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ABSTRACT

Obesity is one of the most challenging problems in human health and is recognized
as an important risk factor for many chronic diseases. It remains unclear how the
neural systems (e.g., the mesolimbic “reward” and the prefrontal “control” neural
systems) are correlated with patients’ executive function (EF), conceptualized as the
integration of “cool” EF and “hot” EE. “Cool” EF refers to relatively abstract, non-
affective operations such as inhibitory control and mental flexibility. “Hot” EF refers
to motivationally significant affective operations such as affective decision-making.
We tried to find the correlation between structural and functional neuroimaging
indices and EF in obese patients. The study population comprised seventeen patients
with obesity (seven males and 10 females, BMI = 37.99 * 5.40, age = 31.82 * 8.75 year-
old) preparing to undergo bariatric surgery. We used noninvasive diffusion tensor
imaging, generalized q-sampling imaging, and resting-state functional magnetic
resonance imaging to examine the neural correlations between structural and
functional neuroimaging indices and EF performances in patients with obesity. We
reported that many brain areas are correlated to the patients’ EF performances. More
interestingly, some correlations may implicate the possible associations of EF and the
incentive motivational effects of food. The neural correlation between the left
precuneus and middle occipital gyrus and inhibitory control may suggest that patients
with a better ability to detect appetitive food may have worse inhibitory control. Also,
the neural correlation between the superior frontal blade and affective decision-
making may suggest that patients” affective decision-making may be associated with
the incentive motivational effects of food. Our results provide evidence suggesting
neural correlates of EF in patients with obesity.

Subjects Neuroscience, Nutrition, Radiology and Medical Imaging
Keywords Diffusion tensor imaging, Obesity, Executive function, Resting-state functional
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INTRODUCTION

The prevalence of being overweight (BMI > 25 kg/mz) and obesity (BMI > 30 kg/mz) has
more than doubled during the last three decades (WHO, 2016). Obesity is recognized as
an important risk factor for many chronic diseases, such as cardiovascular disease, type 2
diabetes, hypertension, and cancer (Ko ¢ Tang, 2007; Renehan et al., 2008; WHO, 2000).

Obesity and addiction have many shared neural circuits such as the mesolimbic
“reward” neural system and the prefrontal “control” neural system (Chao et al., 2018;
Gearhardt et al., 2011; Volkow et al., 2012, 2013; Volkow ¢ Wise, 2005; Wang et al., 2004).
Addiction is considered a disease of the brain’s reward system. For example, the functional
connectivity strength of the putamen in the reward network (Kenny, 2011) was increased
in the obese patients (Garcia-Garcia et al., 2013; Machann et al., 2013), whereas the
caudate nucleus showed elevated task-related (viewing appetizing foods) functional
connectivity with the amygdala and insula (Nummenmaa et al., 2012). Patients with
obesity show atrophy in the frontal lobes, anterior cingulate cortex (ACC), hippocampus,
and thalamus, in comparison to people with normal-weights (Garcia-Garcia et al., 2015;
Raji et al., 2010). A recent review study (Carnell et al., 2012) suggests various impaired
brain structures and functions in patients with obesity in reward (e.g., striatum,
orbitofrontal cortex, and insula) and cognitive control and attention (e.g., PFC and ACC).

It remains unclear how the two neural systems correlate with the patients” executive
function (EF). This issue is critical, particularly if the mesolimbic reward neural system is
related to the patients’ EF. This correlation suggests that the patients’ self-regulatory
cognitive processes can be associated with the impulsive incentive motivational effects of
food. We examined the correlations between the indices of structural and functional
neuroimaging and EF performances in the patients with obesity.

Review papers (Fitzpatrick, Gilbert & Serpell, 2013; Smith et al., 2011) indicate that
obese children, adolescents, and adults may have worse performance of EF. EF refers to a
set of self-regulatory cognitive processes that are essential for adaptive behavior (Reinert,
Po’e ¢ Barkin, 2013; Pannacciulli et al., 2006). EF can be conceptualized as the integration
of “cool” EF and “hot” EF (Noél, Brevers ¢ Bechara, 2013; Zelazo et al., 2005). “Cool”
EF is mediated by lateral inferior and dorsolateral frontostriatal and frontoparietal
networks (Kerr ¢» Zelazo, 2004), and refers to relatively abstract, non-affective operations
(e.g., inhibitory control and mental flexibility) (Miyake et al., 2000). “Hot” EF is mediated
by paralimbic orbitomedial and ventromedial frontolimbic structures, and refers to
motivationally significant affective operations (e.g., affective decision-making) (Bechara
et al., 2005; Damasio, Everitt & Bishop, 1996). We adopted the stop-signal task (Logan,
Schachar & Tannock, 1997) and the color trails test (CTT) (D’Elia et al., 1996) to measure
the inhibitory control of prepotent response and mental flexibility, respectively. We
adopted the Iowa gambling task (IGT) (Bechara et al., 1994) to examine the affective
decision-making ability.

Structural and functional brain imaging of patients with obesity and underlying
their EF performances have not been sufficiently explored. The role of dopaminergic
pathways in relation to the reward effects and control capability in obesity
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(Volkow, Wang & Baler, 2011; Volkow et al., 2012, 2013; Volkow ¢ Wise, 2005) gave us great
insights regarding the correlations between patients’ EF and their neural correlates. The
lower-than-normal availability of dopamine D2 receptors in the striatum (reward system)
of patients with obesity is associated with deteriorated activity in the PFC and the ACC (e.
g., lower regional metabolic activity), resulting in deficient control capability over food
overeating ( Volkow et al., 2012, 2008). A negative correlation between the speed of mental
processing and individual putamen (reward system) activation in patients with obesity
has been observed (Garcia-Garcia et al., 2013).

In the current study, we used noninvasive diffusion tensor imaging (DTI), generalized
g-sampling imaging (GQI), and resting-state functional magnetic resonance imaging
(rs-fMRI) to find the correlation between structural and functional neuroimaging indices
and EF in patients with obesity. The diffusion indices included fractional anisotropy (FA),
mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD), generalized
fractional anisotropy (GFA), normalized quantitative anisotropy (NQA), and isotropic
value of the orientation distribution function (ISO). FA, GFA, and NQA are summary
measures of microstructural integrity. While FA, GFA, and NQA are highly sensitive to
microstructural changes, they are less specific to the type of change. MD and ISO are
inverse measures of the membrane density; they are very similar for both gray and white
matter and higher for cerebrospinal fluid (CSF). MD and ISO are sensitive to cellularity,
edema, and necrosis. AD tends to be variable in white matter changes and pathology
(e.g., AD decreases in axonal injury), and RD increases in white matter with de- or dys-
myelination. Changes in the axonal diameters or density may also influence RD. The
functional indices included amplitude of low frequency fluctuations (ALFF) and regional
homogeneity (ReHo). ALFF is used to report the absolute intensity of spontaneous brain
activity. The ALFF during resting state is considered to be physiologically meaningful,
and reflective of spontaneous neural activity (Zhang et al., 2014). ReHo is based on the
concept that blood oxygen level dependent signal fluctuations in a specific region reflect
near neuronal activity arising at the same frequency, and that this temporal synchrony is
confined to groups of neurons performing related functions (Philip et al., 2013). We
correlated the above brain imaging indices with the EF (“cool” EF: inhibitory control and
mental flexibility; “hot” EF: affective decision-making) in obese patients. We hypothesized
that the activities of several brain areas in the mesolimbic reward (e.g., striatum,
orbitofrontal cortex, and insula) and prefrontal control (e.g., PFC and ACC) systems are

related to the patients’ EF performances.

MATERIALS AND METHODS

Patients with obesity

A total of 17 right-handed patients with obesity (seven males and 10 females, BMI = 37.99
* 5.40, age = 31.82 £ 8.75 year-old) aged between 23 and 54 years-old who were preparing
to undergo bariatric surgery were recruited from an obesity clinic in a single regional
teaching hospital. Informed consent was obtained from all patients, approved by the
Institutional Review Board of Jen-Ai Hospital, Taichung, Taiwan (IRB No. 104-3465B).
No patients took psychotropic agents during the study period and were not in need of
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immediate psychiatric intervention. Patients received structural, functional MRI, and EF
tests before the bariatric surgery. The EF tests were performed before the actual scans were
taken. Exclusion criteria of patients with obesity included: a history of another psychiatric
disorder or substance dependence during the past year (except for dependence on caffeine
or nicotine), any serious medical or neurological illnesses, current pregnancy or
breastfeeding, and metallic implants or other contraindications to MRI.

The exclusion criteria were confirmed by participants’ self-reports.

The EF measures

The stop-signal task (Logan, Schachar ¢ Tannock, 1997) is to measure the inhibitory
control of prepotent behavior. Each trial began with a fixation for 250 ms, followed by a
target shape. The primary task was to identify a square (length = 1.9°) or a circle (diameter
= 2.1°). The instruction was to press the left mouse button to respond to a square and
right mouse button to a circle. The patients were instructed to respond as accurately
and quickly as possible. The target remained on the screen until there was a response,
or until 1,250 ms had elapsed. Occasionally (25% of total trials) (Verbruggen, Logan ¢
Stevens, 2008), a stop signal (75 ms) was presented shortly after the target onset in the
primary task, when patients withheld their responses (a Stop trial). In the Stop trials, the
temporal delay between the target onset and the stop signal onset (stop signal delay, SSD)
was initially set at 250 ms. When response inhibition was successful, SSD increased by
50 ms; when response inhibition was unsuccessful, SSD decreased by 50 ms. There were
32 practice trials and three blocks of 64 formal trials (16 Stop trials and 48 Go trials).
Between the blocks, patients had a 10-s break ( Verbruggen, Logan ¢ Stevens, 2008).

The inter-trial interval was 2,000 ms. The dependent variable, the stop-signal reaction
time (SSRT), was calculated by subtracting the SSD from RT. Higher SSRTs indicate
longer time required to stop a prepotent response, thus indicating worse inhibitory
control.

The CTT (D’Elia et al., 1996) is to measure mental flexibility. In CTT1, patients were
given a page with scattered circles numbered from 1 to 25, with even-numbered circles
colored yellow and odd-numbered ones colored pink. CTT1 required the individuals to
connect numbers in ascending order from 1 to 25 as quickly as possible. The CTT2
also presented the patients with a page containing 25 circles, but on this sheet each color
set was numbered. CTT2 required alternation between two different sets of stimuli.
The task was to follow the number series with a pencil, but to alternate between the
two colors as well (i.e., 1-pink, 2-yellow, 3-pink, and so on). The total time in seconds for
CTTland CTT2 was recorded, representing the CTT1 and CTT2 direct scores. The CTT
score was calculated by subtracting CTT1 from CTT2 and then divided by CTT1
(i.e., (CTT2-CTT1)/CTT1). This CTT score was used to indicate the ability of mental
flexibility; a higher score represented poorer flexibility.

The IGT (Bechara et al., 1994) is to examine affective decision-making ability. Over
100 trials, the patients had to make a choice between four decks of cards (A, B, C, and D),
some of which yielded high immediate gain but larger future losses (“disadvantageous
decks”: A and B), while others yielded lower immediate gain but smaller future losses
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(“advantageous decks”: C and D). The goal of the game was to win as much as possible.
We used a global outcome score which was derived from the total number of cards chosen
from the advantageous decks (C and D) minus the number of cards chosen from the
disadvantageous decks (A and B) as a measure of the performance. A lower IGT score
represented poorer affective decision-making ability.

MRI data acquisition

All the images were acquired using a 1.5T MRI system (Ingenia, Phillips, Netherlands)
with an 8-channel head coil. Echo planar diffusion images were obtained with

TR/TE = 3,279/110 ms, resolution (voxel size) = 1.75 x 1.75 x 3 mm?, slices = 40, 67 non-
collinear diffusion weighting gradient direction with b = 1,000 and 2,000 s/mm” and one
additional image without diffusion weighting (b = 0 s/mm?). The scan time of
diffusion imaging for each patient was almost 21 min. Functional data were collected
using echo-planar imaging sequences. All the patients were instructed to not focus their
thoughts on anything in particular and to keep their eyes closed and remain awake during
the resting state MR acquisition. For all the patients, the following sequence was used:
TR/TE = 2,000/30 ms, resolution = 3.91 x 3.91 x 5 mm®, and the images were acquired in
an interleaved order. Each brain volume comprised 20 axial slices and each functional
run contained 400 image volumes, resulting in a scan time of 13.3 min for fMRI.

Diffusion image analysis

Each patient’s original diffusion image was done via Eddy Current Correction using FSL
(FMRIB Software Library, Oxford, UK). Then, the images were spatially normalized to the
Montreal Neurological Institute (MNI) T2 weighted imaging (T2W) template using
parameters determined from the normalization of the diffusion null image to the T2W
template using statistical parametric mapping (SPM8, Wellcome Department of Cognitive
Neurology, London, UK). The images were resampled with a final voxel size of 2 x 2 x 2 mm’.
DTI and GQI reconstruction were performed using DSI Studio (National Taiwan
University, Taipei, Taiwan). For the DTI analysis, the FA, MD, AD, and RD mapping were
calculated. For the GQI analysis, the GFA, ISO, and NQA mapping were calculated.

fMRI preprocessing

Preprocessing was carried out using a data processing assistant for resting-state fMRI
(Chao-Gan ¢ Yu-Feng, 2010) which is based on SPM8 and resting-state fMRI data analysis
toolkit (REST, Lab of Cognitive Neuroscience and Learning, Beijing Normal University,
China) (Songet al., 2011). After motion correction, functional images were coregistered to
the T1 weighted structural image. The anatomical image was normalized to the MNI
template using the diffeomorphic anatomical registration through exponentiated Lie
algebra (Kong et al., 2014), and the resulting parameter file was used to normalize the
functional images (voxel size = 3 x 3 x 3 mm®). Finally the normalized images were
smoothed with a three-dimensional isotropic Gaussian kernel (full-width at half-
maximum = 6 mm). Nuisance regression was performed using white matter, CSF, and the
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six head motion parameters as covariates. A temporal filter (0.01-0.12 Hz) was applied to
reduce low frequency drifts and high frequency physiological noise.

Amplitude of low-frequency fluctuations

We applied REST to calculate the ALFE. Briefly, the time courses were first converted to
the frequency domain using a Fast Fourier Transform. The square root of the power
spectrum was computed and then averaged across 0.01-0.12 Hz at each voxel; this
averaged square root was taken as the ALFFE. To reduce the global effects of variability
across patients, the ALFF of each voxel was divided by the global mean ALFF for each
patient, resulting in a relative ALFFE. The relative ALFF in a given voxel reflects the degree
of its raw ALFF relative to the average ALFF of the whole brain.

Regional homogeneity

Regional homogeneity analysis was performed using the REST software. The linear trend
of the time series was removed, and band-pass filtering (0.01-0.12 Hz) was performed
to reduce the influence of physiological noise, such as the respiratory and cardiac
rhythms. Individual ReHo maps were generated by assigning each voxel a value
corresponding to Kendall’s coefficient of concordance (KCC) of its time series with its
nearest 26 neighboring voxels. Then a mask was used to remove non-brain tissues and
noise on the ReHo maps; for standardization purposes the individual ReHo maps were
divided by their own mean KCC within the mask.

To evaluate the relationship between the brain structure, function and cognitive scores,
multiple regression with false discovery rate correction was used to detect the correlation
between DTI indices/GQI indices/ALFF/ReHo and SSRT/CTT score/IGT score for all
the patients with SPM8. Age and gender were used as covariates. The multiple linear
regression we used in SPM is the second level analysis, it is simply the entering of
covariates (SSRT/CTT score/IGT score) which were tested for correlations with the signal
change in contrasts across subjects (DTI indices/GQI indices/ALFF/ReHo). Age and
gender were used as covariates regardless of the design that we choose.

RESULTS

The EF measures

For the IGT and CTTwe followed the literatures and the standards, there was not performance
criteria for these two tasks. For the stop-signal task, all participants achieved 90% accuracy
in the formal trials. For the IGT, CTT and the stop-signal task, we followed the literatures
and the assessment standards, we did not discard faster or slower RTs. In the stop-signal task,
the average SSRT was 247 ms, SD was 52.4 ms, and the range was between 153 and 378 ms.
In the CCT, the average CCT score was 1.4, SD was 0.58, and the range was between 0.72
and 2.75. The average IGT score was 0, SD was 25.39, and the range was between —36 and 50.

The correlation between the EF measures and the DTl indices
A negative correlation between the SSRT and FA in the tapetum (Fig. 1A), and a negative
correlation between the SSRT and RD in the corpus callosum (Fig. 1B) were reported.
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Figure 1 The correlation between the cognitive scores and the DTI indices. Significant negative
correlations between stop signal reaction time (SSRT) and (A) FA in the right tapetum and (B) RD in the
corpus callosum were found. (C) A significant negative correlation between CTT and AD in the left
posterior corona radiata was found. Significant positive correlations between IGT and (D) FA in the right
superior longitudinal fasciculus, (E) RD in the superior frontal blade, and (F) MD in the superior frontal
blade were found. The color bar presents t-score. (p < 0.05, corrected).

Full-size K&] DOT: 10.7717/peerj.5002/fig-1

A negative correlation between the CTT score and AD in the posterior corona radiata
was also found (Fig. 1C). There were no significant correlations between the CTT score
and the FA, RD, and MD. A positive correlation was found between the IGT score
and FA in the superior longitudinal fasciculus (Fig. 1D). A positive correlation
between the IGT score and the RD, MD in the superior frontal blade (Figs. 1E and 1F)
were obtained. There were no other significant correlations between the IGT score
and the AD.

The correlation between the EF measures and the GQl indices

A positive correlation between the SSRT and ISO in the posterior cingulate was
found (Fig. 2A). A negative correlation between the SSRT and NQA in the posterior
cingulate was found (Fig. 2B). A negative correlation between the CTT score and GFA
in the posterior corona radiata (Fig. 2C), and a negative correlation between the CTT
score and NQA in the precuneus (Fig. 2D) were found. There were no other
correlations between the CTT score and ISO. A positive correlation between the IGT
score and GFA, NQA in the superior longitudinal fasciculus were found (Figs. 2E
and 2F).

The correlation between the EF measures and mfALFF

Positive correlations between the SSRT and mfALFF were found in the left precuneus
(Fig. 3A) and middle occipital gyrus (MidOG) (Fig. 3B), whereas a negative correlation
was observed in the insula (Fig. 3C). We found negative correlations only between the
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Figure 2 The correlation between the cognitive scores and the GQI indices. (A) Significant positive
correlation between SSRT and ISO in the posterior cingulate, and (B) a significant negative correlation
between SSRT and NQA in the posterior cingulate were found. Significant negative correlations between
CTT and (C) GFA in the left posterior corona radiata and (D) NQA in the precuneus were found.
Significant positive correlations between IGT and (E) GFA/(F) NQA in the right superior longitudinal
fasciculus were found. The color bar presents t-score. (p < 0.05, corrected).

Full-size K&l DOI: 10.7717/peerj.5002/fig-2

Figure 3 The correlation between the cognitive scores and the functional index, mfALFF. Highly positive correlations between the SSRT scores
and mfALFF were found in the (A) left precuneus and (B) MidOG, whereas a highly negative correlation was observed in (C) insula. Negative
correlations between the CTT scores and mfALFF in the (D) right vmPFC and (E) angular gyrus were found. Highly positive correlations between

the IGT scores and mfALFF in the (F) ACC, right precuneus and (G) postcentral gyrus were found. The color bar presents t-score. (p < 0.05,
corrected). Full-size K&l DOI: 10.7717/peerj.5002/fig-3

CTT score and mfALFF in the right vimPFC (Fig. 3D) and angular gyrus (Fig. 3E). We
found positive correlations between the IGT score and mfALFF in the ACC, right
precuneus (Fig. 3F) and postcentral gyrus (Fig. 3G).
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Figure 4 The correlation between the cognitive scores and the functional index, mReHo. Highly
negative correlations between the SSRT scores and mReHo were found in the (A) right dmPFC and (B)
putamen. (C, D) A highly positive correlation between the CTT and mReHo in the right OFC was found.
(E) A highly positive correlation between the IGT scores and mReHo was found in the right insular, (F)
whereas a highly negative correlation was found in the vmPFC. The color bar presents t-score. (p < 0.05,
corrected). Full-size K&) DOT: 10.7717/peerj.5002/fig-4

The correlation between the EF measures and mReHo

Negative correlations between the SSRT and mReHo were found in the right dorsomedial
prefrontal cortex (dmPFC) (Fig. 4A) and putamen (Fig. 4B). We also found a positive
correlation between the CTT score and mReHo in the right OFC (Figs. 4C and 4D).

A positive correlation between the IGT score and mReHo was found in the right insula
(Fig. 4E), whereas a negative correlation was found in the vimPFC (Fig. 4F).

DISCUSSION

We correlated the indices of structural and functional brain imaging with the
performances of “cool” and “hot” EF. Briefly, these correlations revealed that the patients’
EF can be associated with the impulsive incentive motivational effects of food.

Inhibitory control and structural brain imaging
The SSRT was related negatively to the FA in the tapetum, and to the RD in the corpus
callosum. The corpus callosum is a large bundle of commissural fibers that connects
the left and right sides of the cerebral hemispheres, allowing for motor, sensory, and
cognitive information between the brain hemispheres. The corpus callosum constitutes
the tapetum (a white matter track) that projects from the splenium of the corpus callosum
and connects both sides of the temporal lobe (Wakana et al., 2004). Worse inhibitory
control (longer SSRT) is related to decreased diffusion anisotropy (lower FA). On the
other hand, worse inhibitory control (longer SSRT) is related to better diffusion
anisotropy (lower RD) in the corpus callosum.

The SSRT was related positively to ISO and negatively to NQA in the posterior
cingulate cortex (PCC). The PCC is involved in voluntary control network (Leech ¢
Sharp, 2014), mediating the “cool” EF (Kerr ¢ Zelazo, 2004). Enhanced PCC activity
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facilitates stop-signal inhibition (Boehler et al., 2009; Hopfinger, Buonocore ¢» Mangun,
2000). We also showed that the patients” worse inhibitory control (longer SSRT) is related
to decreased diffusion anisotropy (larger ISO and lower NQA) in the PCC.

Inhibitory control and functional brain imaging

The SSRT was related positively to the mfALFF in the left precuneus and the MidOG, and
negatively in the insula. The precuneus (Gearhardt et al., 2014; Tang et al., 2012) and
the MidOG (Geliebter et al., 2006; Rothemund et al., 2007) are related to identifying the
salience of visual, appetitive cues (e.g., food). The positive correlation suggests that

the patients with obesity with better ability to detect appetitive food may have worse
inhibitory control. This suggests that patients’ inhibitory control may be associated with
the incentive motivational effects of food.

The insula plays a critical role in the generation of the conscious urge to use an
addictive substance ( Verdejo-Garcia, Clark & Dunn, 2012). Obese individuals showed
increased activation in the insula (Volkow, Wang ¢ Baler, 2011), making them favor
food over other natural reinforcers. The insula is activated in response inhibition
(Horn et al., 2003; Swick, Ashley & Turken, 2011). A recent study (Droutman, Read &
Bechara, 2015) suggests that strong activation of the insula can be considered as increased
engagement of the prefrontal control system. Patients with obesity with increased mfALFF
in the insula had better inhibitory control (shorter SSRT).

The SSRT was related negatively to the mReHo in the right dmPFC and putamen.
The dmPFC has been demonstrated to be critical in stop-signal response inhibition
(Floden & Stuss, 2006; Venkatraman et al., 2009). Patients with obesity with increased
mReHo in the dmPFC had better inhibitory control (shorter SSRT). The putamen
involves in habitual drug- seeking and reinforcing learning (Koob ¢ Volkow, 2010). Obese
individuals showed enhanced functional connectivity strength in the putamen, may
contribute to overeating ( Garcia-Garcia et al., 2013). On the other hand, the basal ganglia
circuitry (including the putamen) exerts an inhibitory influence on the presupplementary
motor area and primary motor to mediate a response inhibition (Duann et al., 2009).
Within the patients with obesity, increased mReHo in the putamen was related to better
inhibitory control (shorter SSRT).

Mental flexibility and structural brain imaging

The CTT score was related negatively to the AD in the posterior corona radiata, to the GFA
in the posterior corona radiata, and to the NQA in the precuneus. The motor fibers are
somatotopically arranged in the corona radiata (Kim ¢ Pope, 2005). Overweight
individuals (BMI = 25-30) had lower brain volumes in the corona radiata (Raji et al.,
2010), which may disrupt their motor functions. Worse mental flexibility (larger CTT
score) is related to possible disrupted motor functions, mediated by a decrease in diffusion
anisotropy (lower AD and GFA) in the posterior corona radiata. The current study
recruiting the patients with obesity and the study (Raji et al., 2010) recruiting the
overweight individuals provide convergent evidence of possible disrupted brain area
(e.g., posterior corona radiata) and motor functions.
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The precuneus is related to identifying the salience of visual cues ( Gearhardt et al., 2014;
Tang et al., 2012), suggesting that it plays an important role visuospatial processing
(e.g., directing attention in space and among objects) (Cavanna ¢ Trimble, 2006).

The CTT requires patients to deploy their attention to scan the circles with different
numbers and colors (Rucklidge, 2006). Therefore, we suggest that worse mental flexibility
(larger CTT score) is related to worse visuospatial processing, mediated by a decreased
diffusion anisotropy in the precuneus.

Mental flexibility and functional brain imaging

The CTT score was related negatively to the mfALFF in the right vmPFC and angular
gyrus. Beside the critical role in affective decision-making (Koob ¢ Volkow, 2010), patients
with lesioned orbitalmedial PFC (the combination of the vmPFC and OFC territories)
had difficulty acquiring simple rule change (e.g., the rule change in the CTT) (Zald ¢
Andreotti, 2010). This negative correlation suggests that better capability to acquire rule
change (larger mfALFF in the vmPFC) is related to better mental flexibility (smaller
CTT scores).

The angular gyrus is involved in orienting spatiovisual attention to the relevant
information (Seghier, 2013). A better ability to shift attention to the correct circles and
numbers in the CTT (larger mfALFF of angular gyrus) is possibly related to better mental
flexibility (smaller CTT scores).

The CTT score was related positively to the mReHo in the right OFC. The OFC has
been implicated in many reward-based functions (Shott et al., 2015). The OFC involves
mental flexibility: it enables the ability to shift away from previously learned responses
(e.g., rule-shifting from CTT1 to CTT2) (Ragozzino, 2007). We found that increased
mReHo of OFC was related to worse mental flexibility (longer CTT score), suggesting an
inability to stop food intake (Rolls, 2008) and reduced reward sensitivity (Volkow et al.,
2010). This result may reflect a possible deficit in patients’ OFC, leading to ineffective
mental flexibility.

Affective decision-making and structural brain imaging

The IGT score was related positively to the FA in the superior longitudinal fasciculus, and
to the RD and MD in the superior frontal blade. The IGT score was also related positively
to the GFA and NQA in the superior longitudinal fasciculus. The superior longitudinal
fasciculus involves several functions, such as regulating motor behavior, visuospatial
attention, working memory, and auditory information. An increase in the FA, GFA, and
NQA in the superior longitudinal fasciculus is related to better affective decision-making
(larger IGT score).

The obese individuals have been shown to have enhanced activations in the superior
frontal blade when viewing pictures of high-calorie foods (Martin et al., 2010). The RD
and MD are the inverse measurements of membrane density: larger values indicate
lower myelination, dilute axonal packing, and larger extent of axonal degeneration.

The positive correlation between the RD and MD in the superior frontal blade and
the IGT score suggests that cue-evoked craving (food) may interfere with affective
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decision-making (lower IGT score). This suggests that patients’ affective decision-making
(hot EF) may be associated with the incentive motivational effects of food.

Affective decision-making and functional brain imaging
The IGT score was positively related to the mfALFF in the ACC, right precuneus and
postcentral gyrus. The ACC is involved in inhibitory control/emotion regulation, conflict
monitoring, compulsive behaviors, and impulsivity (Koob ¢ Volkow, 2010; Noél, Brevers ¢
Bechara, 2013; Volkow et al., 2012). The ACC is engaged in the IGT during the phase
of anticipatory feeling and for implementing behavioral decisions (Li ef al., 2010; Lin
et al., 2008). The precuneus is activated after a risky choice during the IGT (Li et al., 2010;
Lin et al., 2008). The postcentral gyrus is the location of the primary somatosensory cortex
(S1). The sensory experience of palatable food plays a role in the development of
obesity (DelParigi et al., 2005). This area may involve processing somatic signals for
decision-making. Collectively, higher values of mfALFF in the ACC, right precuneus,
and postcentral gyrus are related to higher IGT scores (better affective decision-making).
The IGT score was positively related to the mReHo in the right insula, but negatively
related to the mReHo in the vmPFC. The insula plays a critical role in the generation
of emotional/somatic states during the IGT, which is important for appropriate long-term
decisions (Li et al., 2010). The vmPFC integrates the emotional/somatic states and
working memory (e.g., online knowledge and information used during the deliberation of
a decision) for decision-making (Li et al., 2010). The negative correlation between the
mReHo in the vmPFC and the IGT score may result from possible impairment in this area
in the patients with obesity. That is, in the patients with obesity, a higher value of mReHo
in their impaired vmPFC may reflect the ineffective processing of affective decision-
making. Future studies can examine this possibility in the patients with obesity.

Limitations

Neural correlates in the current study are only exclusively for patients with obesity, normal
weight or overweight individuals will be taken into consideration in the further study. The
current fMRI results were mere associations between EF tests and functional activations of
brain regions at rest. Causal inferences about ingestive behavior and reactions to food
based on these associations between EF tests, that did not have food or related stimuli and
rs-fMRI data cannot be made. Our study was limited in the small sample size of obese
patients. It is difficult to recruit obese patients preparing for bariatric surgery given the
smaller average BMI and obesity prevalence rate in Taiwan. This study was limited in
lower external validity, since the participants were recruited only from the hospital. This
limitation can be mitigated by recruiting participants from multiple sources. Since the
brief experiment time, some cognitive variables that may relate to obesity such as
intelligence and working memory capacity were not measured. A more comprehensive
measures are suggested in the future. There was no pre-experiment instructions regarding
caffeine or food consumption in the current study. It has been suggested that caffeine
(Park et al., 2014) or glucose intake (Zanchi et al., 2018) is associated with cognitive

performance and cortical activation.
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CONCLUSION

First, we found that many brain areas are correlated to the EF, consistent with previous
studies. Secondly, in the patients with obesity, identifying the salience of appetitive cues
(the precuneus and the MidOG) may be associated with “cool” EF (poor inhibitory
control). In the patients with obesity, cue-evoked craving (the superior frontal blade) may
be associated with "hot" EF (poor affective decision-making).

ACKNOWLEDGEMENTS

The authors would like to thank Cheng-Jui Li for his assistance in the experimental
preparations.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This study was supported by the research programs NSC103-2420-H-182A-001,
MOST104-2314-B-040-001, which were sponsored by the Ministry of Science and
Technology, Taipei, Taiwan, and the research program CLRPG6G0041 which was
sponsored by the Health Information and Epidemiology Laboratory, Chang Gung
Memorial Hospital, Chiayi, Taiwan. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Ministry of Science and Technology, Taipei, Taiwan: NSC103-2420-H-182A-001,
MOST104-2314-B-040-001.

Health Information and Epidemiology Laboratory, Chang Gung Memorial Hospital,
Chiayi, Taiwan: CLRPG6G0041.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Ming-Chou Ho conceived and designed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, prepared figures and/or tables, authored or reviewed
drafts of the paper, approved the final draft.

e Vincent Chin-Hung Chen conceived and designed the experiments, contributed
reagents/materials/analysis tools, authored or reviewed drafts of the paper.

e Seh-Huang Chao conceived and designed the experiments, performed the experiments,
contributed reagents/materials/analysis tools.

o Ching-Tzu Fang performed the experiments, analyzed the data, prepared figures and/or
tables.

e Yi-Chun Liu performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the paper.

Ho et al. (2018), Peerd, DOI 10.7717/peerj.5002 13/18


http://dx.doi.org/10.7717/peerj.5002
https://peerj.com/

Peer/

e Jun-Cheng Weng conceived and designed the experiments, analyzed the data,
contributed reagents/materials/analysis tools, prepared figures and/or tables, authored
or reviewed drafts of the paper, approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

Informed consent was obtained from all patients, approved by the Institutional Review
Board of Jen-Ai Hospital, Taichung, Taiwan (IRB No. 104-3465B).

Data Availability
The following information was supplied regarding data availability:
Weng, JC (2018): obesity. figshare. Fileset. https://doi.org/10.6084/m9.figshare.6399965.v1.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/
10.7717/peerj.5002#supplemental-information.

REFERENCES

Bechara A, Damasio AR, Damasio H, Anderson SW. 1994. Insensitivity to future consequences
following damage to human prefrontal cortex. Cognition 50(1-3):7-15
DOI 10.1016/0010-0277(94)90018-3.

Bechara A, Damasio H, Tranel D, Damasio AR. 2005. The Iowa Gambling Task and the somatic
marker hypothesis: some questions and answers. Trends in Cognitive Sciences 9(4):159-162
DOI 10.1016/j.tics.2005.02.002.

Boehler CN, Miinte TF, Krebs RM, Heinze H-J, Schoenfeld MA, Hopf J-M. 2009. Sensory MEG
responses predict successful and failed inhibition in a stop-signal task. Cerebral Cortex
19(1):134-145 DOI 10.1093/cercor/bhn063.

Carnell S, Gibson C, Benson L, Ochner CN, Geliebter A. 2012. Neuroimaging and obesity:
current knowledge and future directions. Obesity Reviews 13(1):43-56
DOI 10.1111/;.1467-789x.2011.00927 .x.

Cavanna AE, Trimble MR. 2006. The precuneus: a review of its functional anatomy and
behavioural correlates. Brain 129(3):564-583 DOI 10.1093/brain/awl004.

Chao SH, Liao YT, Chen VCH, Li CJ, McIntyre RS, Lee Y, Weng JC. 2018. Correlation between
brain circuit segregation and obesity. Behavioural Brain Research 337:218-227
DOI 10.1016/j.bbr.2017.09.017.

Chao-Gan Y, Yu-Feng Z. 2010. DPARSF: a MATLAB toolbox for “pipeline” data analysis of
resting-state fMRI. Frontiers in Systems Neuroscience 4:13 DOI 10.3389/fnsys.2010.00013.

Damasio AR, Everitt BJ, Bishop D. 1996. The somatic marker hypothesis and the possible
functions of the prefrontal cortex [and discussion]. Philosophical Transactions of the Royal
Society B: Biological Sciences 351(1346):1413-1420 DOI 10.1098/rstb.1996.0125.

D’Elia LF, Satz P, Uchiyama CL, White T. 1996. Color Trails Test: Professional Manual. Odessa:
Psychological Assessment Resources.

DelParigi A, Chen K, Salbe AD, Reiman EM, Tataranni PA. 2005. Sensory experience of food and
obesity: a positron emission tomography study of the brain regions affected by tasting a liquid
meal after a prolonged fast. Neurolmage 24(2):436—443 DOI 10.1016/j.neuroimage.2004.08.035.

Ho et al. (2018), Peerd, DOI 10.7717/peerj.5002 14/18


https://doi.org/10.6084/m9.figshare.6399965.v1
http://dx.doi.org/10.7717/peerj.5002#supplemental-information
http://dx.doi.org/10.7717/peerj.5002#supplemental-information
http://dx.doi.org/10.1016/0010-0277(94)90018-3
http://dx.doi.org/10.1016/j.tics.2005.02.002
http://dx.doi.org/10.1093/cercor/bhn063
http://dx.doi.org/10.1111/j.1467-789x.2011.00927.x
http://dx.doi.org/10.1093/brain/awl004
http://dx.doi.org/10.1016/j.bbr.2017.09.017
http://dx.doi.org/10.3389/fnsys.2010.00013
http://dx.doi.org/10.1098/rstb.1996.0125
http://dx.doi.org/10.1016/j.neuroimage.2004.08.035
http://dx.doi.org/10.7717/peerj.5002
https://peerj.com/

Peer/

Droutman V, Read SJ, Bechara A. 2015. Revisiting the role of the insula in addiction. Trends in
Cognitive Sciences 19(7):414-420 DOI 10.1016/j.tics.2015.05.005.

Duann J-R, Ide JS, Luo X, Li C-sR. 2009. Functional connectivity delineates distinct roles of the
inferior frontal cortex and presupplementary motor area in stop signal inhibition. Journal
of Neuroscience 29(32):10171-10179 DOI 10.1523/jneurosci.1300-09.2009.

Fitzpatrick S, Gilbert S, Serpell L. 2013. Systematic review: are overweight and obese individuals
impaired on behavioural tasks of executive functioning? Neuropsychology Review 23(2):138-156
DOI 10.1007/s11065-013-9224-7.

Floden D, Stuss DT. 2006. Inhibitory control is slowed in patients with right superior medial
frontal damage. Journal of Cognitive Neuroscience 18(11):1843-1849
DOI 10.1162/jocn.2006.18.11.1843.

Garcia-Garcia I, Jurado MA, Garolera M, Marqués-Iturria I, Horstmann A, Segura B, Pueyo R,
Sender-Palacios MJ, Vernet-Vernet M, Villringer A, Junqué C, Margulies DS, Neumann J.
2015. Functional network centrality in obesity: a resting-state and task fMRI study. Psychiatry
Research Neuroimaging 233(3):331-338 DOI 10.1016/j.pscychresns.2015.05.017.

Garcia-Garcia I, Jurado MA, Garolera M, Segura B, Sala-llonch R, Marqués-iturria I, Pueyo R,
Sender-palacios MJ, Vernet-vernet M, Narberhaus A, Ariza M, Junqué C. 2013. Alterations of
the salience network in obesity: a resting-state fMRI study. Human Brain Mapping
34(11):2786-2797 DOI 10.1002/hbm.22104.

Gearhardt AN, Yokum S, Orr PT, Stice E, Corbin WR, Brownell KD. 2011. Neural correlates of
food addiction. Archives of General Psychiatry 68(8):808—-816
DOI 10.1001/archgenpsychiatry.2011.32.

Gearhardt AN, Yokum S, Stice E, Harris JL, Brownell KD. 2014. Relation of obesity to neural
activation in response to food commercials. Social Cognitive and Affective Neuroscience
9(7):932-938 DOI 10.1093/scan/nst059.

Geliebter A, Ladell T, Logan M, Schweider T, Sharafi M, Hirsch J. 2006. Responsivity to food
stimuli in obese and lean binge eaters using functional MRI. Appetite 46(1):31-35
DOI 10.1016/j.appet.2005.09.002.

Hopfinger JB, Buonocore MH, Mangun GR. 2000. The neural mechanisms of top-down
attentional control. Nature Neuroscience 3(3):284—-291 DOI 10.1038/72999.

Horn NR, Dolan M, Elliott R, Deakin JFW, Woodruff PWR. 2003. Response inhibition and
impulsivity: an fMRI study. Neuropsychologia 41(14):1959-1966
DOI 10.1016/s0028-3932(03)00077-0.

Kenny PJ. 2011. Reward mechanisms in obesity: new insights and future directions. Neuron
69(4):664—-679 DOI 10.1016/j.neuron.2011.02.016.

Kerr A, Zelazo PD. 2004. Development of “hot” executive function: the children’s gambling task.
Brain and Cognition 55(1):148—157 DOI 10.1016/s0278-2626(03)00275-6.

Kim JS, Pope A. 2005. Somatotopically located motor fibers in corona radiata: evidence from
subcortical small infarcts. Neurology 64(8):1438—1440
DOI 10.1212/01.wnl.0000158656.09335.¢7.

Ko GTC, Tang JSE. 2007. Waist circumference and BMI cut-off based on 10-year cardiovascular
risk: evidence for “central pre-obesity”. Obesity 15(11):2832-2839 DOI 10.1038/0by.2007.336.

Kong L, Wu F, Tang Y, Ren L, Kong D, Liu Y, Xu K, Wang F. 2014. Frontal-subcortical volumetric
deficits in single episode, medication-naive depressed patients and the effects of 8 weeks
fluoxetine treatment: a VBM-DARTEL study. PLOS ONE 9(1):e79055
DOI 10.1371/journal.pone.0079055.

Ho et al. (2018), PeerJ, DOI 10.7717/peerj.5002 15/18


http://dx.doi.org/10.1016/j.tics.2015.05.005
http://dx.doi.org/10.1523/jneurosci.1300-09.2009
http://dx.doi.org/10.1007/s11065-013-9224-7
http://dx.doi.org/10.1162/jocn.2006.18.11.1843
http://dx.doi.org/10.1016/j.pscychresns.2015.05.017
http://dx.doi.org/10.1002/hbm.22104
http://dx.doi.org/10.1001/archgenpsychiatry.2011.32
http://dx.doi.org/10.1093/scan/nst059
http://dx.doi.org/10.1016/j.appet.2005.09.002
http://dx.doi.org/10.1038/72999
http://dx.doi.org/10.1016/s0028-3932(03)00077-0
http://dx.doi.org/10.1016/j.neuron.2011.02.016
http://dx.doi.org/10.1016/s0278-2626(03)00275-6
http://dx.doi.org/10.1212/01.wnl.0000158656.09335.e7
http://dx.doi.org/10.1038/oby.2007.336
http://dx.doi.org/10.1371/journal.pone.0079055
http://dx.doi.org/10.7717/peerj.5002
https://peerj.com/

Peer/

Koob GF, Volkow ND. 2010. Neurocircuitry of addiction. Neuropsychopharmacology
35(1):217-238 DOI 10.1038/npp.2009.110.

Leech R, Sharp DJ. 2014. The role of the posterior cingulate cortex in cognition and disease. Brain
137(1):12-32 DOI 10.1093/brain/awt162.

Li X, Lu ZL, D’Argembeau A, Ng M, Bechara A. 2010. The Iowa gambling task in fMRI images.
Human Brain Mapping 31:410-423 DOI 10.1002/hbm.20875.

Lin C-H, Chiu Y-C, Cheng C-M, Hsieh J-C. 2008. Brain maps of Iowa gambling task. BMC
Neuroscience 9(1):72 DOI 10.1186/1471-2202-9-72.

Logan GD, Schachar RJ, Tannock R. 1997. Impulsivity and inhibitory control. Psychological
Science 8(1):60-64 DOI 10.1111/j.1467-9280.1997.tb00545.x.

Machann J, Horstmann A, Born M, Hesse S, Hirsch FW. 2013. Diagnostic imaging in obesity.
Best Practice & Research Clinical Endocrinology & Metabolism 27(2):261-277
DOI 10.1016/j.beem.2013.02.003.

Martin LE, Holsen LM, Chambers RJ, Bruce AS, Brooks WM, Zarcone JR, Butler MG,
Savage CR. 2010. Neural mechanisms associated with food motivation in obese and healthy
weight adults. Obesity 18(2):254-260 DOI 10.1038/0by.2009.220.

Miyake A, Friedman NP, Emerson M]J, Witzki AH, Howerter A, Wager TD. 2000. The unity and
diversity of executive functions and their contributions to complex “frontal lobe” tasks: a latent
variable analysis. Cognitive Psychology 41(1):49-100 DOI 10.1006/cogp.1999.0734.

Noél X, Brevers D, Bechara A. 2013. A neurocognitive approach to understanding the
neurobiology of addiction. Current Opinion in Neurobiology 23(4):632—638
DOI 10.1016/j.conb.2013.01.018.

Nummenmaa L, Hirvonen J, Hannukainen JC, Immonen H, Lindroos MM, Salminen P,
Nuutila P. 2012. Dorsal striatum and its limbic connectivity mediate abnormal anticipatory
reward processing in obesity. PLOS ONE 7(2):¢31089 DOI 10.1371/journal.pone.0031089.

Pannacciulli N, Del Parigi A, Chen K, Le DSNT, Reiman EM, Tataranni PA. 2006. Brain
abnormalities in human obesity: a voxel-based morphometric study. Neurolmage
31(4):1419-1425 DOI 10.1016/j.neuroimage.2006.01.047.

Park C-A, Kang C-K, Son Y-D, Choi E-J, Kim S-H, Oh S-T, Kim Y-B, Park C-W, Cho Z-H. 2014.
The effects of caffeine ingestion on cortical areas: functional imaging study. Magnetic Resonance
Imaging 32(4):366-371 DOI 10.1016/j.mri.2013.12.018.

Philip NS, Kuras YI, Valentine TR, Sweet LH, Tyrka AR, Price LH, Carpenter LL. 2013. Regional
homogeneity and resting state functional connectivity: associations with exposure to early life
stress. Psychiatry Research 214(3):247-253 DOI 10.1016/j.pscychresns.2013.07.013.

Ragozzino ME. 2007. The contribution of the medial prefrontal cortex, orbitofrontal cortex, and
dorsomedial striatum to behavioral flexibility. Annals of the New York Academy of Sciences
1121(1):355-375 DOI 10.1196/annals.1401.013.

Raji CA, Ho AJ, Parikshak NN, Becker JT, Lopez OL, Kuller LH, Hua X, Leow AD, Toga AW,
Thompson PM. 2010. Brain structure and obesity. Human Brain Mapping 31:353-364
DOI 10.1002/hbm.20870.

Reinert KRS, Po’e EK, Barkin SL. 2013. The relationship between executive function and obesity
in children and adolescents: a systematic literature review. Journal of Obesity 2013:820956
DOI 10.1155/2013/820956.

Renehan AG, Tyson M, Egger M, Heller RF, Zwahlen M. 2008. Body-mass index and incidence of
cancer: a systematic review and meta-analysis of prospective observational studies. Lancet
371(9612):569-578 DOI 10.1016/s0140-6736(08)60269-x.

Ho et al. (2018), PeerJ, DOI 10.7717/peerj.5002 16/18


http://dx.doi.org/10.1038/npp.2009.110
http://dx.doi.org/10.1093/brain/awt162
http://dx.doi.org/10.1002/hbm.20875
http://dx.doi.org/10.1186/1471-2202-9-72
http://dx.doi.org/10.1111/j.1467-9280.1997.tb00545.x
http://dx.doi.org/10.1016/j.beem.2013.02.003
http://dx.doi.org/10.1038/oby.2009.220
http://dx.doi.org/10.1006/cogp.1999.0734
http://dx.doi.org/10.1016/j.conb.2013.01.018
http://dx.doi.org/10.1371/journal.pone.0031089
http://dx.doi.org/10.1016/j.neuroimage.2006.01.047
http://dx.doi.org/10.1016/j.mri.2013.12.018
http://dx.doi.org/10.1016/j.pscychresns.2013.07.013
http://dx.doi.org/10.1196/annals.1401.013
http://dx.doi.org/10.1002/hbm.20870
http://dx.doi.org/10.1155/2013/820956
http://dx.doi.org/10.1016/s0140-6736(08)60269-x
http://dx.doi.org/10.7717/peerj.5002
https://peerj.com/

Peer/

Rolls E. 2008. Functions of the orbitofrontal and pregenual cingulate cortex in taste, olfaction,
appetite and emotion. Acta Physiologica Hungarica 95(2):131-164
DOI 10.1556/aphysiol.95.2008.2.1.

Rothemund Y, Preuschhof C, Bohner G, Bauknecht H-C, Klingebiel R, Flor H, Klapp BF. 2007.
Differential activation of the dorsal striatum by high-calorie visual food stimuli in obese
individuals. NeuroImage 37(2):410—421 DOI 10.1016/j.neuroimage.2007.05.008.

Rucklidge JJ. 2006. Impact of ADHD on the neurocognitive functioning of adolescents with
bipolar disorder. Biological Psychiatry 60(9):921-928 DOI 10.1016/j.biopsych.2006.03.067.

Seghier ML. 2013. The angular gyrus: multiple functions and multiple subdivisions. Neuroscientist
19:43-61 DOI 10.1177/1073858412440596.

Shott ME, Cornier M-A, Mittal VA, Pryor TL, Orr JM, Brown MS, Frank GKW. 2015.
Orbitofrontal cortex volume and brain reward response in obesity. International Journal of
Obesity 39(2):214-221 DOI 10.1038/ij0.2014.121.

Smith E, Hay P, Campbell L, Trollor JN. 2011. A review of the association between obesity and
cognitive function across the lifespan: implications for novel approaches to prevention and
treatment. Obesity Reviews 12(9):740-755 DOI 10.1111/j.1467-789x.2011.00920.x.

Song XW, Dong ZY, Long XY, Li SE, Zuo XN, Zhu CZ, He Y, Yan CG, Zang YF. 2011. REST:
a toolkit for resting-state functional magnetic resonance imaging data processing. PLOS ONE
6(9):€25031 DOI 10.1371/journal.pone.0025031.

Swick D, Ashley V, Turken U. 2011. Are the neural correlates of stopping and not going identical?
Quantitative meta-analysis of two response inhibition tasks. NeuroImage 56(3):1655-1665
DOI 10.1016/j.neuroimage.2011.02.070.

Tang DW, Fellows LK, Small DM, Dagher A. 2012. Food and drug cues activate similar brain
regions: a meta-analysis of functional MRI studies. Physiology ¢ Behavior 106(3):317-324
DOI 10.1016/j.physbeh.2012.03.009.

Venkatraman V, Rosati AG, Taren AA, Huettel SA. 2009. Resolving response, decision, and
strategic control: evidence for a functional topography in dorsomedial prefrontal cortex.
Journal of Neuroscience 29(42):13158-13164 DOI 10.1523/jneurosci.2708-09.2009.

Verbruggen F, Logan GD, Stevens MA. 2008. STOP-IT: Windows executable software for the
stop-signal paradigm. Behavior Research Methods 40(2):479—483 DOI 10.3758/BRM.40.2.479.

Verdejo-Garcia A, Clark L, Dunn BD. 2012. The role of interoception in addiction: a critical
review. Neuroscience ¢ Biobehavioral Reviews 36(8):1857—1869
DOI 10.1016/j.neubiorev.2012.05.007.

Volkow ND, Wang G-J, Baler RD. 2011. Reward, dopamine and the control of food intake:
implications for obesity. Trends in Cognitive Sciences 15(1):37-46
DOI 10.1016/j.tics.2010.11.001.

Volkow ND, Wang G-J, Fowler JS, Tomasi D, Baler R. 2012. Food and drug reward: overlapping
circuits in human obesity and addiction. Current topics in Behavioral Neurosciences 11:1-24
DOI 10.1007/7854_2011_169.

Volkow ND, Wang GJ, Fowler JS, Tomasi D, Telang F, Baler R. 2010. Addiction: decreased reward
sensitivity and increased expectation sensitivity conspire to overwhelm the brain’s control
circuit. BioEssays 32(9):748—-755 DOI 10.1002/bies.201000042.

Volkow ND, Wang G-J, Telang F, Fowler JS, Thanos PK, Logan J, Alexoff D, Ding Y-S, Wong C,
Ma Y, Pradhan K. 2008. Low dopamine striatal D2 receptors are associated with prefrontal
metabolism in obese subjects: possible contributing factors. Neurolmage 42(4):1537-1543
DOI 10.1016/j.neuroimage.2008.06.002.

Ho et al. (2018), PeerdJ, DOI 10.7717/peerj.5002 17/18


http://dx.doi.org/10.1556/aphysiol.95.2008.2.1
http://dx.doi.org/10.1016/j.neuroimage.2007.05.008
http://dx.doi.org/10.1016/j.biopsych.2006.03.067
http://dx.doi.org/10.1177/1073858412440596
http://dx.doi.org/10.1038/ijo.2014.121
http://dx.doi.org/10.1111/j.1467-789x.2011.00920.x
http://dx.doi.org/10.1371/journal.pone.0025031
http://dx.doi.org/10.1016/j.neuroimage.2011.02.070
http://dx.doi.org/10.1016/j.physbeh.2012.03.009
http://dx.doi.org/10.1523/jneurosci.2708-09.2009
http://dx.doi.org/10.3758/BRM.40.2.479
http://dx.doi.org/10.1016/j.neubiorev.2012.05.007
http://dx.doi.org/10.1016/j.tics.2010.11.001
http://dx.doi.org/10.1007/7854_2011_169
http://dx.doi.org/10.1002/bies.201000042
http://dx.doi.org/10.1016/j.neuroimage.2008.06.002
http://dx.doi.org/10.7717/peerj.5002
https://peerj.com/

Peer/

Volkow ND, Wang GJ, Tomasi D, Baler RD. 2013. Obesity and addiction: neurobiological
overlaps. Obesity Reviews 14(1):2—-18 DOI 10.1111/j.1467-789x.2012.01031.x.

Volkow ND, Wise RA. 2005. How can drug addiction help us understand obesity? Nature
Neuroscience 8(5):555-560 DOI 10.1038/nn1452.

Wakana S, Jiang H, Nagae-Poetscher LM, van Zijl PCM, Mori S. 2004. Fiber tract-based atlas of
human white matter anatomy 1. Radiology 230(1):77-87 DOI 10.1148/radiol.2301021640.

Wang G-J, Volkow ND, Thanos PK, Fowler JS. 2004. Similarity between obesity and drug
addiction as assessed by neurofunctional imaging: a concept review. Journal of Addictive
Diseases 23:39—-53 DOI 10.1300/J069v23n03_04.

WHO. 2000. Obesity: Preventing and Managing the Global Epidemic. Geneva: WHO.

WHO. 2016. Obesity and Overweight. Available at http://www.who.int/mediacentre/factsheets/fs311/en/.

Zald DH, Andreotti C. 2010. Neuropsychological assessment of the orbital and
ventromedial prefrontal cortex. Neuropsychologia 48(12):3377-3391
DOI 10.1016/j.neuropsychologia.2010.08.012.

Zanchi D, Meyer-Gerspach AC, Schmidt A, Suenderhauf C, Depoorter A, Drewe J, Beglinger C,
Wolnerhanssen BK, Borgwardt S. 2018. Acute effects of glucose and fructose administration
on the neural correlates of cognitive functioning in healthy subjects: a pilot study. Frontiers
in Psychiatry 9:71 DOI 10.3389/fpsyt.2018.00071.

Zelazo PD, Qu L, Miiller U, Schneider W, Schumann-Hengsteler R, Sodian B. 2005. Hot and
cool aspects of executive function: relations in early development. In: Schneider W, Schumann-
Hengsteler R, Sodian B, eds. Young Children’s Cognitive Development: Interrelationships Among
Executive Functioning, Working Memory, Verbal Ability, and Theory of Mind. Mahwah:
Lawrence Erlbaum Associates, Inc., 71-93.

Zhang X, Zhu X, Wang X, Zhu X, Zhong M, Yi J, Rao H, Yao S. 2014. First-episode medication-
naive major depressive disorder is associated with altered resting brain function in the affective
network. PLOS ONE 6:¢5002 DOI 10.1371/journal.pone.0085241.

Ho et al. (2018), PeerJ, DOI 10.7717/peerj.5002 18/18


http://dx.doi.org/10.1111/j.1467-789x.2012.01031.x
http://dx.doi.org/10.1038/nn1452
http://dx.doi.org/10.1148/radiol.2301021640
http://dx.doi.org/10.1300/J069v23n03_04
http://www.who.int/mediacentre/factsheets/fs311/en/
http://dx.doi.org/10.1016/j.neuropsychologia.2010.08.012
http://dx.doi.org/10.3389/fpsyt.2018.00071
http://dx.doi.org/10.1371/journal.pone.0085241
http://dx.doi.org/10.7717/peerj.5002
https://peerj.com/

	Neural correlates of executive functions in patients with obesity
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


