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Promise and limitations of functional neuroimaging in
the study of obesity: is it time for a consortium and a

multicenter trial?
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In the last 10 years functional neuroimaging (FN), including
positron emission tomography (PET), functional magnetic
resonance imaging (fMRI) and magnetoencephalography
(MEG), has been generating, at an increasing pace, data
on human eating behavior and its aberrations leading to
weight gain and obesity. Today, several obesity centers
consider neuroimaging as one of the most promising tools
for studying the pathophysiology of obesity in humans. This
success is mainly the result of two factors: (1) the experi-
mental notion that the central nervous system (CNS) is the
master regulator of energy balance and eating behavior, as
supported by decades of research in animals' and sporadic
cases of CNS lesions in humans associated with obesity,?
and (2) the limited direct access to the CNS for scientific
experiments in humans that imposes the use of non-invasive
methodologies, such as functional neuroimaging, for the
study of the in vivo physiology of the organ.

On the other hand, the application of FN techniques for
the investigation of human obesity encounters limitations
partly related to the understanding of the pathophysiology
of weight gain and obesity, and partly related to the
methodological constraints of the FN technology.® In fact,
although it is clear that the thermodynamic basis for weight
gain is a protracted positive energy balance, the identifica-
tion of the etiopathogenetic factors determining weight gain
is still controversial and reflects the multiplicity of metabolic
conditions and behavioral phenotypes associated with the
development of obesity.*

From a methodological standpoint, FN is a versatile
technology that can be used to map the distribution of
specific molecules bound to radioligands (PET) or to map the
regions of the brain that respond to a specific stimulation
either by measuring surrogate markers of regional blood flow
(blood oxygen level dependent (BOLD)) or arterial spin
labeling (ASL)-fMRI or 'SO-PET, or by measuring neural
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electric activity (MEG). Trade-offs between a priori molecular
hypotheses and exploratory versatility, with consequences
on the sensitivity and specificity of the measurements,
inform the choice of an FN technique vs another in a
determined study. For example, BOLD-fMRI can be used to
scan the entire brain at once, exploring the brain responses
to a specific stimulation on a regional level with no a priori
restrictions to regions or molecular networks of interest.
However, BOLD-fMRI cannot identify the specific molecular
mediators of those brain responses, which could potentially
be identified by a radioligand-PET study.

From a management standpoint, FN studies are resource
intensive and logistically complex. First, they require the use
of costly imaging facilities and expert staff, often overloaded
with clinical work and not always conveniently located for
the obesity centers. Second, imaging studies of obese subjects
are limited by the weight tolerance of the scanner tables
and by the diameter of the transversal section of the bore of
the MRI scanners. In a recent study, two PET technologists
reported that in a large sample of clinical studies with
obese subjects, problems ranged from difficult intravenous
access to patient positioning and motion, which ultimately
required extra time to be spent near the patient.® Cost,
logistics and operational demands can explain why the
sample size of most published FN studies does not include
more than 10 obese subjects.

Despite all these limitations, the neuroimaging investiga-
tion of obesity has progressed from the initial mapping
exercises to hypotheses-testing studies, suggesting multiple
neurofunctional markers of eating behavior and obesity.
In fact, by investigating the whole brain at once, FN studies
have identified these markers in a wide array of brain
regions, spanning the cortical and subcortical levels. Besides
the candidate areas supported by overwhelming evidence in
laboratory animals (hypothalamus and brainstem), FN has
drawn attention to the role of the prefrontal and orbito-
frontal cortices, striatum, insula and other paralimbic
regions as brain areas implicated in processing responses to
food consumption or food perception, and to the relative
deficiency of dopamine type 2 receptors as underlying
human obesity.® This has supported the appreciation of the
neurobiological bases of obesity and, at the same time, has
documented the complexity of the neural substrates under-
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lying the interplay among cognitive, hedonic and metabolic
processes regulating eating behavior in humans. Therefore,
FN has corroborated the behavioral evidence that human
eating is, in fact, an idiosyncratic behavior, driven not only
by the need to compensate for acute and chronic energy
imbalances, but also by emotional, cultural and cognitive
factors often overriding energy homeostasis in the initiation
and termination of a meal or a snack.

In terms of experimental settings, when we look at the
evidence accrued so far, we notice that most BOLD-
fMRI studies have actually used the exposure to food
sensory cues, most commonly visual cues, as the stimulus
triggering the imaged brain response. There is no doubt
that sight, as well as olfaction, taste and the mouth feel
of food are the fundamental means for the sensorial
appreciation of food and as such function as the screeners,
gatekeepers and primary reinforcers of eating choices. At
the same time, the sensory experience of a forthcoming
meal is conducive to physiological and psychological
phenomena (cephalic phase response, expectation of
reward), which prepare the organism for the ingestion of
food. In addition, for a number of technical and logistic
reasons, sensorial stimulation is experimentally suitable for
current FN settings. The combination of physiological
rationale and experimental convenience has established
sensorial stimulation as the paradigm of choice in BOLD-
fMRI studies of eating behavior and obesity.

However, although the study of the brain responses to
food sensory cues has yielded a fertile output, it is the
consumption of a meal constituting the event that, more
than anything else, marks the pace of human eating
behavior and represents the outcome of a combination of
motivational (and as such also sensorial), cognitive and
metabolic factors. The frequency and caloric content of
meals are the two single quantitative factors that determine
the amount of energy intake. In particular, the caloric
content of a meal is the natural target of dietetic interven-
tions for weight loss, whereas manipulations of the meal
volume and its macronutrient composition with less energy-
dense foods are often used instrumentally to elicit satiety in
response to a reduced energy intake. Despite this compelling
evidence for meal consumption as the main eating behavior
phenomenon of interest, the investigation of the brain
responses to the ingestion of a meal has been pursued much
less than the investigation of the brain responses to food
sensory cues. This is mainly because the consumption of
food presents several technical challenges in a functional
neuroimaging setting, from a design and logistic point of
view.

A complementary approach is to combine ‘sensorial’ FN
studies with eating behavioral variables, including measures
of food intake, behavioral phenotypes and visual analog
scale assessments of subjective states, such as hunger,
fullness, desire to eat and so on. Although several examples
of this approach have already generated interesting re-
sults,”® more remains to be explored and understood about
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the concordance between objective (for example, FN
changes in regional brain activity) and subjective variables
of eating behavior and metabolic states.

Nevertheless, in the course of the last 10 years, the field
has evolved from the stage of a pioneering exploration of the
neuroanatomical correlates of eating behavior and obesity,*°
which described genuinely novel findings, to a second
generation of studies, which tested specific regions of
interest hypotheses and investigated their relevance to the
pathophysiology of weight gain and obesity. In fact, a study
in formerly obese individuals (so-called ‘post-obese’, who
had normalized their body weight from an earlier obese
status only through diet and physical exercise) demonstrated
that some of the neurofunctional differences between obese
and normal-weight individuals persisted in post-obese
individuals to indicate the possible presence of neurofunc-
tional markers of increased risk for obesity,” a finding that
warrants testing in longitudinal studies. Another study in
successful dieters (that is, dieters who had lost a large
amount of body mass and kept their normal weight status)
confirmed the role of the dorsal prefrontal cortex as the
brain region orchestrating the cognitive control over eating
behavior and as such neurofunctionally correlated with
dietary restraint,” a finding also supported by FN studies in
people affected by anorexia nervosa.'°

At the same time, administration of orexigenic (that is,
ghrelin)!! and anorexigenic hormones (that is, leptin)'?
has been used as an experimental paradigm to test how
in different metabolic conditions the brain response to
visual food cues is modulated by the exogenous manipula-
tion of endocrine signals mimicking changes in energy
balance. Two studies'®'* have also described the effects
of leptin administration on the brain response to visual
food cues in leptin-deficient individuals, who are affected
by a very rare genetic form of extreme obesity, though
highly responsive to leptin treatment. Another study®
described the brain response to the administration
of PYY; 36, an anorexigenic hormone, in normal-weight
individuals, also showing that some changes in local neural
activity were correlated with subsequent food intake. All
these pharmacological (by the administration of so-called
‘biologics’) intervention studies have confirmed that the
central control of eating behavior is operated by brain
regions spanning the cortical and subcortical levels,
although the consistency of region-specific findings across
studies is rather limited.®*!~!*

All in all, many of the FN reports await confirmation in
independent studies. On the other hand, differences in
subject characteristics, study designs, scanners, data acquisi-
tion and analysis procedures across studies limit the utility of
retrospective cross-validation of FN findings. Each of these
sources of heterogeneity across studies is worth a specific
dissertation and, evidently, reflects the combined effect of
the limitations inherent in the current understanding of the
pathophysiology of obesity and in the current capability and
methodologies of FN. For illustration purposes, I would just



mention three examples (among the many) for the differ-
ences in subject characteristics and comment on some
sources of variability in data analysis.

For subject characteristics:

(1) The choice of variable degrees of obesity (classified by
body mass index) for the disease group and of leanness
for the control group is inconsistent across studies. The
use of the BMI alone is also questionable as the classifier
of obesity, particularly in small-sample studies, given the
spread of body fatness that can be represented by the
same BMI.

(2) The recent weight history of the subjects and, most
importantly, the notion of their energy-balance status at
the time of the study are often neglected in FN studies.
In other words, it is often unknown whether the subjects
are gaining, losing or keeping their body weight stable
(and for how long) when they are studied.

(3) The presence of concomitant pharmacotherapy and/or
physiological conditions that can alter eating behavior,
for example the phase of the menstrual cycle in fertile
women at the time of the study.

Regarding the data analysis, we know that locating a
response in a determined region of the brain is a function of
the anatomical space and of the regional and subregional
demarcations that we adopt. As a result, the findings
reported in the same cortical brain region may actually be
quite distant in anatomical location; they may belong
to diverse functional subregions, and therefore, possibly
express different neurobiological phenomena. A first step
towards improvement in this respect would be the execution
of intra-subject reproducibility studies aimed at assessing the
typicalness of a pattern of responses to a determined
stimulus, and helping the assessment of the impact of
random variables that can confound the results. A second
step could be the execution of inter-subject reproducibility
studies to assess the consistency of a certain brain response
in a phenotypically homogenous group of subjects
(for example, with the same body fatness, same age and
same gender). In my personal experience, the attempt to
reproduce responses to food consumption with 'O-PET in
anthropometrically similar groups of subjects studied with
the same experimental protocol failed, although confound-
ing factors external to the subject groups studied could not
be ruled out (Del Parigi A et al., unpublished observation).

On the other hand, the spatial resolution of current FN
techniques and equipment is the main limiting factor for our
ability to investigate neurofunctional responses in subdivi-
sions of pivotal regions for the regulation of food intake,
such as the hypothalamus and the brainstem. Although local
changes of activity in these brain regions have been reported
in several studies, the richness in specialized neuronal
populations clustered in the nuclei with diverse and, in
some cases, opposite functional output for the regulation of
energy balance - as we have learned from rodent models of
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obesity - sets the bar for understanding the physiological
meaning of local changes of activity at a scale (the individual
nuclei) that scale - the indi is, arguably, still out of reach
of the FN technology. The combination of mapping
studies of local changes in neural activity with radioligand-
binding studies can offer an access to the receptor molecular
level, contingent upon the availability of specific radio-
ligands for the receptors/pathways of interest. Likewise, the
combination of mapping studies with molecular biology
approaches, such as the study of transcriptomics in post-
mortem samples of cerebral tissue, recently proposed as
‘neuroimagenomics’,'> could prove useful in bridging
the gap between FN-detected changes in local neural activity
and the underlying molecular biology. In this framework,
studies of obesity in animal models can also be used as a
flexible tool to develop novel radioligands and imaging
techniques, to test mechanistic hypotheses, and to inform
on the molecular machinery of the imaged effects and
epiphenomena.

Inter-individual differences in brain regional morphology,
and macro- and micro-organization add another layer of
complexity to FN studies. Furthermore, the stereotactical
location of a signal is affected by the data-processing
algorithm, including the use of standard or customized
anatomical templates, which can substantially affect the
results of the data analysis. It is by personal experience that
even minimal permutations in the data-analysis procedures,
such as implementing additional steps in pre-processing the
data, using different releases of the same data-analysis
software, changing the value of one or more data-analysis
parameters, still within acceptable ranges, or subtracting one
subject (possible outlier) can change the results at the group
level (Del Parigi et al., personal communication) and
generate potentially conflicting publications.'®1”

Taken together, the evidence accumulated by using FN in
obesity research is at the same time relevant, promising and
yet weak. It is relevant because it documents the feasibility of
FN studies in obese people and the ability to identify
putative neurofunctional markers of this condition. It is
promising because it is a formidable tool for the exploration
of the in vivo brain physiology and as such stimulates the
interest of many obesity researchers. It is weak, however,
because it is based on a wide array of findings, often bound
to specific study designs and to specific study subject
characteristics. Ultimately, for the most part, these findings
await confirmation in independent studies in order to gain a
certain degree of generalizability to the obese population.

Next step

In the face of these limitations and challenges, the step
required to advance the field critically could be the imple-
mentation of a multicenter study, using the same protocol in
different centers, each of them contributing to an overall
sufficiently large sample size, meeting specific inclusion/
exclusion criteria, to warrant more generalizable results.
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To accomplish this, I propose the creation of an Obesity
Neuroimaging Consortium, that is, a consortium among
scientific institutions technically and scientifically equipped
to use FN for the study of the pathophysiology
of human obesity. A steering committee would have the
task of designing a protocol, defining the characteristics of
the study population and subgroups, setting the inclusion/
exclusion criteria, deciding the rules for data management
and statistical analysis implemented in a central core
institution, as well as for the writing of reports.

The protocol has to be conceived to address basic knowl-
edge gaps (for example, the temporal course of the brain
response to meal consumption, and the modulation of brain
responses by different phenotypes and genotypes) and test the
fundamental hypotheses of the central control of eating
behavior (for example, the functional interrelations between
the brainstem, the hypothalamus and the prefrontal cortex in
controlling food intake during a meal), and its dysregulation
leading to weight gain and obesity. At the same time, the
protocol has to be simple and feasible, in order to be imple-
mented in as many centers as are qualified to run FN studies
and not unduly penalizing their capacity to recruit subjects.

In terms of statistical power and sample-size calculation, the
additional variance contributed by a multicenter study com-
pared with a single-center study is likely to be minimal, as
assessed by a recent study, which, using theoretical models of
power and empirical data, concluded that the between-center
variability can be controlled and does not require a large
compensatory addition of total subjects.'® Across-center differ-
ences in technical equipment, including scanners, field strength
and performance, need to be taken into account as potential
trade-offs when assessing the feasibility of the protocol.

From a data-analysis standpoint, as in other similar
experiences, the centralization of data management helps in
avoiding marginal discrepancies across sites in the implemen-
tation of data-analysis algorithms, and guarantees the
achievement of a pre-defined and optimal quality standard.

Although highly resource demanding, an Obesity Neuroi-
maging Consortium has the potential to attract funding
from multiple sources, including federal agencies and private
donors and sponsors, such as biotechnology and pharma-
ceutical industries. A multicenter study with a sufficiently
large sample size to answer basic questions on the central
control of eating behavior in humans is, in fact, one of the
best investments to advance the understanding of the
pathophysiology of human obesity and guide the search
for novel biomarkers of efficacy and potentially for novel
molecular targets for the development of an effective
pharmacotherapy of obesity, which is acutely needed.

A Del Parigi
Academic Medicine, Pfizer Inc., New York, NY, USA
E-mail: angelo.delparigi@pfizer.com
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