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Purpose: Obesity is a complex and multifactorial disease identified as a global epidemic.
Convergent evidence indicates that obesity differentially influences patients with neuropsy-
chiatric disorders providing a basis for hypothesizing that obesity alters brain structure and
function associated with the brain’s propensity toward disturbances in mood and cognition.
Herein, we characterize alterations in brain structures and networks among obese subjects
(ie, body mass index [BMI] =30 kg/m?) when compared with non-obese controls.

Patients and methods: We obtained noninvasive diffusion tensor imaging and generalized
g-sampling imaging scans of 20 obese subjects (BMI=37.94+5.2 SD) and 30 non-obese controls
(BMI=22.61+3.4 SD). Graph theoretical analysis and network-based statistical analysis were
performed to assess structural and functional differences between groups. We additionally
assessed for correlations between diffusion indices, BMI, and anxiety and depressive symptom
severity (ie, Hospital Anxiety and Depression Scale total score).

Results: The diffusion indices of the posterior limb of the internal capsule, corona radiata, and
superior longitudinal fasciculus were significantly lower among obese subjects when compared
with controls. Moreover, obese subjects were more likely to report anxiety and depressive
symptoms. There were fewer structural network connections observed in obese subjects
compared with non-obese controls. Topological measures of clustering coefficient (C), local
efficiency (E,

, global efficiency (E . ), and transitivity were significantly lower among obese

)
local
subjects. Similarly, three sub-networks were identified to have decreased structural connectivity

global

among frontal-temporal regions in obese subjects compared with non-obese controls.
Conclusion: We extend knowledge further by delineating structural interconnectivity alterations
within and across brain regions that are adversely affected in individuals who are obese.
Keywords: obesity, diffusion tensor imaging, DTI, generalized g-sampling imaging, GQI,
graph theoretical analysis, GTA, network-based statistical analysis, NBS

Introduction

Obesity is operationalized by the WHO as a body mass index (BMI) (ie, weight in
kilograms/height in meter?) of 30 or greater; however, disparate BMI thresholds for
obesity have been reported across global regions (eg, North America vs Asia).!?
Obesity is a complex and multifactorial disease that represents one of the leading chal-
lenges in chronic disease prevention worldwide.* According to the WHO, ~2.8 million
people die each year due to overweight/obesity with an estimated 35.8 million global
disability-adjusted life years being attributable to obesity in the absence of other
medical comorbidities.* Replicated evidence also indicates that obesity significantly
increases the risk for, exacerbates the course of, and significantly reduces overall
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health outcomes for a multitude of chronic diseases includ-
ing, but not limited to, disturbances in the metabolic milieu
(eg, hypertension, dyslipidemia, and metabolic syndrome),
cardiovascular disease, autoimmune diseases, and cancers
(eg, breast, colon, and prostate).>>”’ Furthermore, available
data indicate that obesity differentially affects individuals
with neuropsychiatric disorders, influencing illness trajec-
tory and progression.®!! Notwithstanding, the mediators of
the association between obesity and adverse brain function
are insufficiently characterized. Replicated evidence sug-
gests that the metabolic-immunoinflammatory interface is
a critical moderator of the differential effects of obesity on
individuals with a neuropsychiatric illness.!*"3

The hypothesis of our study was that the main cause of
obesity was due to metabolic problems, which may lead to
changes in nerve fibers.'*!* Obesity was thought to be associ-
ated with dopaminergic pathways that can regulate rewarding
processes.'* Therefore, when dopamine receptor decreased,
it will reduce the sensitivity to natural rewards. Rewarding
processes play a critical role in brain processes that regulate
human eating behavior and food intake. In addition to obesity,
accumulation of fat in the body may also have an important
effect on brain function and optimal body composition main-
tenance (ie, optimal body fat to muscle ratio).!> Moreover,
available data suggested that overweight/obesity influences
structural and functional changes in patients with neuropsy-
chiatric disorders (eg, anxiety and depression), provides a
basis for hypothesizing that overweight/obesity alters brain
structure and function, increasing the brain’s propensity
toward disturbances in mood and cognition.!¢-1#

Obesity is increasingly being recognized as having a
significant impact on both brain structure and function. For
example, obesity has been evinced to produce differential
activation of brain functional regions or networks among
individuals with obesity when compared with non-obese
controls.'* Moreover, the convergence of replicated evidence
indicating that overweight/obesity influences structural
and functional changes in patients with neuropsychiatric
disorders (eg, anxiety and depression), provides a basis for
hypothesizing that overweight/obesity alters brain structure
and function, increasing the brain’s propensity toward dis-
turbances in mood and cognition.3!¢18

Diffuse tensor imaging (DTI) was used to investigate
neurological disease, such as epilepsy, Parkinson’s disease
and Alzheimer’s disease.'”?! Marqués-Iturria et al used DTI
to reconstruct and compare obese (n=31) and non-obese
(n=32) subjects’ brain reward networks based on white

matter volume and microstructure, the authors reported
that obese subjects displayed a lower number of fibers and
decreased integrity of connections in addition to reduced
network clustering strength among the orbitofrontal cortex
and striatum nuclei including the accumbens, caudate, and
putamen when compared with non-obese subjects.”? In a
separate study, Kullmann et al used DTI and multiparametric
mapping to examine the effect of increasing BMI among lean,
overweight, and obese subjects on brain white matter.?

Results indicated that white matter structures showed
reduced myelin and increased water with increasing BMI
in the corticospinal tract and fiber tracts linking limbic
structures with prefrontal regions.?® The foregoing observa-
tions were interpreted by the authors as having the potential
to accelerate cognitive decline among obese individuals,
which comport with existing literature on the differential
impact of obesity in individuals with neuropsychiatric dis-
orders, representing a pathophysiological nexus sub-serving
the multiplicative interaction between obesity, mood, and
cognition,!023-26

A conceptual framework for brain research that was
recently proposed describes the “connectome”.?”-*® The “con-
nectome” provides novel insights to various brain functions
and structural organization by modeling the complex net-
works of the human brain, allowing researchers to investigate
the segregation and integration of information processing.
The foregoing analyses are accomplished based on topology
and graph theoretical analysis (GTA), which provides a
quantitative method of identifying nodes, edges, and dis-
parate topological parameters, including, but not limited to,
clustering coefficient(s), characteristic path length(s), and
small-worldness (ie, high levels of local clustering among
nodes of a network and short paths that globally link all nodes
of the network).*

In keeping with the “connectome” conceptual framework,
we used noninvasive DTT and generalized g-sampling imag-
ing (GQI) to identify altered brain structure(s)/networks
between obese subjects and non-obese healthy controls
(HC). GQI was used to overcome limitations including, but
not limited to the resolution of complicated neural structures
(eg, fiber crossings) and the detection of structural changes in
gray matter.>!3 The correlation between diffusion indices
with subjects” BMI and Hospital Anxiety and Depression
Scale (HADS) ratings were also calculated. In addition,
GTA and network-based statistical (NBS) analysis were also
used to identify the structural network differences between
the two groups.?”
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Patients and methods

Subjects and clinical characteristics
A total of 50 subjects, including 20 obese subjects
(BMI=37.945.2) and 30 age- and sex-matched non-obese
controls (BMI=22.613.4) were recruited in this study. Obese
subjects are recruited from patients who are going to the out-
patient clinic for a stomach reduction surgery. This study was
conducted in accordance with the Declaration of Helsinki,
and written informed consent was obtained from all subjects.
The study was approved by the Institutional Review Board
of Jen-Ai Hospital, Taichung, Taiwan (IRB No 104-3465B),
and all research was performed in accordance with relevant
guidelines and regulations. Subjects’ baseline anxiety and/or
depressive symptoms were evaluated using the HADS prior
to DTI and GQI. The HADS is a 14-item scale with 7 items to
assess anxiety and depressive symptoms, respectively. Each
of the 14 items is scored from 0 to 3 with a maximum score
of 21. Total scores above 7 indicate clinically significant
anxiety and depressive symptoms; a total score exceeding
10 suggests moderate-to-severe symptoms (Table 1).
Exclusion criteria for all subjects included a history of any
psychiatric or neurological illnesses (eg, schizophrenia) or
substance dependence and/or use disorders, no family history
of major neuropsychiatric or serious medical illnesses and
not currently taking any prescription or psychotropic medica-
tions. The exclusion criteria also included those who were
pregnant or breastfeeding, or those with metallic implants
or other known contraindications to MRI.

MRI data acquisition

All images were acquired using a 1.5T MRI system (Ingenia,
Philips, the Netherlands). Echo planar diffusion images were
obtained with repetition time/echo time=3,279/110 ms, field
of view=224x224 mm?, matrix=128x128, slices=40, in-plane
resolution=1.75x1.75 mm?, slice thickness=3 mm, 67 non-
collinear diffusion-weighting gradient direction with b=1,000

Table | Demographic and clinical characteristics

Obesity Control P-value
Age (years) 33.1+89 45.0£9.7 <0.001*
Age range 23-54 22-58
Gender (male/female) 8/12 3127
Education (years) 14.1+2.3 14.3£3.0 >0.05
BMI 379452 22.6+3.4 <0.001*
Anxiety (of HADS) 6.7+3.1 3729 <0.001*
Depression (of HADS) 6.5+3.7 29+2.8 <0.001°

Notes: Statistical data are shown as the means + SD. *Significant difference.
Abbreviations: BMI, body mass index; HADS, Hospital Anxiety and
Depression Scale.

and 2,000 s/mm? and one additional image without diffu-
sion weighting (b=0 s/mm?). The scan time for each subject
was ~20 minutes.

Diffusion image analysis

Each subject’s original diffusion image was completed
with Eddy Current Correction using FSL (FMRIB Software
Library, Oxford, UK). Images were then spatially normalized
to the Montreal Neurological Institute T2-weighted imaging
template using parameters determined from the normalization
of'the diffusion null image to the T2-weighted imaging tem-
plate using Statistical Parametric Mapping (SPM8, Wellcome
Department of Cognitive Neurology, London, UK). Images
were resampled with a final voxel size of 2x2x2 mm?. DTI
and GQI reconstruction were performed using DSI Studio
(National Taiwan University, Taipei, Taiwan). For the DTI
analysis, the fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), and radial diffusivity (RD)
mapping were calculated. For the GQI analysis, the gen-
eralized fractional anisotropy (GFA), isotropic value of
the orientation distribution function (ISO), and normalized
quantitative anisotropy (NQA) mapping were calculated.
For the voxel-based statistical analysis, analysis of covari-
ance (ANCOVA) was used to test for statistical significance.
In addition, multiple regression was used to detect the cor-
relation between the diffusion (DTI and GQI) indices and
BMI as well as HADS scores for all 50 subjects. In the
ANCOVA, age and sex, both of which were significantly
different between groups, were used as covariates.

Graph theoretical and NBS analyses

The structural connectivity matrix of obese subjects (n=20)
and non-obese HC (n=30) was obtained by DTI and GQI
whole-brain tractography with FA and NQA threshold of
0.15, respectively, and max angle of 70°. The individual
structural connectivity matrix (fiber number X FA or NQA/
mean fiber length) of each subject with a size of 90x90 could
be output followed by importation of ROIs based on the
Automated Anatomical Labeling.

Graph theoretical and NBS (Melbourne Neuropsychiatry
Center, The University of Melbourne and Melbourne Health,
Australia) analyses were applied to investigate systematic
alterations of whole-brain structural topological organization
and structural connectivity between the two groups. GTA was
performed on the interregional connectivity matrix by using
Graph Analysis Toolbox (GAT, Stanford University School
of Medicine, Stanford, CA, USA). In the ANCOVA, age
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and sex, both of which were significantly different between
groups, were used as covariates. The topological measures
of structural brain networks were calculated, including clus-
tering coefficient (C), normalized clustering coefficient (),
local efficiency (E, ), characteristic path length (L), normal-
ized characteristic path length (1), global efficiency (Eglobal),
small-worldness index (G), assortativity, transitivity, and
modularity. Both P-value <0.05 for the permutation test in
GTA and the two-sample #-test in NBS were considered to
indicate statistical significance. The BrainNet viewer was
used to visualize significant differences in sub-networks
between the two groups revealed from NBS analysis.

Results
Altered DTI indices between obese

subjects and non-obese HCs

The AD value of the posterior limb of internal capsule was
lower in the obese subjects compared with the non-obese
HC. The RD value of the superior corona radiata was lower
in the obese subjects compared with the non-obese HC. The
MD values of posterior limb of internal capsule and superior
longitudinal fasciculus were also lower in the obese subjects
compared with the non-obese HC (Figure 1).

The correlation between DTl indices,

BMI, and HADS scores

In the correlation between DTI indices, BMI, and HADS
scores, a significant negative correlation between BMI and
the AD value in the posterior limb of the internal capsule was
observed across all subjects (N=50). A significant negative
correlation was also observed between BMI and RD values
in the corpus callosum (Figure 2A and B). There was no
significant correlation between BMI and the FA, MD value.
A significant negative correlation between anxiety scores and
AD values in the corpus callosum and superior frontal blade
was observed; in addition, a significant negative correlation
between anxiety scores and RD value was observed in the
superior frontal blade (Figure 2C—E). There was no signifi-
cant correlation between anxiety scores and FA, MD value.
A significant negative correlation between depression scores
and AD value in the corpus callosum was also found, as was
a significant negative correlation between depression scores
and RD value in the sagittal stratum. A significant positive
correlation between depression scores was also observed
between depression scores and MD value (Figure 2F-H).
There was no significant correlation between depression

scores and FA value.

Figure | The significant differences of DTI indices between obese subjects and non-obese HC.
Notes: Significantly (A) lower AD of the posterior limb of the internal capsule and (B) lower RD of the right superior corona radiata were found in obese subjects compared
with non-obese HC with significantly lower MD of (C) the right posterior limb of the internal capsule and (D) right superior longitudinal fasciculus. The color bar represents

the t-score (P<<0.05, corrected by the FDR).

Abbreviations: AD, axial diffusivity; DTI, diffusion tensor imaging; FDR, false discovery rate; HC, healthy controls; MD, mean diffusivity; RD, radial diffusivity.
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Figure 2 The correlation between DTI indices, BMI, and HADS scores.

Notes: A significant negative correlation between BMI and (A) AD in the posterior limb of the internal capsule, (B) RD in the corpus callosum were found. A significant
negative correlation between anxiety scores and (C) AD in the corpus callosum, (D) AD in the superior frontal blade, (E) RD in the superior frontal blade were observed.
A significant negative correlation between depression scores and (F) AD in the corpus callosum, (G) RD in the right sagittal stratum were identified. A significant positive
correlation between depression scores and (H) MD in the right sagittal stratum was also found. The color bar represents the t-score (P<<0.05, corrected by FDR).

Abbreviations: AD, axial diffusivity; BMI, body mass index; DTI, diffusion tensor imaging; FDR, false discovery rate; HADS, Hospital Anxiety and Depression Scale;

MD, mean diffusivity; RD, radial diffusivity.

Altered GQ)I indices between obese

subjects and non-obese HCs

The GFA values of the posterior limb of the internal capsule
and posterior corona radiata were significantly lower in
the obese subjects compared with the non-obese HC. The
NQA values of the lentiform nucleus were also significantly
lower in the obese subjects compared with non-obese HC
(Figure 3).

The correlation between the GQI indices,

BMI, and HADS scores

In the correlation between the GQI indices, BMI, and HADS
scores, a significant negative correlation between BMI and
the GFA value in the posterior limb of the internal capsule
was observed; likewise, a significant negative correlation
between BMI and NQA values in the corpus callosum and
superior frontal blade were observed across all subjects

(N=50) (Figure 4A—C). A significant negative correlation
between anxiety scores and GFA values in the posterior
cingulate, lentiform nucleus, and precuneus was observed.
Significant negative correlation between anxiety scores and
NQA value in the superior corona radiata was also observed
(Figure 4D-G). A significant negative correlation between
depression scores and the GFA value in the precuneus was
observed in addition to a significant negative correlation
between NQA values in the posterior cingulate and lingual
gyrus (Figure 4H-J). There was no significant correla-
tion between BMI, anxiety scores, depression scores, and
ISO values.

Graph theoretical and NBS analyses

For the DTT analysis, there were no significant differences
in any topological measures between obese subjects and
non-obese HC. For the GQI analysis, there were fewer

Figure 3 The significant differences of GQI indices between obese subjects and non-obese HC.

Notes: Significantly lower GFA of the (A) left posterior limb of the internal capsule and (B) right posterior corona radiata were observed in obese subjects when compared
to non-obese HC. (C) Significantly lower NQA of the lentiform nucleus was also observed. The color bar represents the t-score (P<<0.05, corrected by FDR).
Abbreviations: AD, axial diffusivity; DTI, diffusion tensor imaging; GQI, generalized g-sampling imaging; HC, healthy controls; MD, mean diffusivity.
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Figure 4 The correlation between GQI indices, BMI, and HADS scores.

Notes: (A) A significant negative correlation between BMI and GFA of the posterior limb of the internal capsule was found, as was a significant negative correlation
between BMI and NQA values in the (B) corpus callosum and (C) superior frontal blade. A significant negative correlation between anxiety scores and GFA values in the
(D) posterior cingulate, (E) lentiform nucleus, and (F) precuneus were found, (G) as well as a significant negative correlation between anxiety scores and NQA values in
the left superior corona radiata. (H) A significant negative correlation between depression scores and GFA values in the precuneus was observed in addition to a significant
negative correlation between depression scores and NQA values in the (I) the posterior cingulate and (J) lingual gyrus. The color bar represents the t-score (P<0.05,

corrected by FDR).

Abbreviations: BMI, body mass index; FDR, false discovery rate; GFA, generalized fractional anisotropy; GQI, generalized g-sampling imaging; HADS, Hospital Anxiety and

Depression Scale; NQA, normalized quantitative anisotropy.

connections of structural networks found in the obese sub-
jects compared with non-obese HC in high node degree
regime (Figure 5A and B). The topological measures of C,
Elocal’ Eg]obal’

subjects compared with non-obese HC (Figure 5C—F), while

and transitivity were significantly lower in obese

no significant differences were observed for other topo-
logical measures between the two groups.

Three networks were identified by the NBS (P<<0.001,
corrected), exhibiting decreased structural connectiv-
ity among frontal-temporal regions in obese subjects
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Figure 5 The degree of distribution in the structural network of (A) non-obese healthy controls and (B) obese subjects by graph theoretical analysis with GQI. (C—F) The
topological measures of structural networks in obese subjects and non-obese HC by graph theoretical analysis with GQI (P<<0.05, corrected by FDR).
Abbreviations: FDR, false discovery rate; GQI, generalized q-sampling imaging; HC, healthy controls.
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Figure 6 The disrupted sub-networks of obese subjects identified by the NBS with GQI (P<<0.001, corrected by FDR).
Abbreviations: FDR, false discovery rate; GQI, generalized g-sampling imaging; NBS, network-based statistical analysis.

(Figure 6). The weakened connectivity within sub-networks
comprised edges between the right precentral gyrus, right
superior frontal gyrus, left middle frontal gyrus (including
pars orbitalis), left inferior frontal gyrus (pars opercularis),
right inferior frontal gyrus (pars orbitalis), right olfactory,
right middle frontal gyrus (pars orbitalis), right rectus, left
insula, right anterior cingulum, and left middle cingulum
(Figure 6A and B); between the left superior frontal gyrus,
right superior frontal gyrus (pars orbitalis), left rolandic
operculum, right precuneus, left superior medial frontal
gyrus, bilateral middle temporal gyrus, left inferior temporal
gyrus and right middle temporal pole (Figure 6C and D); and
between the right postcentral gyrus, left supramarginal gyrus,
right paracentral lobule, right angular gyrus, left globus
pallidum, bilateral thalamus, left superior temporal pole, left
superior temporal gyrus, right inferior temporal gyrus, and
left middle temporal pole (Figure 6E and F).

Discussion

We found that the diffusion indices of the posterior limb of
the internal capsule, corona radiate, superior longitudinal
fasciculus, and lentiform nucleus were lower in obese
subjects when compared with non-obese HC. The obese
subjects were more likely to have feelings of anxiety and
depression. For GTA, the lower global integration and local
segregation of the structural brain networks were found in the
obese subjects. In addition, three networks showed decreased
structural connectivity within frontal-temporal regions in
the obese subjects.

The identified brain structures are involved in neural
networks associated with feeding behaviors (eg, reward,
motivation, and control).’* The foregoing observation
comports with phenomenological evidence of higher
prevalence of eating disorders among obese individuals and
vice versa.*'*> Obesity has been proposed to be associated
with dopaminergic pathways that can regulate rewarding
processes.'* Therefore, when dopamine receptor decreases,
it will reduce the sensitivity to natural rewards. Reward pro-
cesses play a critical role in regulating human eating behavior
and food intake. For example, a previous study reported that
a decrease in dopamine receptor activity results in a sharp
increase in the consumption of high-fat foods.'* In addition,
lower number of fibers and integrity of connections in the
reward system are correlated with obesity.?? Similarly, neural
networks that are highly interconnected and modulate the
body shape processing (eg, frontal-temporal regions) have
been found to be underactive in people with an eating
disorder.*# Taken together, brain circuits and networks that
modulate reward sensitivity, self-perception, and feeding
behavior may be altered in obese individuals.

A higher incidence of anxiety and depressive disorders
has been observed in populations with an eating disorder.*
Similarly, when compared with non-obese individuals, obese
participants were more likely to have depressive symptoms,
and the higher prevalence of obesity among populations with
mood disorders.*#” Furthermore, obesity may adversely
affect treatment outcomes in patients with neuropsychi-
atric disorders. After evaluating the impact of weight on
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the treatment of patients with major depressive disorder,
patients with high BMI showed a significantly slower clinical
response than patients with normal BMI during antidepres-
sant treatment.*® Therefore, we can know that obesity lead
to unfavorable treatment outcome of patients with major
depressive disorder.

We identified alterations in the posterior limb of the
internal capsule, corona radiata, and superior longitudinal
fasciculus among obese subjects when compared with con-
trols, implicating changes in the frontal gyrus, cingulate,
lentiform nucleus, and precuneus. Frontal gyrus activity
has been implicated to moderate food intake avoidance.®
A separate study also reported that decreased activity in the
frontal cortex bilaterally is associated with subjects reporting
a loss of control over their eating behaviors.* The cingulate
cortex has been described as being involved in compensa-
tory mechanisms, which increase the likelihood of engag-
ing in healthier behaviors (eg, exercise) as well as being
more receptive to education (eg, weight control advice).?”3#
Mounting evidence suggests that the lentiform nucleus is
a critical structure in the modulation of the reward circuit,
wherein excess weight may negatively impact reward circuit
processing.3%4

The strength of our study is that in addition to identifying
altered brain structures between obese subjects and non-obese
HCs, we observe structural brain network to investigate the
segregation and integration of information processing. The
limitation of this study is that we did not use the mini-mental
state examination score to test the cognitive function of all
subjects.

Conclusion

Our results indicate that the structural connectivity of the
posterior limb of the internal capsule, corona radiata, superior
longitudinal fasciculus, and lentiform nucleus were lower
in obese subjects compared with non-obese HC. The obese
subjects were more likely to have feelings of anxiety and
depression. The lower global integration and local segrega-
tion of the structural brain networks were also found in the
obese subjects. In addition, three networks showed decreased
structural connectivity among frontal-temporal regions in the
obese subjects. Our results reinforce further the observation
that obesity is associated with abnormal brain structure and
function. We extend knowledge further by delineating struc-
tural interconnectivity alterations within and across brain
regions that are adversely affected in individuals who are
obese. Translationally, the link between obesity and adverse
brain outcomes have significant public health implications in

light of the global obesity epidemic. Moreover, it is a testable
hypothesis that treatment and prevention strategies that aim
to normalize body weight may exert salutary effects on brain
structure and function.
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