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Abstract
Obesity-related brain gray (GM) and white matter (WM) abnormalities have been reported in regions associated with food-intake
control and cognitive-emotional regulation. Bariatric surgery (BS) is the most effective way to treat obesity and induce structural
recovery of GM/WM density and WM integrity. It is unknown whether the surgery can promote structural changes in cortical
morphometry along with weight-loss. Structural Magnetic Resonance Imaging and surface-based morphometry analysis were
used to investigate BS-induced alterations of cortical morphometry in 22 obese participants who were tested before and one
month post-BS, and in 21 obese controls (Ctr) without surgery who were tested twice (Baseline and One-month). Results showed
that fasting plasma ghrelin, insulin, and leptin levels were significantly reduced post-BS (P < 0.001). Post-BS there were
significant decreases in cortical thickness in the precuneus (PFDR < 0.05) that were associated with decreases in BMI. There
were also significant increases post-BS in cortical thickness in middle (MFG) and superior (SFG) frontal gyri, superior temporal
gyrus (STG), insula and ventral anterior cingulate cortex (vACC); and in cortical volume in left postcentral gyrus (PostCen) and
vACC (PFDR < 0.05). Post-BS changes in SFG were associated with decreases in BMI. These findings suggest that structural
changes in brain regions implicated in executive control and self-referential processing are associated with BS-induced weight-
loss.
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Introduction

Bariatric surgery is currently the most effective treatment for
combating morbid obesity and producing sustained long-term
weight-loss (Sjostrom et al. 2007). Surgeries, such as laparo-
scopic sleeve gastrectomy (LSG), can cause profound changes
in appetite-regulating peptides and neuroendocrine function
(Diamantis et al. 2014). Notably, functional neuroimaging
studies revealed alteration occurring in homeostatic and he-
donic neurocircuits post-surgery (Frank et al. 2014; Lepping
et al. 2015; Ochner et al. 2011, 2012; Steele et al. 2010; van de
Sande-Lee et al. 2011; Wiemerslage et al. 2017).
Aforementioned brain functional changes in obesity might
be related to brain structural alterations (Hao et al. 2013).
Only a limited number of structural imaging studies have been
performed to examine bariatric surgery-induced alterations in
brain anatomy (Tuulari et al. 2016; Zhang et al. 2016). Our
recent study using diffusion tensor imaging and 3D-structural
imaging revealed LSG surgery generated partial neuroplastic
structural recovery (increased GM density and white-matter
(WM) integrity) in regions associated with food-intake and
cognitive-emotional regulation (Zhang et al. 2016). By using
voxel-based morphometry, Tuulari et al. (2016) also reported
that bariatric surgery and concomitant weight loss resulted in a
global increase in WM density and a local increase in GM
density including occipital and inferior temporal region.

However, brain structural imaging studies in obese patients
have shown that obesity is also associated with cortical mor-
phometric abnormalities. Several investigations using surface-
based morphometry (Fischl and Dale 2000), which decom-
poses cortical GM volume into its constituent parts, revealed
cortical thickness alterations in regions associated with the
executive-control network (anterior cingulate cortex-ACC
and middle frontal gyrus-MFG) and emotional regulation (su-
perior frontal gyrus-SFG and insula), and in the temporal lobe
(inferior temporal gyrus-ITG), somatosensory (precentral gy-
rus-PreCen, and postcentral gyrus-PostCen), self-referential
processing (precuneus) and occipital visual cortices (occipital
gyri) (Hassenstab et al. 2012; Kaur et al. 2015; Marques-
Iturria et al. 2013; Medic et al. 2016; Sharkey et al. 2015;
Veit et al. 2014). Association between body mass index
(BMI) and cortical thickness/volume in a variety of brain re-
gions were also reported (Kurth et al. 2013; Medic et al. 2016;
Veit et al. 2014).

To help clarify the effects of bariatric surgery in cortical
morphometry and its relation to weight loss, we employed
structural MRI and surface-based morphometry analysis to
quantify cortical thickness and volume in 22 obese patients
prior to and at one-month after LSG surgery, and in 21 obese
control individuals who did not undergo surgery. We hypoth-
esized that LSG surgery would promote cortical morphomet-
ric changes in brain regions involved in executive control,
somatosensory and self-referential processing.

Materials and methods

Subjects

Thirty-five morbidly obese patients were recruited for LSG
surgery at Xijing Gastrointestinal Hospital affiliated to the
Fourth Military Medical University in Xi’an, China. Patients
with psychiatric/neurological diseases, previous intestinal
surgery/inflammatory intestinal disease/organ dysfunction or
taking any current medication that could affect the central
nervous system were excluded. Obese individuals who had a
waist circumference (WC) greater than the interior diameter of
the scanner were excluded (Zhang et al. 2016). Given these
criteria, six candidates were disqualified (one had a body
weight more than 150 kg, three had metal implants, one de-
cided not to have surgery, and one subject’s imaging data were
corrupted due to a technical problem). Twenty-nine remaining
obese candidates (BS) completed the pre-surgical MRI scan
(PreBS) and underwent LSG surgery (Vidal et al. 2013). The
same MRI scans were performed one-month post-surgery
(PostBS). Seven obese subjects reported having significant
weight-loss after surgery via their local clinics. However,
these subjects could not return for follow-up MRI assessment.
Thus, 22 patients remained in the BS group. Twenty-one
obese patients who did not receive LSG surgery were recruit-
ed as the control group (Ctr). The BS and Ctr group were
matched for BMI, age, and gender (P > 0.05, Table 1). The
Ctr group completed two identical MRI scans mirroring the
BS group, one (CtrT) at baseline, and retest (CtrRT) one
month later (1 Month Later). The experimental protocol was
approved by the Institutional ReviewBoard of XijingHospital
and registered in the Chinese Clinical Trial Registry Center as
ChiCTR-OOB-15006346 (http://www.chictr.org.cn). The
experiments were conducted in accordance with the
Declaration of Helsinki. All participants were informed of
the nature of the research and provided written informed
consent.

Experimental design

All participants underwent 12-h overnight fasting, and
fasting blood samples were taken prior to MRI. MRI
scans were performed between 9 to 10 AM to ensure
consistency across assessment and to minimize circadian
influence.

Peripheral hormone measurements

In the BS group, blood samples were collected in EDTA-
coated tubes before and one month after surgery and were
immediately mixed with protease inhibitors, such as
dipeptidylpeptidase IV inhibitor (Mil l ipore) and
phenylmethanesulfonyl fluoride (Sigma). After being
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centrifuged at 1400×g per 10 min at 4 °C, the superna-
tants were stored at −80 °C until assayed (Vitaglione et al.
2015). Plasma concentrations of total ghrelin, insulin, and
leptin were measured using a Bio-Plex 200™ suspension
array system (BIO-RAD, Inc., Hercules, California,
USA).

Questionnaires

A designated clinician rated the severity of subjects’ anxiety
using the Hamilton-Anxiety-Rating-Scale (Hamilton 1959),
and depression using the Hamilton-Depression-Rating-Scale
(Hamilton 1960). Subjects were required to complete the
Yale-Food-Addiction-Scale (YFAS) evaluation (Gearhardt et
al. 2009) (Table 1), which has been validated in a bariatric
surgery population (Clark and Saules 2013). All clinical mea-
surements were identically conducted before /baseline and
one month after surgery/baseline in the BS/Ctr groups, and
the same surgeon performed all surgical procedures.

MRI acquisition

The experiment was carried out using a 3.0 T GE Signa
Excite HD MRI scanner (GE, Milwaukee, WI, USA).
The high-resolution structural images for each subject
were acquired using a T1-weighted three-dimensional
magnetization-prepared rapid acquisition gradient-echo
(MPRAGE) sequences with the following parameters:
TR = 7.8 ms, TE = 3.0 ms, flip angle =20°, matrix size =
256 × 256, field of view = 256 × 256 mm2, voxel size =
1 × 1 × 1 mm3, slice thickness = 1 mm and 166 slices. A
radiologist examined the imaging data to rule out abnor-
malities in brain structure.

Image processing

T1-weighted images were processed with the well document-
ed and freely available FreeSurfer image analysis suite
(Version 5.3.0, http://surfer.nmr.mgh.harvard.edu/), which is
a set of automated programs used for surface-based cortical
reconstruction and measurement (Dale et al. 1999; Fischl and
Dale 2000; Fischl et al. 1999). First, several steps including
non-brain tissue removal, Talairach-like space segmentation
of GM/WM tissues transformation, intensity normalization,
GM/WM boundaries tessellation, automatic topology correc-
tion and surface deformation were done using the toolkit
(Fischl et al. 2004; Segonne et al. 2004). Then, deformable
procedures such as surface inflation, spherical atlas registra-
tion, cerebral cortical parcellation and surface creation were
executed following intensity gradients to optimally place the
gray/white and gray/CSF borders (Fischl and Dale 2000;
Fischl et al. 1999).

In order to reduce the confounding effect of inter-individual
morphological variability, we introduced a longitudinal design
which used each subject as his or her own control (http://surfer.
nmr.mgh.harvard.edu/fswiki/LongitudinalProcessing). The
longitudinal stream in FreeSurfer used robust, inverse and
consistent registration to create an unbiased within-subject tem-
plate space and image (Reuter and Fischl 2011; Reuter et al.
2010). Processing steps included skull stripping, Talairach
transformation, and atlas registration; spherical surface maps
and parcellations were then initialized with basic information
from the within-subject template, significantly increasing reli-
ability and statistical power (Reuter et al. 2012). The cortical
data were estimated for each cerebral hemisphere at each time
point separately and smoothed using a 10-mm full-width-half-
maximumGaussian kernel. All images were processed with the
same hardware and version to avoid potential confounds.

Table 1 Demographic and clinical information of obese subjects in both BS and Ctr groups

PreBS (22)
(Mean ± SE)

PostBS (22)
(Mean ± SE)

CtrT (21)
(Mean ± SE)

CtrRT (21)
(Mean ± SE)

PreBS vs. CtrT
P

Age (yrs) 27.14 ± 1.76 27.14 ± 1.76 29.90 ± 2.09 29.90 ± 2.09 0.326

Gender 10 M/12F 10 M/12F 14 M/7F 14 M/7F 0.161

Duration of Obesity (yrs) 11.59 ± 1.37 11.59 ± 1.37 13.24 ± 1.54 13.24 ± 1.54 0.439

Weight (kg) 110.15 ± 3.78 98.26 ± 3.80 104.28 ± 3.69 103.35 ± 3.59 0.285

BMI (kg/m2) 38.45 ± 1.12 34.10 ± 1.18 35.85 ± 0.98 35.69 ± 0.96 0.094

WC (cm) 118.55 ± 2.97 110.25 ± 2.89 114.83 ± 2.33 113.62 ± 2.10 0.345

Food Intake (kg/meal) 0.62 ± 0.08 0.19 ± 0.02 0.52 ± 0.05 0.52 ± 0.05 0.326

YFAS 5.18 ± 0.50 2.68 ± 0.42 4.28 ± 0.77 4.05 ± 0.65 0.340

HAMD 12.09 ± 2.16 11.32 ± 1.71 9.93 ± 1.63 8.62 ± 1.81 0.439

HAMA 10.36 ± 1.69 7.91 ± 1.42 8.73 ± 1.63 7.00 ± 1.33 0.501

BMI, bodymass index;WC, waist circumference; YFAS, Yale FoodAddiction Scale;HAMD, Hamilton Depression Rating Scale;HAMA, Hamilton Anxiety
Rating Scale; BS, obese candidates for bariatric surgery who had image-scan at baseline (PreBS) and again one month after surgery (PostBS); Ctr, obese
subjects who did not receive bariatric surgery and had image-scan at baseline (CtrT), and one month after the first scan (CtrRT); SE, standard error
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Statistical analyses

Demographic and clinical variables were conducted using
SPSS Statistics (Version 22, IBM) for the analyses. Two sam-
ple t-tests were used to examine the difference between BS
and Ctr groups at baseline. A two-way ANOVA was imple-
mented to model the effects of group (BS, Ctr) and time
(Baseline, 1 Month Later) on behavioral/clinical data. T-tests
were utilized as post-hoc tests where ANOVA indicated sig-
nificant interaction effects.

Baseline comparison analyses

Baseline comparisons of global brain measures were per-
formed using analysis of covariance (ANCOVA) in SPSS
software between the BS and Ctr group by controlling for
age and gender.

Longitudinal analyses

We employed a linear mixed effects (LME) model, which is a
standard analysis approach for longitudinal data that correctly
models the mean and covariance structure of repeated measures
within participants and across assessments (Bernal-Rusiel et al.
2013), to estimate the LSG effects of group (BS, Ctr) × time
(Baseline, 1 Month Later) on cortical morphology using
FreeSurfer LME MATLAB tools (http://surfer.nmr.mgh.
harvard.edu/fswiki/LinearMixedEffectsModels; Freesurfer
Version 5.3.0; MATLAB Version 2013b, The MathWorks,
Natick, MA, USA). LME model was fitted in each vertex
across the reconstructed cortical thickness or volume as the
dependent variable and intercept, group (Ctr = 0, BS = 1),
time (Baseline = 0, 1 Month Later = 1), interaction (group ×
time), and age/gender as covariates; intercept as random factor.
Contrast vector was set in order to test for an interaction effect
between group and time. To correct for multiple comparisons,
the two p-maps both from the left and right hemispheres were
combined and thresholded to yield an expected false discovery
rate (FDR) of 0.05 (Benjamini et al. 2006). Clusters with sig-
nificant interaction effects were defined as the regions of inter-
ests (ROIs), which were mapped on the Desikan-Killiany atlas
including thirty-four regions in each hemisphere (Desikan et al.
2006). The values of the cortical thickness or volume in ROIs
were extracted respectively across all subjects and then paired t-
tests were utilized as post-hoc tests.

Association between behaviors and cortical
morphology

A partial correlation analysis with age and gender as covari-
ates was performed to assess the cortical thickness or volume
in ROIs with significant interaction effects and clinical mea-
surements with significant interaction effects. We also

performed a correlation analysis between changes in cortical
morphology in these ROIs and changes in clinical measure-
ments (BMI, ghrelin, insulin, leptin). Bonferroni-correction
was applied for multiple-comparisons, and level of signifi-
cance was set at P < 0.0021(0.05/24).

Results

Demographic characteristics

At baseline, there were no significant differences in age, gen-
der, duration of obesity, weight, BMI, WC, food-intake,
YFAS, HAMD and HAMA between the BS and Ctr groups
(P > 0.05, Table 1). There were significant group × time inter-
action effects for weight (F(1, 41) = 123.9, P < 0.001), BMI
(F(1, 41) = 119.0, P < 0.001) and WC (F(1, 41) = 12.9, P <
0.001) due to significant weight-loss (t (1,21) = −12.3, P <
0.001), reduction of BMI (t(1,21) = −12.2, P < 0.001) and
WC (t (1,21) = −6.1, P < 0.001) in the BS group but not in
the Ctr group. There were significant interaction effects in
food-intake (F(1, 41) = 17.2, P < 0.001) and YFAS (F(1,
41) = 9.7, P = 0.003), due to decreased food-intake
(t(1,21) = −4.8, P < 0.001) and YFAS score (t (1,21) = −4.1,
P < 0.001) in the BS group post-surgery, but not in the Ctr
group (Supplementary Table 1).

Peripheral hormone measurements

In the BS group, fasting plasma total ghrelin levels were neg-
atively correlated with BMI (r = −0.50, P = 0.017, Fig. 1A)
and fasting plasma leptin levels were positively correlated
with BMI (r = 0.45, P = 0.034, Fig. 1B) before LSG. After
surgery, plasma total ghrelin, insulin, and leptin levels were
lower than before surgery (P < 0.001, Fig. 1C-E).

Baseline global brain measures

There were no differences in intracranial volume, total gray
matter, cortical gray matter, white matter volume, surface area
or mean cortical thickness in the whole brain between the BS
and Ctr groups (P > 0.05, Table 2).

Alterations of cortical morphology

There were significant interaction effects (group × time) on
cortical thickness in the insula, superior temporal gyrus
(STG), middle frontal gyrus (MFG) in the left hemisphere
and superior frontal gyrus (SFG), ventral anterior cingulate
cortex (vACC), precuneus in the right hemisphere (PFDR <
0.05, Fig. 2, Table 3). Post-hoc tests showed significant in-
creases in cortical thickness in the insula, MFG, STG, SFG
and vACC, and significant decreases in precuneus in the BS
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group post-surgery. The Ctr group did not show significant
changes in cortical thickness onemonth after baseline imaging
(Fig. 2, Supplementary Table 2).

Similarly, there were significant interaction effects (group
× time) on cortical volume in the left postcentral gyrus
(PostCen) and right vACC (PFDR < 0.05, Fig. 3, Table 3).
Post-hoc tests showed significant increases in cortical vol-
ume in the two regions post-surgery in the BS but not in the
Ctr group one-month post-baseline (Fig. 3, Supplementary
Table 2).

Clinical measurement correlation at baseline
and post-surgery

At baseline, BMI was significantly correlated with cortical
thickness in SFG in the BS (PreBS) (r(21) = −0.64, P =
0.001, uncorrected) and Ctr (r(20) = −0.65, P = 0.001, un-
corrected, Fig. 4A) groups. Baseline BMI was also corre-
lated with cortical volume in left PostCen in the BS
(PreBS) (r(21) = −0.63, P = 0.002, uncorrected) and Ctr
(r(20) = −0.66, P = 0.001, uncorrected, Fig. 4B) groups.
Correlation between baseline fasting peripheral hormone
levels with cortical morphology in the BS group showed
that plasma total ghrelin levels were positively correlated
with cortical volume in PostCen (Supplementary Fig. 1A).
The correlation did not survive after correction for multiple
comparisons.

Correlation analyses between the changes in the clinical
measures and those in the brain following BS surgery revealed
a positive correlation between cortical thickness in the
precuneus in the BS group before and after surgery (r(21) =
0.64, P = 0.001, uncorrected, Fig. 4C). Changes in BMI were
negatively correlated with changes in cortical thickness in
SFG (r(21) = −0.61, P = 0.003, uncorrected, Fig. 4D) such that
the greater the increases the larger the BMI losses. In addition,
changes in fasting plasma leptin levels were also negatively
correlated with changes in cortical thickness in SFG, which
did not survive in the correction for multiple comparisons
(Supplementary Fig. 1B).

Fig. 1 The alterations of plasma peripheral hormones before and after
LSG surgery and the correlation between peripheral hormones and
behavioral measurements. A In the PreBS group, fasting plasma ghrelin
levels were negatively correlated with BMI.B In the PreBS group, fasting
plasma leptin levels were positively correlated with BMI. C-E Ghrelin,

insulin, and leptin levels were lower than before surgery. Abbreviations:
LSG, laparoscopic sleeve gastrectomy; BMI, body mass index; PreBS,
obese patients who received MRI scan before surgery; PostBS, obese
patients who received MRI scan at one month after surgery

Table 2 Global brain measures comparisons between the obese
subjects in both BS and Ctr groups

PreBS CtrT F P
(Mean ± SE) (Mean ± SE)

ICV(cm3) 1550.41 ± 33.49 1618.19 ± 31.28 0.908 0.346

Total GM(cm3) 627.33 ± 12.92 652.82 ± 12.54 0.808 0.374

Cortical GM(cm3) 466.09 ± 10.69 483.78 ± 10.56 0.385 0.539

White matter(cm3) 429.10 ± 9.92 449.51 ± 11.61 0.626 0.434

Surface area(cm2) 1599.21 ± 30.05 1642.03 ± 35.95 0.052 0.820

Mean thickness
(mm)

2.59 ± 0.03 2.64 ± 0.02 1.727 0.196

BS, obese candidates for bariatric surgery who had image-scan at baseline
(PreBS);Ctr, obese subjects who did not receive bariatric surgery and had
image-scan at baseline (CtrT); ICV, intracranial volume;GM, gray matter;
SE, standard error
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Discussion

In the current study, we showed that LSG significantly de-
creased fasting plasma total ghrelin, insulin and leptin levels,
and decreased cortical thickness in the precuneus, which is a
brain region involved with self-referential processing. LSG

also increased cortical thickness in regions associated with
executive-control (MFG, vACC), emotion (SFG),
interoception (insula), and visual processing (STG); and in-
creased cortical volume in regions associated with somatosen-
sory processing (left PostCen) and vACC. Additionally, we
showed that post-BS decreases in BMI were associated with

Fig. 2 Interaction effects (Group × Time) for cortical thickness (vertex
size-corrected, PFDR < 0.05). There were significant interaction effects
(Group × Time) on cortical thickness in the insula, STG, MFG and
SFG in the left hemisphere and vACC and precuneus in the right
hemisphere. BS group after surgery had increased cortical thickness in
the insula, STG, MFG, SFG and vACC and decreased in the precuneus.
Ctr group did not show significant cortical thickness changes. The error

bars are the standard error. Abbreviation: STG, superior temporal gyrus;
MFG, middle frontal gyrus; SFG, superior frontal gyrus; vACC,
ventromedial anterior cingulate cortex; BS, obese candidates for
bariatric surgery who had image-scan at baseline (PreBS) and again one
month after surgery (PostBS); Ctr, obese subjects who did not receive
bariatric surgery and had image-scan at baseline (CtrT), and one month
after the first scan (CtrRT)

Table 3 Interaction effects
(Group × Time) for cortical
thickness and volume (vertex
size-corrected, PFDR < 0.05)

ROIs lh/rh BA Size(mm2) Nvtxs Peak talairach coordinates Peak P-value

X Y Z

Cortical thickness: (PostBS - PreBS) - (CtrRT - CtrT)

Insula lh 48 72.72 155 −34.4 −17.3 −3.1 0.0006

STG lh 38 92.15 138 −51.6 5.8 −16.0 0.0011

MFG lh 47 63.79 89 −39.4 37.6 −1.3 0.0011

SFG rh 10 112.43 144 10.8 52.6 1.7 0.0015

vACC rh 11 109.41 216 9.9 38.4 −1.1 0.0018

Precuneus rh 7 75.06 209 7 −53.4 51.1 0.0017

Cortical volume: (PostBS - PreBS) - (CtrRT - CtrT)

PostCen lh 3 32.75 79 −26.5 −21.3 48.9 0.0016

vACC rh 11 85.25 177 13.0 38.6 −2.0 0.0009

ROIs, regions of interest; lh/rh, left hemisphere or right hemisphere; BA, Brodmann Area; Nvtxs, number of
vertices; BS, obese candidates for bariatric surgery who had image-scan at baseline (PreBS) and again one month
after surgery (PostBS); Ctr, obese subjects who did not receive bariatric surgery and had image-scan at baseline
(CtrT), and one month after the first scan (CtrRT); STG, superior temporal gyrus; MFG, middle frontal gyrus;
SFG, superior frontal gyrus; vACC, ventromedial anterior cingulate cortex; PostCen, postcentral gyrus
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increases in cortical thickness in SFG and with decreases in
cortical thickness in precuneus.

Alterations in regions associated with emotional
regulation

Results showed LSG increased cortical thickness in the SFG.
SFG plays a critical role in emotional/behavioral functions that
may affect appetite, and it is a core brain region for value-based
decision-making (Killgore et al. 2013; Weilbacher and Gluth
2016) and plays a unique role in cognitive control (Hu et al.
2016). SFG also monitors visceral signals and guides reward-
related behaviors (Vogt 2005). At baseline, both BS and Ctr
groups exhibited a negative correlation between BMI and cor-
tical thickness in SFG, suggesting that the higher the BMI the
thinner the cortical thickness in SFG in the brain of obese indi-
viduals. The negative association between surgery-induced
changes in BMI and cortical thickness in the SFG suggested
that the greater the reduction in BMI post-surgery the greater
the increase in cortical thickness in SFG. Dysregulation of lep-
tin has also been associated with reduced cortical thickness in
both human and animal models (Pannacciulli et al. 2007) and

some studies suggested that leptin might exert its appetite-
regulating effect at least in part by interacting with the
mesolimbic pathways (Grosshans et al. 2012; Makaronidis
and Batterham 2018). Though one could, therefore, posit that
leptin decreases post-BS could contribute to the increases in
cortical thickness in SFG, the correlation between them was
not significant (Supplementary Fig. 1B). The lack of a correla-
tion could reflect additional changes in leptin signaling (i.e.
tolerance reversal) post-BS that are not captured by the mea-
surement of plasma leptin levels (Bluher and Mantzoros 2009).
Surgery-induced cortical thickness change in the SFG might
help to increase its ability in responding to visceral signal and
regulating reward-related eating behaviors.

Alterations in regions associated
with executive-control

LSG increased cortical thickness in MFG and vACC, consis-
tent with previous studies reporting that obese patients had
decreased cortical thickness in these brain regions
(Hassenstab et al. 2012; Marques-Iturria et al. 2013). The
MFG is involved in motivation/drive, salience attribution, and

Fig. 3 Interaction effects (Group
× Time) for cortical volume
(vertex size-corrected, PFDR <
0.05). There were significant
interaction effects (Group × Time)
on cortical volume in the
postcentral in the left hemisphere
and vACC in the right
hemisphere. BS group after
surgery had increased cortical
volume in postcentral and vACC.
Ctr group did not show significant
cortical volume changes. The
error bars are the standard error.
Abbreviations: vACC,
ventromedial anterior cingulate
cortex; PostCen, postcentral
gyrus; BS, obese candidates for
bariatric surgery who had image-
scan at baseline (PreBS) and
again one month after surgery
(PostBS); Ctr, obese subjects who
did not receive bariatric surgery
and had image-scan at baseline
(CtrT), and one month after the
first scan (CtrRT)
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output of compulsive behaviors (Volkow and Fowler 2000)
tracking the subjective pleasantness of stimuli (Grabenhorst
and Rolls 2009) and contributing to decision-making processes
involving pleasure/reward (Grabenhorst and Rolls 2011). The
MFG also receives visceral sensory information and thus the
removal of the gastric fundus by LSG might contribute to the
MFG structural changes (Fig. 2, Supplementary Table 2). This,
in turn, might improve the MFG modulation for better control
over stronger urges to eat (Li et al. 2010). ACC is implicated in
the executive-control of internal/external stimuli, and context-
dependent behaviors involving evaluation of salience of emo-
tional information and modulation of the emotional response
(Bush et al. 2000; Cohen et al. 2005; Li et al. 2010). Impaired
ACC function may contribute to an imbalance between
cognitive/emotional processing and consequentially an in-
creased risk of overeating (Cohen et al. 2005; Kullmann et al.
2012; Li et al. 2010). Significant increases in cortical thickness
in vACC might be related to an enhanced ability to govern
emotional regulation post-BS (Wallis et al. 2017).

Alterations in regions associated with self-referential
processing

LSG decreased cortical thickness in the precuneus, which is a
region associated with self-referential processing involving

diverse functions linked with eating behaviors and obesity.
The precuneus plays a critical role in appetite control such as
evaluating benefits of not eating compared to eating high-
calorie food (Yokum and Stice 2013). The precuneus is also
involved in obesity-inducing/preventing behavior through self-
body consciousness as well as body weight control, whose fail-
ure can be manifested as obesity (Nakamura and Ikuta 2017).
Prior findings of a positive correlation between cortical thick-
ness in the precuneus/posterior cingulate cortex and visceral fat
volume (Kaur et al. 2015) were consistent with our findings
showing a positive association between BMI and cortical thick-
ness in the precuneus in obese subjects (Fig. 4C). LSG-was
associated with reduction in cortical thickness in the precuneus.
The positive association between changes in precuneus thick-
ness and changes in BMI indicates that alterations of cortical
morphometry within the default-mode network could be related
to improvements in consciousness and self-referential process-
ing associated with weight-loss post-LSG.

Alterations in regions associated with interoception

The insular cortex is involved in the interceptive sense of the
body and in emotional awareness (Craig 2011). Prior studies
used balloon extension to mimic gastric distension during
normal food-intake showing activation of the insula while

Fig. 4 Correlation analysis between behavioral measurements and
cortical morphology. A BMI was significantly negatively correlated
with cortical thickness in the SFG in the BS group before surgery and
at baseline in the Ctr group. B BMI was significantly negatively
correlated with cortical volume in the PostCen in the BS group before
surgery and at baseline in the Ctr group. C Changes in BMI were

positively correlated with changes in cortical thickness in the
precuneus. D Changes in BMI were negatively correlated with changes
in cortical thickness in the SFG. Abbreviations: SFG, superior frontal
gyrus; PostCen, postcentral gyrus; PreBS, obese candidates for surgery
who received image-scan before surgery; CtrT, obese subjects who did
not receive bariatric surgery at baseline; BMI, body mass index
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supporting its role in the awareness of body state (Wang et al.
2008). Evidence indicated that reduced awareness of the bodi-
ly state and appetite signaling might cause obese individuals
to consume more food to respond to interoceptive cues (Frank
et al. 2013), and adiposity might interfere with the normal
perception of interoceptive signals (Mata et al. 2015).
Although we did not include a normal weight control group
that would have allowed us to assess the thickness in the
insula, which was decreased in obese patients before surgery,
its increase after surgery suggests that increases in cortical
thickness in obesity might contribute to weight loss.

Alterations in visual processing regions

STG has been involved in the perception of emotions in facial
stimuli and has been linked to many cognitive processes in-
cluding semantic memory, language, visual perception and
sensory integration. STG is also more active during exposure
to food-cues (Ojemann et al. 2002). LSG surgery increased
cortical thickness in the left STG in the BS group which may
reflect the role of surgery to induce structural changes in re-
gions associated with visual processing.

Alterations in somatosensory regions

PostCen is the location of the primary somatosensory cortex
(S1) and is the main sensory receptive area for the sense of
touch (Freund 2003; Kim et al. 2014). Obesity is linked to
alterations in somatosensory processing of reward feedback
(Navas et al. 2017; Pleger et al. 2008), and prior studies
showed that obese subjects had abnormally increased S1 me-
tabolism at baseline (Wang et al. 2002). Our data showed a
negative correlation between BMI and baseline cortical vol-
ume in the left PostCen, indicating that the higher the BMI the
smaller the cortical volume in the left PostCen, and LSG in-
duced increased cortical volume.

Limitations

Due to strict exclusion criteria and difficulty in retaining
patients’ post-surgery for follow-up scanning, we did not
have a larger cohort for the BS group pre- and post-surgery
including the controls. We assessed obese participants at
two time points only. However, multiple time-point assess-
ments are warranted for future investigations on the pro-
gression of brain structural changes after surgery. It would
have also been desirable to include a group of normal
weight participants which would have allowed us to assess
if there were differences in brain structure between obese
and healthy weight individuals and whether LSG normal-
ized those differences. These factors limit the generaliz-
ability of our results.

Conclusion

This study investigated the alterations of cortical morphome-
try after LSG and found decreased cortical thickness in
precuneus involving self-referential processing, increased cor-
tical thickness in regions associated with executive control
(MFG, vACC), emotion (SFG), interoception (insula), and
visual processing (STG); and increased cortical volume in
regions associated with somatosensory processing (left
PostCen) and vACC. Changes in BMI were negatively corre-
lated with changes in cortical thickness in SFG and positively
correlated with changes in cortical thickness in precuneus.
These findings suggest that structural changes in brain regions
implicated in executive control and self-referential processing
are associated with BS-induced weight-loss.
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