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A B S T R A C T

Background: MRI studies show that obese adults have reduced grey matter (GM) and white matter (WM) tissue
density as well as altered WM integrity. Bariatric surgery can lead to substantial weight loss and improvements in
metabolic parameters, but it remains to be examined if it induces structural brain changes. The aim of this study
was to characterize GM and WM density changes measured with MRI in a longitudinal setting following sleeve
gastrectomy, and to determine whether any changes are related to inflammation and cardiometabolic blood
markers.
Methods: 29 participants with obesity (age: 45.9 � 7.8 years) scheduled to undergo sleeve gastrectomy were
recruited. High-resolution T1-weighted anatomical images were acquired 1 month prior to as well as 4 and 12
months after surgery. GM and WM densities were quantified using voxel-based morphometry (VBM). Circulating
lipid profile, glucose, insulin and inflammatory markers (interleukin-6, C-reactive protein and lipopolysaccharide-
binding protein) were measured at each time point. A linear mixed effect model was used to compare brain
changes before and after SG, controlling for age, sex, initial BMI and diabetic status. To assess the associations
between changes in adiposity, metabolism and inflammation and changes in GM or WM density, the mean GM
and WM densities were extracted across all the participants using atlas-derived regions of interest, and linear
mixed-effect models were used.
Results: As expected, weight, BMI, waist circumference and neck circumference significantly decreased after SG
compared with baseline (p < 0.001 for all). A widespread increase in WM density was observed after surgery,
particularly in the cerebellum, brain stem, cerebellar peduncle, cingulum, corpus callosum and corona radiata (p
< 0.05, after FDR correction). Significant increases in GM density were observed 4 months after SG compared to
baseline in several brain regions such as the bilateral occipital cortex, temporal cortex, postcentral gyrus, cere-
bellum, hippocampus and insula as well as right fusiform gyrus, right parahippocampal gyrus, right lingual gyrus
and right amygdala. These GM and WM increases were more pronounced and widespread after 12 months and
were significantly associated with post-operative weight loss and the improvement of metabolic alterations. A
linear mixed-effect model also showed associations between post-operative reductions in lipopolysaccharide-
binding protein, a marker of inflammation, and increased WM density. To confirm our results, we tested
whether the peak of each significant region showed BMI-related differences in an independent dataset (Human
Connectome Project). We matched a group of individuals who were severely obese with a group of individuals
who were lean for age, sex and ethnicity. Severe obesity was associated with reduced WM density in the brain
stem and cerebellar peduncle as well as reduced GM density in cerebellum, regions that significantly changed
after surgery (p < 0.01 for all clusters).
Conclusions: Bariatric surgery-induced weight loss and improvement in metabolic alterations is associated with
widespread increases in WM and GM densities. These post-operative changes overlapped with baseline brain
differences between participants who were severely obese and those who were normal-weight in a separate
dataset, which may suggest a recovery of WM and GM alterations after bariatric surgery.
l’IUCPQ, Universit�e Laval, 2725 Chemin Ste-Foy, Qu�ebec (Qu�ebec), G1V 4G5, Canada.
nstitute McGill University, 3801 University Street, Montreal, Quebec, H3A 2B4, Canada.
al.ca (A. Michaud), alain.dagher@mcgill.ca (A. Dagher).

6
2020

vier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:andreanne.michaud@fsaa.ulaval.ca
mailto:alain.dagher@mcgill.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2020.116696&domain=pdf
www.sciencedirect.com/science/journal/10538119
http://www.elsevier.com/locate/neuroimage
https://doi.org/10.1016/j.neuroimage.2020.116696
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.neuroimage.2020.116696


A. Michaud et al. NeuroImage 213 (2020) 116696
1. Introduction

Adding to the well-known metabolic alterations related to obesity
such as insulin resistance, dyslipidemia, elevated blood pressure and
chronic low-grade inflammation (Tchernof and Despres, 2013; Despres
and Lemieux, 2006), epidemiological studies and recent meta-analyses
reported that moderate lifetime overweight/obesity is related to an
increased risk of cognitive impairment and incident dementia (Albanese
et al., 2017; Prickett et al., 2015; Pedditizi et al., 2016). Brain alterations
induced by obesity may underlie the link between obesity and cognitive
dysfunction (Walther et al., 2010; Zhang et al., 2018). Thus, a better
understanding of the structural brain changes associated with obesity
and body weight fluctuation in humans is of particular relevance.

MRI studies show that adults with obesity have reduced grey matter
(GM) and white matter (WM) tissue density. For instance, our recent
neuroimaging coordinate-based meta-analysis on voxel-based
morphometry (VBM) demonstrated that obesity is associated with
reduced GM volume in discrete brain regions, namely the ventromedial
prefrontal cortex, cerebellum and portions of temporal and parietal lobes
(Garcia-Garcia et al., 2019). A study in participants with morbid obesity
undergoing bariatric surgery found widespread cortical and subcortical
GM atrophy prior to surgery (Tuulari et al., 2016). In a cross-sectional
study, obesity was also associated with a greater degree of WM atro-
phy, with an estimated increase in brain age of 10 years (Ronan et al.,
2016). There is a possible link between obesity-related GM atrophy and
dementia, as the BMI-GM atrophy correlation is also seen in individuals
with mild cognitive impairment and Alzheimer’s Disease (Ho et al.,
2010).

Findings on WM structure in obesity are less clear (Kullmann et al.,
2015; Alfaro et al., 2018). Some studies report a positive association
between obesity and WM density in frontal, temporal and parietal re-
gions (Walther et al., 2010; Haltia et al., 2007), while other studies find a
negative association in basal ganglia and corona radiata (Raji et al.,
2010). WM hyperintensities, which are markers of central nervous sys-
tem ischemic disease, have also been observed in greater numbers in
individuals with obesity (Kullmann et al., 2015; Alfaro et al., 2018;
Lampe et al., 2019). Studies using diffusion tensor imaging have shown a
loss of WM integrity linked to cognitive impairments in participants with
obesity (Zhang et al., 2018; Kullmann et al., 2016; Karlsson et al., 2013;
Verstynen et al., 2013).

The mechanism linking obesity with reductions in brain volume
measured by MRI remains largely unknown. Animal studies suggest that
chronic inflammation associated with obesity can lead to adverse effects
on brain tissue (Thaler and Schwartz, 2010; Guillemot-Legris and Muc-
cioli, 2017). Indeed, adipose tissue dysfunction observed with obesity,
especially visceral adiposity, results in increased levels of circulating
inflammatory mediators that may alter the function of many organs,
including the brain (Verstynen et al., 2013). Recent discoveries in
humans also point to the chronic, low-grade inflammation and vascular
risk factors as potential mechanisms to explain obesity-induced WM al-
terations (Alfaro et al., 2018; Lampe et al., 2019; Verstynen et al., 2013;
Guillemot-Legris and Muccioli, 2017; Moreno-Navarrete et al., 2017;
Bettcher et al., 2013). Changes in gut hormones and microbiota associ-
ated with obesity have also been proposed as potential mechanisms to
explain obesity-induced brain alterations (Torres-Fuentes et al., 2017).
However, it is unclear if these brain changes are permanent or whether
they can be reversed after weight loss.

Bariatric surgery represents an interesting approach to address these
questions, since it allows the examination of the effects of sustained
weight loss and long-term metabolic improvements on the brain in a
longitudinal setting (Schauer et al., 2012; Gloy et al., 2013; Sjostrom
et al., 2012). Growing evidence shows improvement in cognitive func-
tions after bariatric surgery (Alosco et al., 2014; Handley et al., 2016).
However, only a few structural MRI studies examined changes in GM and
WMdensities after bariatric surgery (Tuulari et al., 2016; Rullmann et al.,
2018; Zhang et al., 2016). Tuulari et al. (2016) were the first to show
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global increase in WM density and limited increase in GM density (oc-
cipital and temporal regions) 6 months after bariatric surgery using VBM.
Zhang et al. (2016) observed increased GM and WM densities as well as
improved WM integrity in regions involved in food intake control and
cognitive-emotion regulation 1 month following sleeve gastrectomy (SG)
compared to baseline. A recent study found widespread WM and GM
density changes in all cortical and subcortical structures as well as the
brainstem and cerebellum 1 year after gastric bypass surgery (Rullmann
et al., 2018). Several mechanisms have been suggested to explain the
effects of bariatric surgery on brain structure and function. These po-
tential mechanisms include improvements of glucose and insulin ho-
meostasis, reduction of inflammatory cytokines secreted by adipose
tissues (adipokines), improvements in cerebral blood flow and changes in
incretin/gut peptide secretion or products of the microbiota that may
impact the brain (Hankir et al., 2018, Hankir et al., 2020; Nota et al.,
2020). However, very few studies have examined these mechanisms in
humans andmost of these studies were conducted with Roux-en-Y gastric
bypass (Hankir et al., 2018, Hankir et al., 2020). A better understanding
of the link between cardiometabolic variables, inflammatory markers
and brain structural changes is needed.

In the present longitudinal study, we aimed to characterize GM and
WM density changes 4 months and 12 months after SG, comparing pre-
and post-surgery and to determine whether these changes are associated
with inflammation and cardiometabolic markers. We tested the hy-
pothesis that bariatric surgery and the associated weight loss induce re-
covery of GM and WM density, and that these changes are related to
improvements in inflammatory and metabolic variables.

2. Materials and methods

2.1. Participant recruitment

The study sample included 29 participants with severe obesity (8
men, 21 women; mean age ¼ 45.9 � 7.8 years; mean BMI ¼ 44.1 � 4.6
kg/m2) scheduled to undergo SG at the Institut universitaire de cardiologie
et de pneumologie de Qu�ebec. Twenty-seven participants completed the
experiments both pre-surgery and 4 months after SG. Among those par-
ticipants, we also tested 17 participants 12 months after surgery. Inclu-
sion criteria were the following: 1) women or men with a BMI�35 kg/m2

who require surgery and who meet the NIH Guidelines for bariatric
surgery (Gastrointestinal surgery, 1992); 2) age between 18 and 60 years.
Exclusion criteria were the following: 1) BMI<35 kg/m2; 2) age under 18
or over 60 years; 3) any uncontrolled medical, surgical, neurological or
psychiatric condition; 4) liver cirrhosis or albumin deficiency; 5) any
medication that may affect the central nervous system; 6) pregnancy; 7)
substance or alcohol abuse; 8) previous gastric, oesophageal, brain or
bariatric surgery; 9) gastro-intestinal inflammatory diseases or
gastro-intestinal ulcers; 10) severe food allergy; and 11) contraindica-
tions to MRI (implanted medical device, metal fragment in body, or
claustrophobia). The Research Ethics Committee of the Centre de recher-
che de l’Institut universitaire de cardiologie et de pneumologie de Qu�ebec
approved the study. All participants provided written informed consent
to participate in the study.

2.2. Surgical procedures

All patients were operated laparoscopically. A 250 cm3 vertical SG
starting 5 cm–7 cm from the pylorus to the Hiss angle was performed
using a 34–44 French Bougie for guidance, to create a gastric tube
(Biertho et al., 2016). The greater curvature and fundus of the stomach
were removed.

2.3. Study design and experimental procedures

The current study is part of a larger study on the effects of restrictive
and/or malabsorptive bariatric procedures on appetitive behavior.
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Participants were studied approximately 1 month prior to as well as 4, 12
and 24 months post-surgery. At each study visit, participants underwent
a physical examination including measurement of blood pressure and
fasting blood biochemistry. During the MRI sessions, participants un-
derwent resting state functional MRI, task state functional MRI for food-
cue reactivity, and anatomical T1-weighted MRI. For this report on
structural brain changes after SG, only results from T1-weighted
anatomical images prior to and 4 and 12 months after surgery are pre-
sented. The MRI sessions were performed on the morning (started be-
tween 9:00 and 10:30am) of each visit. Participants were asked to fast for
12 h before the scanning session and received a standardized beverage
meal (237 ml, Boost original, Nestle Health Science) 1 h before the MRI
session to control for hunger level during the fMRI task. The standardized
beverage contained a total of 240 kcal, 41g of carbohydrates, 10g of
proteins and 4g of lipids. It was consumed over a 5-min period. Before
each MRI session, body weight and height were measured using stan-
dardized procedures to calculate BMI (kg/m2) as well as percentage of
excess weight loss (%EWL) and percentage of total weight loss (%TWL).
The %EWL was calculated using total pre-operative weight, post-
operative weight, and ideal body weight (IBW) for a BMI of 23 kg/m2

as previously used (Biertho et al., 2010). Waist circumference and neck
circumference were also measured at each visit using standardized pro-
cedures. At each visit, eating behaviors were assessed using various
questionnaires: the Three Factor Eating Questionnaire (TFEQ) (Stunkard
and Messick, 1985), the Binge Eating Scale (BES) (Brunault et al., 2016),
the Yale Food Addiction Scale 2.0 (YFAS) (Brunault et al., 2017), the
Power of Food Scale (PFS) (Lowe et al., 2009), and the Food Craving
Questionnaire (FCQ) (Nijs et al., 2007). Hunger levels were rated before
and after theMRI session using a visual analogue scale (VAS) with the left
anchor “Not hungry at all” and the right anchor “Very Hungry".

2.4. Plasma lipid profile, glucose homeostasis, and inflammatory markers

Blood samples were collected on the morning of each visit after a 12-h
fast in EDTA-coated tubes or serum clot activator tubes. All samples were
immediately placed at 4 �C and then centrifuged and stored at �80 �C.
Plasma insulin levels were measured using chemiluminescence immu-
noassay and plasma glucose levels were measured using the hexokinase
method (Michaud et al., 2017). The homeostasis model assessment in-
sulin resistance (HOMA-IR) index was calculated (Matthews et al., 1985).
Cholesterol and triglyceride levels in serum and lipoprotein fractions
were measured with a Siemens Dimension Vista 1500 using enzymatic
methods. Plasma interleukin (IL)-6 and lipopolysaccharide-binding pro-
tein (LBP) levels were measured by commercially available
enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN
and HyCult Biotechnology, Huden, the Netherlands, respectively)
(Moreno-Navarrete et al., 2017; Michaud et al., 2012). Plasma CRP
concentrations were measured using the high-sensitivity immunone-
phelometric assay.

2.5. T1-weighted MRI acquisition

T1-weighted three-dimensional (3D) turbo field echo images were
acquired at the initial visit, 4 months, and 12months after surgery using a
3T whole-body MRI scanner (Philips, Ingenia, Philips Medical Systems)
equipped with a 32-channel head coil at the Centre de recherche de l’In-
stitut universitaire de cardiologie et pneumologie de Qu�ebec. The following
parameters were used: 176 sagittal 1.0 mm slices, repetition time/echo
time (TR/TE) ¼ 8.1/3.7 ms, field of view (FOV) ¼ 240 � 240 mm2, and
voxel size ¼ 1 � 1 � 1 mm.

2.6. Voxel-based morphometry measurements

The T1-weighted structural scan of each participant was used to
measure voxel-based morphometry. GM and WM densities were assessed
from each T1-weighted MRI using a standard VBM pipeline
3

(Garcia-Garcia et al., 2019). The preprocessing steps were the following:
1) image denoising (Coupe et al., 2008); 2) intensity non-uniformity
correction (Sled et al., 1998); and 3) image intensity normalization
into range (0–100) using histogram matching. Images were then first
linearly (using a nine-parameter rigid registration) and then nonlinearly
registered to an average brain template (MNI ICBM152) as part of the
ANIMAL software (Collins et al., 1994) and segmented into GM, WM and
cerebrospinal fluid images. These steps remove global differences in the
size and the shape of individual brains and transform individual WM or
GMdensity maps to the standardizedMNI ICBM152 template space. VBM
analysis was performed using MNI MINC tools (http://www.bic.mni.mc
gill.ca/ServicesSoftware/MINC) to generate WM and GM density maps
representing the local WM/GM concentration per voxel. To avoid the
overlap between GM andWM signal in the border of GM andWM (due to
a combination of partial volume effect and smoothing of the maps), we
removed 3 voxels on the border of the GM and WM regions.

2.7. Statistical analyses

Repeated-measures ANOVA or Student’s paired t-tests were per-
formed to examine changes in adiposity, metabolic and inflammatory
measurements after SG. Linear mixed-effects models were used to assess
WM and GM changes following SG, with session (baseline, 4 months, or
12 months) as a fixed factor and subject as a random factor. Age, sex,
initial BMI, and baseline diabetic status were included in the model as
covariates. The mixed-effects model estimates are represented by Beta
values in the results section. VBM results were whole-brain False Dis-
covery Rate (FDR) corrected (p< 0.05). To examine the associations with
adiposity, metabolic and inflammatory variables, and surgery-induced
brain changes in GM or WM density, the AAL Atlas (Tzourio-Mazoyer
et al., 2002) was used to extract average regional VBM GM values and
similarly, the Atlas from Yeh et al. (2018) was used to extract regional
VBM WM values for each participant. Mean GM and WM densities were
extracted across all the participants. Linear mixed-effects models were
used to assess the association between changes in adiposity, metabolism,
and inflammation and changes in GM or WM density (dependent vari-
ables). Age and sex were included in the model as covariates. All
continuous variables were z-scored prior to the analysis. The Bonferroni
correction was applied for multiple comparisons. Linear mixed-effect
models were fitted using fitlme from MATLAB version R2017a (The
MathWorks Inc., Natick, MA). Other statistical analyses were performed
with JMP software version 14 (SAS Institute Inc, Cary, NC, USA).

2.8. Validation in an independent dataset from the Human Connectome
Project

We used an independent sample from the Human Connectome Project
(HCP) to test whether the WM and GM regions that significantly changed
after the surgery show BMI-related differences in participants who are
obese versus normal weight in a separate adult population (Van Essen
et al., 2012). All the participants from the HCP with a BMI higher than 35
kg/m2 were included in the study. These participants (n ¼ 46) were
individually matched (1:1) for age, sex, and ethnicity with a group of
HCP individuals who had a normal body weight (n ¼ 46). Other exclu-
sion criteria included participants with missing information on age, sex,
BMI, and ethnicity. T1-weighted 3D MPRAGE sequence with 0.7 mm
isotropic resolution images were acquired by the HCP investigators using
a 3T MRI scanner (Siemens Skyra) equipped with a 32-channel head coil.
The following parameters were used: 256 sagittal slices in a single slab,
TR/TE ¼ 2400 ms/2.14 ms, T1 ¼ 1000 ms, field of view (FOV) ¼ 224
mm, FA ¼ 8�, Echo Spacing ¼ 7.6 ms, and voxel size ¼ 0.7 � 0.7 � 0.7
mm3 (Glasser et al., 2013). GM and WM VBM were calculated using the
same procedure as in our clinical sample. Student’s paired t-tests were
used to compare peak VBM values of the regions that significantly
changed after surgery in our sample between HCP participants who were
severely obese versus normal weight.

http://www.bic.mni.mcgill.ca/ServicesSoftware/MINC
http://www.bic.mni.mcgill.ca/ServicesSoftware/MINC
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3. Results

3.1. Clinical characteristics of participants

Clinical characteristics of study participants are shown in Table 1. As
expected, weight, BMI, and waist circumference significantly decreased 4
months and 12 months after SG compared with baseline (p < 0.0001 for
all). The mean %EWL was 46.7 � 10.3 after 4 months and 68.1 � 13.4
after 12 months. The mean %TWL was 21.3 � 4.3 after 4 months and
31.1 � 5.4 after 12 months. At baseline, the study sample included 21
participants who were non-diabetic and 8 who were diabetic. As ex-
pected from bariatric surgery, type 2 diabetes was cured in 25% (2/8)
and improved in 75% (6/8) 4 months post-surgery. At 12 months, type 2
diabetes was cured in 63% (5/8) and improved in 37% (3/8). Significant
improvements in blood pressure, glucose homeostasis, HDL-cholesterol,
and triglyceride levels as well as circulating inflammatory markers (CRP,
IL-6 and LBP) were observed after surgery (Table 1).

Measurements of eating behavior prior to and after surgery are shown
in Table S1. The mean BES score, the number of dimensions of the YFAS,
and the mean PFS scores were significantly reduced after the surgery (p
< 0.05, for all). Some traits of the FCQ were significantly reduced after
the surgery, such as hunger and environment (p < 0.05, for both). The
disinhibition score was significantly increased after the surgery (p ¼
Table 1
Characteristics of participants at baseline, 4 and 12 months after SG.

Baseline 4 months 12
months

p value

N 29 27 17
Sex (F: M) 21:8 19:8 13:4 –

Diabetes (Y: N) 8:21 –

Age (years) 45.9 � 7.8
Weight (kg) 122.4 �

16.2
95.5 �
13.2

82.6 �
13.3

<0.0001a F ¼
176.2

BMI (kg/m2) 44.1 � 4.6 34.2 �
3.9

29.8 �
3.7

<0.0001a F ¼
243.5

Waist circumference
(cm)

132 � 12 113 � 11 103 � 12 <0.0001a F ¼
85.6

Neck circumference
(cm)

42 � 4 37 � 4 36 � 3 <0.0001a F ¼
122.8

EWL (%) – 46.7 �
10.3

68.1 �
13.4

<0.0001b T ¼
11.5

TWL (%) – 21.3 �
4.3

31.1 �
5.4

<0.0001b T ¼
11.0

Systolic blood pressure
(mmHg)

144 � 17 124 � 12 120 � 16 0.001a F ¼
11.7

Diastolic blood pressure
(mmHg)

87 � 11 76 � 11 71 � 8 <0.0001a F ¼
37.6

Fasting glycemia
(mmol/L)

6.4 � 1.1 4.8 � 0.8 4.8 � 1.1 0.0006a F ¼
12.9

Fasting insulin (mU/L) 15.5 �
10.7

6.1 � 3.6 4.9 � 3.5 0.001a F ¼
11.0

HOMA-IR index 4.6 � 4.0 1.4 � 1.0 1.2 � 1.3 0.002a F ¼ 9.6
Total cholesterol
(mmol/L)

4.9 � 1.1 4.1 � 1.1 4.5 � 1.0 0.23a F ¼ 1.7

LDL-cholesterol (mmol/
L)

3.6 � 1.1 2.8 � 1.1 3.0 � 1.0 0.37a F ¼ 1.1

HDL-cholesterol
(mmol/L)

1.3 � 0.3 1.2 � 0.3 1.5 � 0.4 0.003a F ¼ 8.5

Triglycerides (mmol/L) 1.8 � 0.9 1.3 � 0.5 1.1 � 0.4 0.0005a F ¼
13.4

CRP (mg/L) 7.5 � 5.7 3.0 � 2.6 1.5 � 1.5 0.002a F ¼ 9.6
IL-6 (ng/ml) 2.9 � 2.1 2.0 � 1.7 1.5 � 0.9 0.02a F ¼ 5.9
LBP (ug/ml) 13.6 � 3.3 12.4 �

2.6
11.8 �
1.8

<0.0001a F ¼
28.7

Results are presented as mean � SD.
BMI, body mass index; EWL %, excess weight loss percentage; TWL %, total
weight loss percentage; CRP, C-reactive protein; IL-6, interleukin-6; LBP,
lipopolysaccharide-binding protein.

a Repeated measures ANOVA comparing baseline, 4 months and 12 months
post-surgery sessions.

b Paired t-tests comparing 4 months and 12 months post-surgery sessions.
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0.006), while no change was observed for the dietary restraint and sus-
ceptibility to hunger scores. Hunger levels prior to and after the MRI
session were similar at baseline, 4 months, and 12 months. Hunger levels
after the MRI session were higher compared to hunger levels prior to the
MRI session at each visit (F ¼ 55.5, p < 0.0001).

3.2. Effect of SG on WM and GM density

Fig. 1 shows the Beta value maps from the voxel-wise mixed effects-
models for the WM regions that were significant after FDR correction (p
< 0.05). A widespread increase in WM density was observed 4 months
after SG compared to baseline. These significant increases were found in
the cerebellum and cerebellar peduncle but also in the brain stem
extending up to cerebral peduncle. There was also a diffuse increase in
WM density in the corpus callosum and cingulum projecting out to the
corona radiata. Twelve months after the surgery, greater and more sig-
nificant WM density increases were found compared to baseline in the
same significantWM regions observed after the first 4 months, suggesting
more pronounced changes after 12 months (Fig. 1). As expected, signif-
icant WM density increases were observed 12 months post-surgery
compared to 4 months post-surgery in the same brain regions (p <

0.05, after FDR correction, Fig. S1).
Fig. 2 shows the Beta value maps from the voxel-wise mixed effects-

models for the GM regions that were significant after FDR correction (p
< 0.05). Significant increases in GM density were observed 4 months
after SG compared to baseline in several brain regions such as the
bilateral occipital cortex, temporal cortex, postcentral gyrus, cerebellum,
hippocampus, and insula as well as right fusiform gyrus, right para-
hippocampal gyrus, right lingula gyrus, and right amygdala (Fig. 2,
Table S2). Twelve months after SG, greater increases in GM density were
found compared to baseline in cortical and subcortical brain regions
including bilateral occipital and temporal cortex, precentral gyrus,
postcentral gyrus, frontal operculum cortex, fusiform gyrus, insula, par-
ahippocampal gyrus, lingula gyrus, cerebellum, amygdala, hippocampus,
putamen, caudate nucleus, and thalamus (Fig. 2, Table S3). Two regions
showed slightly decreased GM density after SG (left cerebellum and right
precuneus cortex). No significant difference was observed in GM density
comparing the 12-month and the 4-month post-surgery sessions (data not
shown).

3.3. Associations between changes in WM density and adiposity, metabolic
and inflammatory markers following SG

Mixed-effects models were performed to assess the associations be-
tween changes in WM density and adiposity, metabolic, or inflammatory
variables after SG, accounting for age and sex. Significant associations
were found between post-operative reduction in BMI, waist circumfer-
ence, or neck circumference and increased WM density in the cingulum
and cerebellar peduncle (p � 0.0001 for all, Table S4). A significant as-
sociation was also observed between post-operative BMI loss and
increased WM density in the parietopontine tract (p¼ 0.0016, Table S4).
Reduced insulin levels following SG were significantly associated with
increases in several WM regions such as the acoustic radiation, cingulum,
extreme capsule, cerebellar peduncle, occipitopontine tract, and parie-
topontine tract (p � 0.0002 for all, Table S6). The same results were
observed with the HOMA-IR index. Our linear mixed-effect models
showed significant positive associations between HDL-cholesterol levels
and WM density in acoustic radiation, extreme capsule, occipitopontine
tract, parietopontine tract, anterior commissure, arcuate fasciculus,
corpus callosum, and corticothalamic pathway (p � 0.0011 for all,
Table S6). No significant association was found betweenWM density and
circulating levels of glucose, LDL-cholesterol, and triglycerides (data not
shown). Strong associations were observed between post-operative re-
ductions in LBP and increased WM density in the cingulum, corticospinal
tract, extreme capsule, cerebellar peduncle, occipitopontine tract, pari-
etopontine tract, and spinothalamic tract (p � 0.0017, Fig. 3 and



Fig. 1. Widespread increase in white matter (WM) density 4 months or 12 months post-surgery compared to baseline. The figure shows the Beta value maps from the
voxel-wise mixed-effects models, for the WM regions that were significant after whole brain FDR correction (p< 0.05). Colors show higher positive (in red) or negative
(in dark purple) Beta values. These results were significant after correcting for age, sex, initial BMI and diabetic status. L, left; R, right.

Fig. 2. Changes in grey matter (GM) density 4 months or 12 months post-surgery compared to baseline. The figure shows the Beta value maps from the voxel-wise
mixed-effects models, for the GM regions that were significant after whole brain FDR correction (p < 0.05). Colors show higher positive (in red) or negative (in dark
purple) Beta values. These results were significant after correcting for age, sex, initial BMI and diabetic status. L, left; R, right.
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Table S8). Decreased plasma IL-6 concentrations were significantly
related to increased WM density in cerebellar peduncle and spinothala-
mic tract (p � 0.0012, Table S8). No significant Bonferroni-corrected
associations were found between CRP levels and WM density (Table S8).

3.4. Associations between changes in GM density and adiposity, metabolic,
or inflammatory markers following SG

Mixed-effects models were also performed to examine the associa-
tions between changes in GM density and adiposity, metabolic, or in-
flammatory variables following SG, accounting for age and sex. Strong
associations were observed between post-operative BMI, waist circum-
ference, or neck circumference reduction and increased GM density in
5

several cortical and subcortical regions including the precentral gyrus,
inferior frontal gyrus, rolandic operculum, insula, hippocampus, amyg-
dala, occipital cortex, fusiform gyrus, angular gyrus, putamen, heschl,
temporal cortex, cerebellum, and parahipoccampal gyrus (p � 0.0009,
Table S5). Significant negative associations were found between fasting
glucose levels and GM density in bilateral occipital cortex, putamen and
cerebellum (p � 0.0006, Table S7). Post-operative reductions in insulin
levels were significantly associated with increased GM density in the
inferior frontal gyrus and rolandic operculum (p � 0.0013, Table S7).
Post-surgery decreases in triglyceride levels were significantly related to
GM density in precentral gyrus, rolandic operculum, supplementary
motor area, amygdala, occipital cortex, fusiform gyrus, postcentral gyrus,
angular gyrus, temporal cortex, and cerebellum (p � 0.0013, Table S7).



Fig. 3. Brain maps of increased white matter regions significantly associated with post-operative reductions in lipopolysaccharide-binding protein (LBP) on a standard
brain template in Montreal Neurological Institute space. WM regions were extracted from the atlas of Yeh et al. (Brunault et al., 2016). Results of the linear
mixed-effect models are presented in Table S5. L, left; R, right.
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No significant association was observed between changes in GM density
and circulating levels of HDL-cholesterol, LDL-cholesterol, LBP, IL-6, CRP
and HOMA-IR index (data not shown).

3.5. Effect of obesity on WM and GM density: Validation in an
independent dataset

To confirm that our results lie in brain areas that are relevant for
severe obesity, we used an independent dataset from the HCP. We tested
whether the peak of each WM and GM region that significantly increased
after the surgery shows BMI-related differences in a separate population.
We matched a group of 46 individuals who were severely obese (BMI:
38.0� 2.8 kg/m2) with a group of 46 whowere lean (BMI: 22.2� 1.3 kg/
m2) for age, sex, and ethnicity (Table 2). Mean age was 28.9 years in both
groups and most of the individuals were Caucasian (72%). The most
significant regions inWM from our clinical sample, such as the brain stem
and cerebellar peduncle, had significantly reduced density in those who
were obese compared with their lean counterparts (Fig. 4, p < 0.0001).
GM density in the two regions of the cerebellum was significantly
reduced in obese individuals relative to controls (Fig. 5, p < 0.0001). To
ensure the robustness of the results, mean VBM values were also calcu-
lated in a spherical region with each peak as the centre and a radius of 2
mm and the analysis was repeated, achieving the same results (data not
shown).

4. Discussion

Bariatric surgery and concomitant weight loss were associated with
diffusely increased GM and WM density. The increases were more
prominent in spatial extent and amount for WM than GM. The increases
were diffusely present in the brain 4 months post-operatively and more
pronounced and widespread after 12 months. Moreover, these changes
were related to improvement in inflammatory and metabolic measure-
ments. The linear mixed-effect model showed an especially clear asso-
ciation between post-operative reductions in LBP, a marker of
inflammation, and increased WM density. Furthermore, using
Table 2
Characteristics of participants who were severely obese or normal weight.

Severely obese group Normal weight group p value

N 46 46 –

Sex (F: M) 26:20 26:20 NS
Age (years) 28.9 � 3.6 28.9 � 3.3 NS
BMI (kg/m2) 38.0 � 2.8 22.2 � 1.3 <0.0001
Ethnicity
Caucasian (N) 33 33 NS
African american (N) 13 13 NS

Results are presented as mean � SD; Matched paired t-tests comparing both
groups; BMI, body mass index.
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independent data from the HCP, we demonstrated that the post-operative
brain changes seen here were in brain areas that also showed structural
alterations in a separate group with obesity, supporting the notion that
these WM and GM changes represent a form of recovery.

Other groups (Tuulari et al., 2016; Rullmann et al., 2018; Zhang et al.,
2016) have also recently reported that bariatric surgery-induced weight
loss is associated with increased global WM density, particularly in the
cerebellum, brain stem, cerebellar peduncle, cingulum, corpus callosum,
and corona radiata. Imaging studies in humans show that individuals
with obesity have reduced tissue density and integrity in numerous WM
tracts, including the corpus callosum, cingulum, cerebellar peduncle, and
corona radiata (Tuulari et al., 2016; Kullmann et al., 2015, 2016; Alfaro
et al., 2018; Verstynen et al., 2013; Zhang et al., 2016; Papageorgiou
et al., 2017). These findings are consistent with our current results and
further support the interpretation that weight loss and concomitant
improvement of metabolic alterations might reverse obesity-related WM
tissue abnormalities.

Although the changes in GM density were smaller, they also go in the
direction of recovery of obesity-associated brain atrophy. We observed
GM increases after surgery in cortical and subcortical regions, mostly in
the occipital and temporal/medial temporal lobes (e.g. hippocampus,
amygdala, and parahippocampal gyrus), precentral gyrus, inferior frontal
gyrus, insula, putamen, and cerebellum. As for WM, some changes were
detected 4 months following surgery, but they were more extensive after
12 months, and they correlated with the magnitude of weight loss. Our
results are consistent with previous bariatric surgery studies (Tuulari
et al., 2016; Rullmann et al., 2018; Zhang et al., 2016) and weight-loss
intervention studies (Mueller et al., 2015; Prehn et al., 2017). Both a
recent meta-analysis and studies with large samples have demonstrated
reduced GM volumes in obesity in several brain regions, includingmedial
prefrontal cortex, inferior frontal gyrus (including insula), cerebellum,
temporal lobe (e.g. hippocampal/parahippocampal regions and amyg-
dala), precentral gyrus, and inferior parietal cortex (Garcia-Garcia et al.,
2019; Herrmann et al., 2019; Weise et al., 2017; Vainik et al., 2018).

Our findings suggest that changes in WM/GM density after surgery
are linked to improvements in cardiometabolic health. More specifically,
increases in WM and GM densities were associated with post-operative
improvement in glucose homeostasis (fasting insulin and glucose or
HOMA-IR index), increased plasma HDL-cholesterol, and decreased tri-
glycerides. These results are consistent with previous studies showing
that insulin resistance negatively affects brain function and structure,
which may contribute to cognitive impairment (Heni et al., 2015; Cheke
et al., 2017). There is also some evidence linking dyslipidemia and
abnormal lipid metabolism with global and regional GM or WM atrophy
or WM hyperintensities (Alfaro et al., 2018). Even if the specific contri-
bution of each metabolic change cannot be established in the present
study, our results suggest that improvements of glucose homeostasis and
dyslipidemia following weight-loss might reverse obesity-related WM
and GM volume alterations.

Another feature of the obesity-related metabolic syndrome, chronic



Fig. 4. Comparison of the peak Beta value in brain stem and cerebellar peduncle between individuals with severe obesity and those who had normal body weight (p <

0.0001). These white matter (WM) regions were significantly increased after bariatric surgery. The localisation of the peak value is identified with a dot on the
Beta maps.

Fig. 5. Comparison of the peak Beta value in cerebellum between individuals with severe obesity and those who had normal body weight (p < 0.0001). These grey
matter (GM) regions were significantly increased after bariatric surgery. The localisation of the peak value is identified with a dot on the Beta value maps.
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low-grade inflammation may cause obesity-induced WM alterations
(Alfaro et al., 2018; Verstynen et al., 2013; Guillemot-Legris and Muc-
cioli, 2017; Moreno-Navarrete et al., 2017). More specifically, a recent
study has shown that circulating LBP level, a marker of metabolic
endotoxemia (Laugerette et al., 2014), is associated with decreased
integrity in some WM regions and altered cognitive performance in
obesity (Moreno-Navarrete et al., 2017). In the present study, we found
significant reductions in circulating LBP, IL-6 and CRP levels after
7

bariatric surgery, which is consistent with previous studies (Yang et al.,
2014; Lindegaard et al., 2015). Moreover, we report an association be-
tween post-operative reductions in LBP and increased WM density in
several regions, including brain stem, cerebellum, cerebral peduncle,
cingulum, and extreme capsule. Less robust associations were generally
observed for IL-6 and no significant association for CRP. A recent study
reported that circulating CRP and IL-6 levels were associated with
reduced GM and WM volumes in participants who were non-demented
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and elderly (Gu et al., 2017). Even if recent evidence supports the pres-
ence of neuroinflammation in the hippocampus, amygdala, cortex and
cerebellum in obesity (Guillemot-Legris and Muccioli, 2017), our study
revealed no significant association between changes in GM density and
postoperative reduction in inflammatory markers, possibly because GM
effects of surgery were more modest, and may take longer than one year
to fully manifest. As previously suggested (Tuulari et al., 2016), it is
possible that WM is more vulnerable to metabolic stress and inflamma-
tion associated with obesity. Our findings raise the possibility that
changes in inflammation and metabolic factors following bariatric sur-
gery improve WM structure, which may contribute, in part, to the
improvement in cognitive functions observed after surgery-induced
weight loss (Alosco et al., 2014; Handley et al., 2016).

The mechanism of altered WM and GM density following bariatric
surgery is unknown. Previous authors have proposed that the WM vol-
ume changes seen within the first year post-operatively represent a re-
covery of WM disruption (Tuulari et al., 2016; Zhang et al., 2016) or
plasticity (Rullmann et al., 2018), but it is not possible to say whether
WM remodeling or remyelination can occur this rapidly after surgery.
Another potential mechanism is an improvement in cerebral blood flow.
Studies have consistently shown that bariatric surgery may ameliorate
cerebral blood flow by reducing carotid artery atherosclerosis (Gomez--
Martin et al., 2017) and improving flow-mediated arterial dilation
(Lupoli et al., 2016). Cerebral blood oxygen concentration and blood
volume can both affect T1 signal and lead to changes in estimated grey
mater volume and cortical thickness (Tardif et al., 2017). Furthermore,
improved cerebrovascular function and tissue might lead to axon
sprouting, dendritic changes, myelin formation or remodeling, synaptic
changes or glial changes, all brain components that may influence MRI
signals (Zatorre et al., 2012; Wenger et al., 2017). Finally, it has been
shown that chronic inflammation may impact WM (Alfaro et al., 2018;
Verstynen et al., 2013; Guillemot-Legris and Muccioli, 2017; Bettcher
et al., 2013). It also bears noting that chronic elevation in plasma in-
flammatory markers is prospectively associated with WM disruption in
otherwise healthy adults (Walker et al., 2017). Interestingly, Rullman
et al. provided evidence from diffusion weighted MRI that increased WM
density after surgery may reflect changes in the composition of fiber
tracts (Rullmann et al., 2018).

Some limitations of the study should be acknowledged. The cross-
sectional population from the HCP used to validate our results was
younger and did not include participants with metabolic comorbidities,
which may have reduced the significant brain difference observed be-
tween the normal weight and severely obese groups. Also, we do not have
an age-matched control group (non-surgical, non-obese). Another limi-
tation is that no MRI measures of WM integrity (e.g. diffusion imaging)
were included in the current study. The fact that all body composition
and metabolic and inflammatory measures covary with one another
means it is not possible to specify which of these is responsible for re-
covery of GM and WM density.

In conclusion, bariatric surgery-induced weight loss and improvement
inmetabolic alterations is associatedwithwidespread increases inWMand
GM densities. These post-operative changes overlapped with brain differ-
ences between severe obesity and normal-weight, which may suggest a
recovery ofWM and GM alterations after bariatric surgery. Our results also
raise the possibility that changes in inflammation or metabolic factors
following bariatric surgery improve WM and GM structure. Moreover, in
addition to prior work, these findings lend support for bariatric surgery
having specific benefits for brain health in individuals with severe obesity.
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