weight loss intervention
(e.g., behavioral, pharmaceutical, surgical) provides an alternative ap-
proach to gain insight into the physiology that underlies resistance to
weight gain and obesity. This approach, however, has faced some im-
portant challenges. First of all, although the intervention studies are
large given the intensive study design, they are often still too small
to have sufficient statistical power for successful gene discovery. As
such, most studies have avoided genome-wide discovery screens and
have focused instead on loci that have been previously identified for
their association with BMI. This approach assumes that weight main-
tenance/regain and BMI (assessed cross-sectionally) are determined by
the same biology, which may not (always) be the case. This approach
does not allow for the discovery of new loci. Furthermore, because the
study designs of intervention studies vary widely in type of intervention,
duration, and follow-up after weight loss, replication or meta-analyses

of genetic associations are challenging, and as such, findings are often
weak. Lastly, most intervention studies have focused on weight loss as
the key outcome, instead of also examining the genetic underpinning of
weight loss maintenance. Because of these limitations, very few reported
loci show robust, replicated associations with weight loss maintenance.

Some of the larger studies that have examined the genetics of weight
loss maintenance after intervention include the Diabetes Prevention
Program (DPP) (28,29) and the Action for Health in Diabetes (Look
AHEAD) study (29-31). The DPP includes 3,234 individuals with over-
weight and obesity at risk for type 2 diabetes who either underwent
an intensive lifestyle intervention program (weight loss ~7%), took
metformin twice daily (weight loss ~2.4%), or received no intervention
(no weight loss) for 1 year (28,29). All participants were offered group
classes to promote a healthy lifestyle from the second year onward. In
the Look AHEAD study, 5,145 individuals with overweight or obesity
with type 2 diabetes followed either an intensive lifestyle (diet and exer-
cise) intervention (weight loss ~9% at 1 year) or a diabetes support and
education program (weight loss ~0.9%) for the first year. All partici-
pants were followed individually for up to 4 years (29-31).

In participants who had lost 23% of their baseline weight, a small set
of genetic candidate loci were tested for association with weight regain
following 1 year of weight loss in the Look AHEAD study and the DPP,
separately (28,30,31). In the DPP, three loci (in/near neuronal growth
regulator 1 [NEGRI], brain-derived neurotrophic factor [BDNF], and
peroxisome proliferator-activated receptor gamma [PPARG]) were
associated with weight regain, irrespective of treatment, whereas two
other loci (in/near transmembrane protein 18 [TMEM 18] and potassium
channel tetramerization domain containing 15 [KCTD15]) showed
treatment-specific effects (28). In the Look AHEAD study, the FTO
locus was associated with weight regain, but only in the diabetes support
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and education group (30). Despite similar study designs, none of the
loci reported in the DPP were replicated in the Look AHEAD study, or
vice versa (28,30). In a subsequent analysis, more than 30,000 variants
across the genome were tested for association with weight regain in the
Look AHEAD study, using the Candidate Gene Association Resource
SNP array, which is designed to test loci relevant for a range of cardio-
vascular, metabolic, and inflammatory syndromes (31). However, none
of the associations reached array-wide significance (31).

In a joint effort by the Look AHEAD study and the DPP, summary statis-
tics for 91 candidate loci and their association with weight regain were
combined in a meta-analysis (29). The 91 tested loci had previously
been reported for association with BMI in the GIANT Consortium (10).
Although none of the loci reached the study-wide significance thresh-
old, the minor allele of rs1885988 in MTIF3 was the most strongly
associated with reduced weight in the lifestyle intervention group
(P =0.002), but not in the control group (29). These findings suggest
that minor allele carriers of the MTIF3 variant (rs1885988) benefit
more from intensive lifestyle changes than the major allele homozy-
gotes. Even though this association was not extremely robust, findings
from other studies corroborate this observation. Specifically, a large-
scale gene—environment interaction study (N ~ 68,000) that examined
whether the favorable effect of a healthy diet on BMI is attenuated or
exacerbated by genotype status for known BMI-associated loci also
highlighted the MTIF3 locus (32). Of the 32 loci tested, only the inter-
action for the MTIF3 locus (rs4771122; r2gyr with rs1885988 ~ 0.72)
was significant (P = 0.008); that is, the protective effect of a healthy
diet on BMI is stronger in minor allele carriers of the MTIF3 locus
(32). Further support for the MTIF3 locus came from a bariatric surgery
study (33). Out of 34 loci tested, minor allele carriers of the MTIF3
locus (rs4771122) experienced greater long-term (up to 9.5 years)
weight loss, or less weight regain, after bariatric surgery (33).

More in-depth analyses are needed to confirm whether MTIF3 is indeed
the causal gene in this locus. Nevertheless, the fact that the minor allele
of the MTIF3 locus, which prevents weight regain, is associated with
increased MTIF3 expression in subcutaneous adipose tissue (P = 4
x 1078 for rs4771122) suggests that MTIF3 might indeed be implicated
in the underlying physiology (34). MTIF3 is a plausible candidate gene,
as it is essential for ATP synthesis, energy balance, and modulation of
reactive oxygen species production in the mitochondria by the elec-
tron transport chain (35). Nevertheless, additional replication of the
observed associations in carefully designed and sufficiently large stud-
ies is needed to more firmly confirm the MTIF3 locus. Furthermore,
in silico and in vivo fine-mapping analyses are needed to pinpoint the
causal gene within this locus before they can be taken forward for more
experimental work (e.g., in animal models) to reveal the mechanisms
through which the candidate gene(s) affect body weight regulation.

Besides the DPP and the LOOK Ahead study, several other studies,
such as the POUNDS LOST (Preventing Overweight Using Novel
Dietary Strategies) (36), Diogenes (Diet, Obesity, and Genes) (37),
SOS (Swedish Obese Subjects) (38), and others (39), have reported on
the association of established obesity-associated variants with weight
regain or weight maintenance after intervention. However, none of the
findings were very robust or replicated in other studies.

Conclusions and future directions
Current research suggests that the genes that determine healthy thin-
ness overlap largely with those that determine obesity, emphasizing the
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central role of the brain in controlling body weight across the body
weight spectrum (13,24). Yet the genetic correlation between thinness
and severe obesity was shown to be incomplete, implying that there
are genes that affect thinness but not obesity, and vice versa (13).
Preliminary findings highlight CADM?2 as a thinness-specific gene that
may affect body weight through increased energy expenditure (13). A
meta-analysis of two larger intervention studies found suggestive evi-
dence that genetic variation in MTIF3 may affect a person’s suscepti-
bility to weight regain after weight loss (29). Nevertheless, the current
findings are weak, and too little data are available to assess the extent to
which the genes and physiology for thinness, weight loss maintenance,
and obesity overlap or are indeed distinct.

This short review did not focus on the genetics of weight loss during
intervention, which has been summarized by others before (40). While
this is an equally important research question, this paper assumes that
genes that act in weight-reduced states (persistent thinness, weight loss
maintenance) differ from those that promote weight loss. However, this
hypothesis remains to be tested.

In all, more longitudinal research into the genetic underpinning of body
weight change and maintenance is needed. In particular, the genetics
of persistent thinness and weight loss maintenance after intervention
deserves more attention, as genes that underlie the weight-reduced state
may provide new targets for the treatment and prevention of obesity. To
that end, we need more genetic association studies that are sufficiently
large and purposely designed to study the weight-reduced state (i.e.,
persistently thin, after weight loss intervention). Since these types of
refined outcomes are not easy to collect, gathering sufficiently large
populations will be challenging. Therefore, replication and/or meta-
analyses will be key to produce robust findings, which will require
careful harmonization of outcomes across studies.

Promise and Perils of Human
Neuroimaging to Understand the
Weight-Reduced State

The purpose of this review is to provide an overview of neuroimaging
tools that might prove useful to researchers studying the CNS contri-
bution to the weight-reduced state in humans. It focuses on three broad
categories: functional, connectivity, and structural neuroimaging, pro-
viding an overview of each approach, including its broad purpose,
what it measures, the study objectives that researchers might utilize the
methodology for, and the common techniques. Examples from the lit-
erature in which the techniques were applied in studies of obesity and/
or weight loss are used to illustrate both the promise and the perils of
these approaches. Given the multitude of paradigms available, in fMRI
in particular, the review cannot be comprehensive, but it attempts to
provide a condensed tutorial on commonly used and promising new
applications in our field. Other methodologies, including those utilizing
radioligand binding and positron emission tomography (PET) to assess
brain neurochemistry or magnetic resonance spectroscopy to measure
brain metabolites, are reviewed elsewhere (41,42).

Functional neuroimaging

Purpose and use. Functional neuroimaging strategies (Table 1)
measure neural activity in response to the stimulus of interest (the
“task™). The types of study objectives that might be met through this
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TABLE 1 Functional neuroimaging

Purpose
Measure change in neural activity in response to a stimulus
Study objective
Map function to anatomic location
Test group differences in CNS response
CNS response to physiologic stimulus
Techniques
BOLD fMRI
ASL
PET (FDG, '50-water)
EEG, MEG
Common tasks
Food cues
Task + physiologic manipulation
Food-specific modifications of behavioral tasks (e.g., Go/No-Go)

ASL = arterial spin labeling; BOLD = blood oxygen-level dependent; CNS = central
nervous system; EEG = electroencephalography; FDG = fluorodeoxyglucose; fMRI =
functional magnetic resonance imaging; MEG = magnetoencephalography; PET =
positron emission tomography.

technique include mapping a particular brain function to the anatomic
locations in the brain that mediate the function or behavior. Functional
neuroimaging techniques are also used to (1) phenotype group
differences in CNS response to a task or (2) measure the CNS response
to a physiologic stimulus. Most techniques use indirect measures of
neural activity; BOLD imaging measures changes in blood oxygenation
that follow a burst of neural activity, arterial spin labeling measures
cerebral perfusion, 18F-fluorodeoxyglucose PET measures glucose
metabolism, and ’O-labeled water measures regional cerebral blood
flow. Electroencephalography and magnetoencephalography, moreover,
directly measure electrical signals in the brain or detect the magnetic
fields they produce, respectively.

Functional neuroimaging is predicated upon assessing brain response
to a task. Food or taste cues are frequently utilized in the literature, but
physiologic manipulation (i.e., consuming food, pharmacologic manip-
ulation) alone or in combination with a task is another common method.
A number of standard behavioral tasks assessing general traits or cog-
nitive abilities (e.g., impulsivity) have also been adapted to be food
specific. In actuality, all indirect measures of neural activity compare
the brain response to two different tasks, because these measures are
not quantitative. For example, early fMRI mapping studies compared
BOLD response to images of food versus object (tools) cues and found
hunger-dependent activation by the food cues in amygdala, parahippo-
campal regions, and the anterior fusiform gyrus (n = 17 participants)
(43). The same comparative principle is applied, albeit with a slower
temporal resolution, using PET or arterial spin labeling. An individual’s
response is compared between a control versus a test condition or a
basal measure of neuronal activity versus a postintervention acquisition
(e.g., before and after ingesting a satiating meal in Gautier et al. (44)).
For all techniques, maps are derived that define the anatomic locations
of areas within the brain that differed significantly in the indirect mea-
sure chosen (e.g., BOLD response, regional cerebral blood flow). The
term “activation” is used to distinguish differences in BOLD response
as an indirect marker of underlying neural activity. “Clusters” of activa-
tion represent brain areas in which differences in the indirect measure
of neural activity surpass a designated level of statistical significance

(usually combined with an extent or cluster size criterion), corrected
for the multiple comparisons conducted across all the voxels in which
statistical testing was performed.

The extent of the brain over which inferential testing is applied
is a critical issue in design and interpretation. Region of interest
approaches restrict hypothesis testing to selected brain areas, which,
to avoid bias, should be designated prior to study completion. While
providing enhanced power to detect prehypothesized effects, region
of interest approaches supply no insight into brain response outside
the designated anatomic area. In contrast, whole-brain analyses are
conducted across all brain voxels and, ideally, they represent an
unbiased approach to discover the neural substrates of a particular
task. Owing to the multiple comparisons involved in testing across
all the voxels of the brain, whole-brain analyses require larger sam-
ple sizes to have sufficient statistical power and they are at risk of
failing to detect physiologically significant responses when power is
insufficient.

Concerns related to small sample size and poor reproducibility for neu-
roimaging studies have been raised (45). Performing multiple compar-
isons across the whole brain or across many regions of the brain in a
relatively small sample size increases the possibility of false-positive
results. Moreover, flexibility and variability in the multistep image
processing and statistical analytic methods used in fMRI can influ-
ence study results (46). When combined with a lack of transparency in
the image processing methods applied, such factors can significantly
hamper the reproducibility of neuroimaging studies (45). Authors and
institutions have proposed steps to ameliorate these concerns (47,48).
Recommendations include preregistration and complete reporting of
study methods and analytic strategies, open sharing of unthresholded
data, validation and publication of all custom software code, replication
studies, and larger sample sizes (45,48).

Application of functional neuroimaging techniques. Initial
studies in the field focused on identifying the neural correlates of
response to food cues. It became apparent early on that fMRI readily
distinguished regions with differential response between visual images
of food versus objects (43,49) and that, among all foods, energy density
also elicits divergent responses (49). To illustrate, using a region of
interest approach among a restricted set of brain areas, we found that
brain reward centers, including the midbrain ventral tegmental area
and areas of the striatum such as the nucleus accumbens, had clusters
of greater activation by energy-dense foods than objects, as did the
hypothalamus, insular cortex (involved in taste processing), and visual
cortex (50). In comparison, only the visual cortex region demonstrated
activation by low-calorie food images compared with objects and
not regions involved in reward processing or appetite regulation. The
central point for studies of the neurophysiology of weight loss is that
the choice of task, including what images are presented, is a critical
determinant of the brain areas that are engaged or activated in functional
neuroimaging. Systematic reviews and meta-analyses are available
for guidance on accumulated evidence as to the anatomic substrates
responsive to particular tasks (51-53).

Functional neuroimaging studies were instrumental in documenting
how brain response to food cues is altered by physiologic manipula-
tions. To study appetitive responses, Goldstone et al. imaged 20 individ-
uals without obesity using a protocol measuring response to visual food
cues in both the fasted and fed states (54). By focusing on particular
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regions of interest, they revealed that activation by high-calorie food
images is enhanced by fasting within the amygdala, ventral striatum,
insula, medial orbitofrontal cortex (OFC), and lateral OFC, whereas
response to low-calorie food images may even be suppressed during
fasting. Differences in activation between high- and low-calorie food
cues were markedly reduced when participants were in the fed con-
dition, for which participants consumed a filling breakfast of their
own choice that, on average, consisted of 47% of their estimated daily
caloric needs. The authors concluded that fasting biases attentional and
reward processes toward highly energy-dense food in our environment.
Moreover, in a study of 23 normal-weight adults (55), the degree of
activation by high- versus low-calorie foods in areas including the
amygdala, which plays a role in cue-related eating (56), and medial
OFC positively correlated with subjective ratings of hunger. Regional
activation by high-calorie food cues is enhanced by hunger (43) or
ghrelin infusion (57) and is suppressed by leptin (58,59), glucagon-like
peptide-1 plus peptide YY (60), liraglutide (61), intranasal insulin (62),
and food intake (63-65). Such findings suggest that activation by high-
calorie food cues in key appetitive regulation regions is an objective
marker of appetitive drive in the brain. In fact, the degree of activa-
tion within selected corticolimbic and insular areas positively predicts
choice of higher-fat foods (55) and caloric intake (64) at an ad libitum
buffet meal immediately following fMRI acquisition.

Functional neuroimaging has also been applied to study weight loss
(52). A recent study of 37 children with obesity undergoing a 6-month
family-based behavioral weight loss program found worse treatment
outcomes among children who, at baseline, failed to suppress activation
by high-calorie food cues in key appetite-regulating brain regions after
ameal (66). As an example of a group phenotyping approach, individu-
als who formerly had obesity were compared with women with obesity
and women of normal weight using PET. Le et al. found an enhanced
response to a meal in the dorsolateral prefrontal cortex among women
(n = 8) who formerly had obesity compared with women with obesity
(n =9) (67). Because of its role in cognitive control, the authors inter-
preted the findings as indicative of enhanced inhibitory control follow-
ing a meal. Similar findings were found in studies of successful weight
loss maintainers using PET (68) and BOLD fMRI (69).

Using a within-participants approach, Holsen et al. studied 18 patients
before and 12 months after weight loss by sleeve gastrectomy (70).
Regions regulating motivation and reward, such as the nucleus
accumbens, amygdala, and striatum, were demonstrated by fMRI
after surgery to have reduced activation during a task in which par-
ticipants focused on their desire for highly palatable foods, whereas
the dorsolateral prefrontal cortex showed increased activation. Among
14 women imaged before and 1 month following Roux-en-Y gastric
bypass, reductions in desire to eat high-calorie foods were correlated
with reductions in activation by high-calorie food cues in the dorsal
striatum and dorsolateral prefrontal cortex (71). The latter finding was
hypothesized to be related to a decline in need to evoke cognitive con-
trol as the physiologic urge for highly energetic foods dissipated (71).
Other studies of bariatric surgery patients have supported that weight
loss via bariatric surgery broadly alters food cue responsiveness in
neural circuits governing attention, motivation, and reward processing
(72-76); inhibitory control (76); and interoceptive awareness (72,74)
and gustatory processing (74). Studies have noted more robust changes
in bariatric surgery patients than groups undergoing weight loss via
gastric banding (72) or weight-stable controls (73). Using fMRI with
food cues, Rosenbaum et al. studied six participants with obesity before
and after a 10% reduction in body weight accomplished by caloric
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restriction. At 10% weight reduction, they further evaluated participants
with or without replacement of leptin. Although the small sample size
and low statistical threshold utilized limit conclusions about the neural
substrates involved, their findings nonetheless provide initial support
for the concept that neural responses to food cues are altered in the
weight-reduced state consistent with a “long-range pattern” across dis-
tributed, functionally related brain regions and that such changes might
derive from a relative leptin deficiency (77). Cumulatively, this litera-
ture suggests that effective bariatric surgery procedures fundamentally
shift brain processing of appetite and satiety in a manner that reduces
the appeal of high-calorie foods, combat the neurophysiology driving
weight regain in the weight-reduced state when weight loss is evoked
by energy deficit alone, and, ultimately, help with successful weight
maintenance.

The neural correlates of behavioral weight loss via calorie restric-
tion were tested using a whole-brain approach by Neselier et al. (78).
Among 20 participants, there was a direct correlation between the
amount of weight loss achieved and the degree of increase in activation
by appetizing food cues (versus scenery) from baseline to 1 month of
weight loss in regions including the dorsolateral prefrontal cortex, infe-
rior frontal gyrus, and dorsal anterior cingulate cortex, among others.
Moreover, increasing activation to food cues (versus scenery) within
cognitive control regions predicted continued weight loss between 1
and 3 months. Among those with available data (n = 14), the superior
frontal gyrus, in particular, emerged as a region in which participants
who did not sustain increased activation to food cues regained weight
at 24 months of follow-up. These studies illustrate the importance of
assessing inhibitory control and self-regulatory capacity in studies of
the weight-reduced state. These cognitive processes influence the ability
to sustain weight reductions over time despite compensatory responses
by adiposity and gut hormones (78) that promote weight regain.

Another important example of neural predictors of weight maintenance
was an fMRI study by Murdaugh et al. conducted in 25 adults with
obesity imaged both before and after 12 weeks of weight loss (79).
The degree of activation by high-calorie food images within regions
of interest in the ventral tegmental area/substantia nigra (which houses
key dopaminergic neurons driving motivated behavior) and putamen
was predictive of the degree of weight regain over a 9-month period
of weight maintenance, as was activation within the fusiform cortex as
identified on whole-brain analyses. Other regions potentially influenc-
ing weight maintenance have been identified, including the operculum
and middle and inferior frontal gyrus (80), but additional data derived
from larger sample sizes are required for definitive evaluation.

Promise and perils. Functional neuroimaging can be a potent tool
with which to study CNS function in vivo. In terms of its promise for
understanding the weight-reduced state, the response to high-calorie
food cues specifically appears to offer investigators an objective
measure of the appetitive state, which can be an important adjunct to
our admittedly poorly reliable subjective appetite and self-reported food
intake measures. Functional neuroimaging techniques simultaneously
assess cognitive and appetitive contributors, both of which appear
to be important to weight loss and maintenance. fMRI is now more
widely accessible and can be implemented in multisite studies (81).
Finally, a body of literature has emerged from studies of both bariatric
surgery and behavioral weight loss, albeit much of it in small samples,
that supports the relevance of these measures to understanding weight
loss and their potential for revealing CNS factors driving weight regain
versus maintenance.
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Sample size, reproducibility, and transparency are critical issues that
researchers need to consider in their study designs. As in all functional
neuroimaging, the choice of task influences which areas of the brain
are most responsive. Furthermore, all studies related to appetite should
include careful management and assessment of the state of satiety of par-
ticipants (51,55), among other measures required to reduce confound-
ing and variability in brain response to food cues (52,82,83). Standard
techniques may lack the anatomic resolution to target small structures
particularly in subcortical regions or the nuclei or subnuclei of critical
regions such as the amygdala or hypothalamus. High-resolution fMRI
may be needed to achieve resolution on the order of 1 mm?. Finally,
functional neuroimaging results can be subject to genetic confounding
(84), which can lead to faulty interpretations that, for example, obesity
itself is characterized by a particular CNS response, whereas the signal
instead represents genetic predispositions to both obesity and the iden-
tified CNS response (85).

Connectivity studies

Purpose and use. Using fMRI, functional connectivity studies
assess functional neural circuits within the brain (Table 2). It is now well
recognized that distributed brain regions work together in networks that
can be defined by their function (86,87). Functional connectivity studies
have been used in our field to map a network to a particular element
of appetite regulation, test group differences in functional network
connectivity, or test the change in network function with a physiologic
stimulus. The most common technique is BOLD fMRI obtained during
a resting state scan, but functional connectivity can also be analyzed
from task data and used in a psychophysiological interaction analysis.

Resting state data acquisitions are used for intrinsic functional connec-
tivity analyses. Participants lie still in the scanner and “let the mind
wander.” This resting pattern of neural activity has natural, random-
appearing low-frequency oscillations. However, regions that are in
communication with each other will tend to oscillate in parallel (88,89).
The degree of synchronicity between distributed brain regions is called
the functional connectivity. Functional connectivity is reduced in neu-
rodegenerative disorders (90).

Application of connectivity techniques. The role of intrinsic
connectivity networks in appetite and body weight regulation is not yet
fully understood. A recent study by Sewaybricker et al. supported a
role for the salience network in feeding and appetite regulation (91).
The salience network encompasses a group of nodes (e.g., anterior

TABLE 2 Functional connectivity studies

Purpose
Assess functional connections within the brain
Study objective
Map distributed networks and define their function
Test group differences in connectivity
Test change with physiologic stimulus
Techniques
BOLD functional magnetic resonance imaging
Common tasks
None during resting state scan
During task conduction (PPI analysis)
BOLD = blood oxygen-level dependent; PPl = psychophysiological interactions.

insula, hypothalamus, ventral tegmental area, prefrontal cortex) that
take in interceptive information from the body and then marshal our
attentional and cognitive resources to address the greatest immediate
homeostatic need (92). Using a predefined set of nodes derived from a
separate sample, the authors found that salience network connectivity
was reduced after a meal (n = 110), perhaps reflecting the fact that these
nodes are no longer actively addressing nutritional needs and therefore
direct cognitive resources toward other functions (93). Other studies
have also shown reductions in connectivity by nutrient intake (94-96),
further supporting that acute changes in regional connectivity reflect
the appetitive state.

As opposed to defining an entire network, it is also possible to inter-
rogate functional connectivity of a selected brain region using it as a
“seed.” In an example of this approach, Neseliler et al. chose a seed
region within the ventral medial prefrontal cortex, an area implicated
in value coding during choice, and then tested whether connectivity
with other regions of the brain was altered during voluntary weight loss.
Individuals with the greatest weight loss success at 1 month showed
reduced connectivity to visual association areas in the lingual gyrus and
lateral occipital cortex and increased connectivity to the dorsolateral
prefrontal cortex (78), potentially reflecting fundamental shifts in the
neural organization of self-regulatory capacity during weight loss. As
demonstrated by this study, a seed approach can be applied to a select
brain region as a predefined analytic strategy for hypothesis testing to
map the neurophysiologic changes or adaptions in connectivity of that
region related to a task or intervention.

Promise and perils. Connectivity analyses are informative because
they have a mechanistic aspect. In studying the weight-reduced
state, they could reveal how network strength or regional patterns
of communication might evolve during weight loss or persist in the
weight-reduced state in a way that predicts weight maintenance. These
network analyses are complementary to task fMRI and are accessible,
and the sequences have been standardized to make them amenable to
large, multisite studies such as the Human Connectome Project (97).

Connectivity studies can also suffer from issues of reproducibility
and sample size, because considerable variability in postprocessing
methods and analytic strategies persists, without proper transparency.
A potential pitfall in interpretation is that, for dynamic connectiv-
ity studies, increasing or decreasing connectivity does not reliably
equate to abnormal brain function, meaning that normal brain func-
tion can involve enhancing connectivity to one region while disen-
gaging from another. Finally, because their reliability is dependent
on the duration of the acquisition (98), resting state acquisitions are
not well suited to assessing shifts in connectivity because of rapid
stimuli such as taste.

Structural neuroimaging

Purpose and use. Structural neuroimaging techniques (Table 3)
noninvasively assess tissue volume or composition. They are the
mainstay of clinical neuroradiology for which they are used to detect
disease states. In research, structural neuroimaging is used to assess
tissue volume, composition, and microstructure. Common techniques
include the basic sequences of T1-, T2-, and T2*-weighted images, but
many other sequences are available that, when used in a complementary
manner, provide insights into tissue composition and can be quantified
for use in research studies. For studies of gray or white matter volume,
voxel-based morphometry is the common analytic technique. From

$46 Obesity | VOLUME 29 | SUPPLEMENT 1 | APRIL 2021

www.obesityjournal.org



Supplement
PHYSIOLOGY OF THE WEIGHT-REDUCED STATE

TABLE 3 Structural neuroimaging

Purpose
Assess tissue volume or composition
Assess structural connectivity
Study objective
Detect disease states (clinical neuroradiology)
Test group differences in tissue volume or composition
Noninvasively assess tissue microstructure
Techniques
T1-weighted, T2-weighted, FLAIR, etc.
VBM
Diffusion-weighted imaging
Diffusion tensor imaging (fiber tractography)
Tasks
None
FLAIR = fluid attenuation inversion recovery; VBM = voxel-based morphometry.

the technique of diffusion-weighted imaging, researchers can define
the structural connectivity of white matter tracks or assess tissue
microstructure. There are no tasks during structural neuroimaging.

Applications of structural neuroimaging. Volumetric studies
assessing brain volume have yielded mixed findings in weight loss.
Several have shown no change in overall gray matter volume with
weight loss (99) or after 6 weeks of very low-calorie diet (100). Other
findings include greater 3-month reductions in gray matter volume in
prefrontal cortex with greater weight loss (n = 72) (101) as well as
regional changes in white matter (100,102).

Clinical neuroradiologists routinely evaluate tissue composition based
on the degree of brightness or darkness on structural MRI studies to
detect CNS disease in individual patients. Both normal tissue and disease
processes infiltrating brain tissue have signature radiologic appearances
characterized by how bright or dark the area looks. The appearance of
brain structures on MRI reflects their biochemical and magnetic prop-
erties (e.g., water, lipid, iron content) and the measured energy they
emit when subjected to a particular technique or “sequence.” Sequences
accentuate the brightness of certain tissues by varying the duration,
orientation, and/or strength of the excitatory radiofrequency pulses
applied within the magnetic field generated by the scanner. Unlike
computed tomography methods, the scale of brightness and darkness
in a structural image generated by MRI is not quantitative and therefore
is not comparable from one person to another or even from one scan
acquisition to the next. Therefore, a quantitative approach is required to
measure tissue characteristics for research purposes. Structural images
can be quantified through the use of a signal ratio; the parameter mea-
sured from the region of interest is compared with a control region,
allowing a relative measure of the degree of brightness or darkness in
the region of interest that is, in effect, normalized to that of the control
tissue. Alternatively, a multi-echo sequence can be implemented that
allows researchers to fit a curve that quantifies the parameter, for exam-
ple, the T2 relaxation time.

Structural neuroimaging has been applied to document the translational
relevance of preclinical studies establishing that a reactive gliosis occurs
in the arcuate nucleus of the hypothalamus during high-fat diet feeding
in rodent models of diet-induced obesity. Reactive gliosis consists of
activation and expansion of microglial and astrocyte populations and
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occurs early after initiation of high-fat diet feeding, preceding weight
gain (103). These microglial and astrocyte inflammatory responses
are necessary and sufficient for the hyperphagia and weight gain that
result in diet-induced obesity (104,105), suggesting a role for hypo-
thalamic gliosis in obesity pathogenesis (106). Advanced gliosis forms
glial scars that inhibit normal neuronal functions such as dendrite out-
growth (107,108). Tissue remodeling by glial cell infiltration might
therefore significantly alter neuronal function within this critical region
for energy homeostasis.

Using structural neuroimaging, robust reactive gliosis can be visu-
ally identified on T2-weighted images as bright-appearing lesions
within healthy background tissue. Quantitatively, this high T2 signal
(brightness) is measured via T2 signal ratios or T2 relaxation times.
Histopathologic studies have determined that T2 signal correlates with
increased number of glial cells as well as a reactive astrocytosis and
decreased neuron populations (109-111). In the mediobasal hypothal-
amus (MBH), glial fibrillary acid protein staining intensity positively
correlates with T2 relaxation time in high-fat-diet-fed rodents (112)
and postmortem human brain slices (113). Using quantitative struc-
tural neuroimaging techniques, several studies have found radiologic
evidence of gliosis of the MBH in association with obesity in adults
(103,113,114) and children (115). Moreover, longer MBH T2 relax-
ation times correlate with greater visceral adiposity (115,116) and
insulin resistance independent of obesity (113) and were observed in
women with obesity with type 2 diabetes mellitus relative to women
with obesity who were nondiabetic (102).

In mice, switching from high-fat to chow diet reverses gliosis (112). Two
human studies have examined the effects of weight loss on gliosis using
structural neuroimaging. Van de Sande-Lee et al. found that Roux-en-Y
gastric bypass resulted in significant declines in MBH T2 relaxation
time postoperatively in women with obesity (102). In contrast, Kreutzer
et al. found no significant decrease in MBH/amygdala signal ratio (n =
7) from before to after bariatric surgery (114). Additional studies are
required to establish whether hypothalamic gliosis persists or reverses
after weight loss in humans.

Diffusion-weighted imaging can be acquired and processed to reveal
tissue microstructure and/or to describe the structural connectivity of
white matter tracts via diffusion tensor imaging and fiber tractogra-
phy. This technique detects the propensity for directional diffusion of
water molecules through a tissue (i.e., isotropy). Variability in tissue
microstructure owing to cellularity, axonal alignment, or pathologi-
cal processes such as ischemia, inflammation, tumor, or brain injury
alters diffusivity, which can be interrogated using analytic models to
calculate parameters such as mean diffusivity, apparent diffusion coef-
ficients, and fractional anisotropy as well as newer metrics such as
neurite density. Several of these measures were found to be altered in
obesity (117-120), including in the hypothalamus (118,120). Whether
tissue microstructure is altered by weight loss or in the weight-reduced
state is currently undefined.

Promise and perils. One caution with volumetric techniques is
that they can be influenced by nutrition and hydration status; early
studies in eating disorders suggested cerebral atrophy, but these were
subsequently shown to principally resolve after refeeding (121-123).
Measures of tissue composition and microstructure are relatively
nonspecific (124). Therefore, these tools provide only indirect evidence
of the underlying neuropathological alterations occurring in obesity
or in the weight-reduced state. Complementary studies of animal
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models or postmortem samples are needed to support causal inference.
Nonetheless, structural neuroimaging offers the only feasible means
of testing hypotheses in vivo in humans about whether structural
reorganization, brain inflammation, or brain injury contribute to the
physiology of the weight-reduced state.

Conclusion

Neuroimaging in humans provides a wealth of strategies for enhanc-
ing our understanding of the brain’s role in defending elevated body
adiposity in obesity. Existing studies support its promise for revealing
CNS appetitive responses to weight loss via fMRI, both in terms of
motivational and reward pathways as well as cognitive control and self-
regulation. These fundamental brain processes rely on regional commu-
nication within neural networks, assessment of which is amenable to
functional connectivity techniques. Moreover, structural neuroimaging
suggests that cellular inflammatory responses occur in body-weight-
regulating areas of the brain in obesity, but the extent to which such
chronic CNS inflammation inhibits weight loss or promotes weight re-
gain remains unknown.

A broader understanding of the weight-reduced state could be attained
by combining neuroimaging approaches. Structural neuroimaging is
ideal for uncovering long-term changes in the CNS that might contribute
to defense of elevated body adiposity, whereas functional neuroimag-
ing and connectivity approaches reveal the functional consequences of
any structural changes for regulation of appetite and energy balance. For
example, future studies could use T2- and diffusion-weighted imaging to
assess whether hypothalamic tissue composition and structural connec-
tivity contribute to individual variability in changes in energy expendi-
ture in the weight-reduced state. Complementary resting state and fMRI
response to food cue approaches could provide mechanistic insights
into the neural circuits regulating these physiologic responses to weight
reduction. Future studies should also focus on how the physiology of the
weight-reduced state affects structure or function within the executive
control regions and networks that support self-regulatory capacity during
weight maintenance. Regardless of approach, attention to sample size
and transparency in analytic methods will be required to meet current
standards for rigor in neuroscience. In sum, multimodal neuroimaging is
a critical tool for uncovering the neurophysiology that characterizes the
weight-reduced state and the extent to which this neurophysiology com-
pels a return to elevated body adiposity. Treatment strategies that over-
come or modify CNS-mediated biological drives will likely be required
for patients to sustain substantial weight losses long term.O
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