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Abstract

IMPORTANCE Weight loss induced by bariatric surgery (BS) is associated with improved cognition
and changed brain structure; however, previous studies on the association have used small cohorts
and short follow-up periods, making it difficult to determine long-term neurological outcomes
associated with BS.

OBJECTIVE To investigate long-term associations of weight loss after BS with cognition and brain
structure and perfusion.

DESIGN, SETTING, AND PARTICIPANTS This cohort study included participants from the Bariatric
Surgery Rijnstate and Radboudumc Neuroimaging and Cognition in Obesity study. Data from
participants with severe obesity (body mass index [BMI; calculated as weight in kilograms divided by
height in meters squared] >40, or BMI >35 with comorbidities) eligible for Roux-en-Y gastric bypass
and aged 35 to 55 years were enrolled from a hospital specialized in BS (Rijnstate Hospital, Arnhem,
the Netherlands). Participants were recruited between September 2018 and December 2020 with
follow-up till March 2023. Data were collected before BS and at 6 and 24 months after BS. Data were
analyzed from March to November 2023.

EXPOSURE Roux-en-Y gastric bypass.

MAIN OUTCOMES AND MEASURES Primary outcomes included body weight, BMI, waist
circumference, blood pressure, medication use, cognitive performance (20% change index of
compound z-score), brain volumes, cortical thickness, cerebral blood flow (CBF), and spatial
coefficient of variation (sCOV). Secondary outcomes include cytokines, adipokines, depressive
symptoms (assessed using the Beck Depression Inventory), and physical activity (assessed using the
Baecke Questionnaire).

RESULTS A total of 133 participants (mean [SD] age, 46.8 [5.7] years; 112 [84.2%] female) were
included. Global cognition was at least 20% higher in 52 participants (42.9%) at 24 months after BS.
Compared with baseline, at 24 months, inflammatory markers were lower (mean [SD] high-
sensitivity C-reactive protein: 4.77 [5.80] μg/mL vs 0.80 [1.09] μg/mL; P < .001), fewer patients used
antihypertensives (48 patients [36.1%] vs 22 patients [16.7%]), and patients had lower depressive
symptoms (median [IQR] BDI score: 9.0 [5.0-13.0] vs 3.0 [1.0-6.0]; P < .001) and greater physical
activity (mean [SD] Baecke score: 7.64 [1.29] vs 8.19 [1.35]; P < .001). After BS, brain structure and
perfusion were lower in most brain regions, while hippocampal and white matter volume remained
stable. CBF and sCOV did not change in nucleus accumbens and parietal cortex. The temporal cortex
showed a greater thickness (mean [SD] thickness: 2.724 [0.101] mm vs 2.761 [0.007] mm; P = .007)
and lower sCOV (median [IQR] sCOV: 4.41% [3.83%-5.18%] vs 3.97% [3.71%-4.59%]; P = .02)
after BS.
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Abstract (continued)

CONCLUSIONS AND RELEVANCE These findings suggest that BS was associated with health
benefits 2 years after surgery. BS was associated with improved cognition and general health and
changed blood vessel efficiency and cortical thickness of the temporal cortex. These results may
improve treatment options for patients with obesity and dementia.
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Introduction

Obesity is a major health problem and is associated with comorbidities and sequelae, such as type 2
diabetes and hypertension.1 These diseases affect the brain, but obesity itself is also associated with
cognitive dysfunction and structural brain changes.2 Moreover, obesity is associated with 60% to
90% increased risk of developing dementia compared with lean individuals (body mass index [BMI;
calculated as weight in kilograms divided by height in meters squared] <25).3

Obesity is inversely associated with gray matter (GM) volume3-6 and white matter (WM)
integrity7 and positively associated with WM hyperintensities (WMH).8 These brain changes might be
induced by reduced cerebral blood flow (CBF), which often coincides with obesity.9 Cognitive
functions, particularly domains of executive function, attention,10-12 and episodic and working
memory,13-15 are associated with obesity, corresponding to changes in hippocampus and
prefrontal regions.16,17

To reduce potential consequences of obesity on the brain, long-term weight loss is important.
Bariatric surgery (BS) leads to rapid and sustainable weight loss and improves comorbidities.18

Moreover, BS-induced weight loss has been reported to be associated with improved brain function
and structure.19-22 However, results are contradictory, underlying mechanisms remain largely
unknown, and it is uncertain whether outcomes are long-lasting. Imbalance of adipokines and
proinflammatory cytokines may be involved, as they impair CBF and therewith cause
neurodegeneration,23 which may be reversible after BS.21

Our study aims to strengthen the field, using state-of-the-art magnetic resonance imaging
(MRI), a larger cohort with extended follow-up, and correction for multiple testing. This approach
enhances our understanding of the disease, contributing to development of treatment strategies for
obesity and dementia.

Methods

This cohort study was approved by the Committee on Research Involving Human Subjects for
Arnhem region, Nijmegen and the institutional ethics committee of the Rijnstate hospital. This study
was performed according to the Declaration of Helsinki “Ethical Principles of Medical Research
Involving Human Subjects” and in agreement with the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use Guideline for Good Clinical Practice. All
participants signed written informed consent. The study was prospectively registered in the
Netherlands Trial Registry.24 We followed the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) reporting guideline.

Study Sample
Data were obtained from the Bariatric Surgery Rijnstate and Radboudumc Neuroimaging and
Cognition in Obesity (BARICO) study. Participants aged between 35 and 55 years who were eligible
for Roux-en-Y gastric bypass based on Fried guidelines25 were recruited at Rijnstate Hospital
(Arnhem, the Netherlands) between September 2018 and December 2020. Neurological or severe
psychiatric illnesses, pregnancy, and treatment with antibiotics, probiotics, or prebiotics were
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exclusion criteria. Extra MRI exclusion criteria were epilepsy, claustrophobia, pacemakers,
defibrillators, nerve stimulators, infraorbital or intraocular metallic fragments, intracranial clips,
cochlear implants, ferromagnetic implants, circumference above MRI space capacity, left
handedness, and color blindness.

Cognition was assessed before BS (baseline) and at 6 and 24 months after BS using
neuropsychological tests. MRI scans were obtained at baseline and 24 months after BS. At all time
points, blood samples and anthropometric data were collected. Only participants who completed
measurements at all time points were included (eFigure 1 in Supplement 1).

Medical Examination
Anthropometric measurements included body weight, waist circumference (WC), BMI, and
percentage total body weight loss (TBWL). Percentage of TBWL was defined as:

starting weight – current weight
starting weight

× 100

Blood pressure was measured in sitting position. Fasting blood samples were collected at baseline
and 6 and 24 months after BS. Adipokines and cytokines were analyzed as described in the
eMethods in Supplement 1.

Cognition
Cognition was assessed using neuropsychological tests, described in detail elsewhere.26 To assess
overall cognitive performance, we used the Montreal Cognitive Assessment (MOCA). We used the
Digit Span test (Wechsler Adult Intelligence Scale–Fourth Edition) to measure working memory.27

Episodic memory was assessed with the immediate and delayed Story Recall subtest from the
Rivermead Behavioral Memory Test.28 The Flexibility subtest from the computerized Test of
Attentional Performance (version 2.3.1) was used to measure ability to shift attention.29 Verbal
fluency was assessed using the Controlled Oral Word Association Test (COWAT).30 Parallel versions
were used when appropriate to overcome material specific practice effects. Total scores of every
subtest were converted and we calculated the mean into a compound Z-score of global cognitive
performance, which ranged from −1.51 to 2.02, with higher score indicating higher cognitive
performance. Education level was assessed by the Verhage score (with 1 indicating the lowest level,
ie, less than primary school; and 7, the highest level of education, ie, university)31 based on the Dutch
educational system, comparable with the International Standard Classification of Education.32 A
score of 4 or less indicates low education level; 5, middle educational level; and 6 or 7, high
educational level.

To examine the association of BS with cognition, while excluding practice effects, we calculated
the 20% change index33 24 months after BS. This index assumes that participants show clinically
meaningful and significant cognitive improvement if their postoperative test score is 20% higher
than the preoperative test score. To calculate this index, we used:

5 (X2 – X1)
X1

Where X2 is participants’ postoperative score and X1 the preoperative score. Calculations were
performed for each domain and the composite Z-score. An index of 1.00 or greater indicated a
significant improvement.33

MRI Acquisition, Outcomes, and Image Processing
Participants were scanned in a 3T Skyra scanner (Siemens Healthineers) using a 32-channel head coil.
The sequences used are listed the eMethods in Supplement 1.
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Brain Volume and Cortical Thickness
Image reconstruction and segmentation were performed with default settings of the Freesurfer
Imaging Analysis Suite version 6.0.0.34 Global measures included total cerebral GM and WM volumes
(normalized by intracranial volume) and overall mean cortical thickness. Subcortical volumes
(hippocampus, amygdala, caudate nucleus, putamen, and nucleus accumbens) and volume and
thickness metrics for specific region of interests (ROIs) from the merged Desikan-Killiany atlas35

(frontal, occipital, parietal and temporal cortex, cingulate gyrus, and insula) were measured. As an
additional analysis, we calculated cortical thinning 2 years after BS (eTable 1 in Supplement 1).

WMH and Integrity
A fully automated, deep learning algorithm used 3-dimensional (3D) fluid-attenuated inversion
recovery (FLAIR) and 3D T1-weighted images to segment WMH using multidimensional gated
recurrent units.36 Output WMH segmentation masks were used to determine WMH volume. Global
WM mean diffusivity was assessed using diffusion MRI data processed as previously outlined.37 We
calculated mean skeletonized mean diffusivity (MSMD) via an accessible method.38

Arterial Spin Labeling
Postprocessing of arterial spin labeling images was performed with toolbox ExploreASL,39 version
1.5.1, including SPM12, version 7219 (Statistical Parametric Mapping, Wellcome Trust Centre for
Neuroimaging), CAT12 version r1615, and LST version 2.0.15, all operated in MATLAB version 2020a
(MathWorks). Complete processing steps are described elsewhere.39

CBF and spatial coefficient of variation (sCOV) within overall GM and different ROIs were
calculated. sCOV was determined by dividing the SD of CBF by mean CBF.40 ROIs were prespecified
combining the Harvard-Oxford35 and Montreal Neurological Institute41 structural atlases: caudate
nucleus, putamen, nucleus accumbens, insula, and frontal, occipital, parietal and temporal cortex.
Due to field of view, we were not able to include more ventrally located regions, such as
hippocampus and amygdala. CBF and sCOV were calculated with partial volume correction for overall
GM and each ROI.39

Questionnaires for Depressive Symptoms and Physical Activity
At baseline and 6 and 24 months after BS, participants filled out standardized online questionnaires.
Depressive symptoms were assessed via the Beck Depression Inventory (BDI),42 which determines
depressive symptoms over the past 2 weeks (range, 0-63; higher score indicates greater depressive
symptoms). Physical activity was assessed with the Baecke Questionnaire,43 which incorporates time
spent on different activities (range, 3-15; higher score indicates greater physical activity). All
participants filled in the questionnaires, but not all questionnaires were complete, resulting in some
missing data (eTable 2 in Supplement 1).

Statistical Analysis
Explorative statistical analyses were performed using SPSS Statistics version 27 (IBM). Continuous
variables were checked for normality. If normality was not met, natural log transformations were
performed for repeated measures analyses of variance (ANOVA). To test changes in primary and
secondary outcomes over time, repeated measures ANOVA with Bonferroni correction (to correct for
multiple comparisons), Cochran test, Friedman test, Wilcoxon signed ranks test or χ2 tests were used
for continuous and categorical data. We controlled for age, sex, education, and preoperative BMI in
the repeated measures ANOVA. Additionally, we controlled for hematocrit and head motion for CBF
and sCOV and head motion for MSMD. Missing variables are presented in eTable 2 in Supplement 1.
Included covariates are listed in eTable 3 in Supplement 1. P values were 2-sided, and P < .05 was
considered statistically significant. Data were analyzed from March to November 2023.
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Results

Descriptive Statistics
A total of 133 participants (mean [SD] age, 46.8 [5.7] years; 112 [84.2%] female) were included.
Participants characteristics are listed in Table 1. Overall, mean body weight, BMI, WC, and blood
pressure were significantly lower 6 and 24 months after BS (Table 1). From 6 to 24 months,
percentage TBWL was significantly higher. Compared with baseline, medication use for
comorbidities was significantly lower 24 months after surgery (eg, antihypertensive use, 48 patients
[36.1%] vs 22 patients [16.7%]).

Changes in Cognition, Depressive Symptoms, and Physical Activity
Several cognitive domains significantly improved at 6 and 24 months after BS (Table 2; eFigure 2 in
Supplement 1). At baseline our cohort had a median (IQR) MOCA score of 27 (26.0-29.0).
Nonetheless, based on the 20% change index, 15 participants (11.3%) showed improvements in
working memory, 42 participants (31.6%) showed improvements in episodic memory, 32 participants
(24.1%) showed improvements in in verbal fluency, 51 participants (40.2%) showed improvements
in ability to shift attention, and 52 participants (42.9%) showed improvements in global cognition.
According to the BDI score at baseline, 71 participants (54.6%) experienced minimal depressive
symptoms, 55 participants (42.3%) experienced mild depressive symptoms, and 4 participants
(3.1%) experienced moderate depressive symptoms. At 24 months after BS, 12 participants (9.4%)
had mild depressive symptoms and 2 participants (1.6%) had moderate depressive symptoms.
Additionally, the Baecke score was significantly higher 6 months after surgery and remained stable
up to 24 months (mean [SD] Baecke score: baseline, 7.64 [1.29]; 6 mo, 8.36 [1.23]; 24 mo, 8.19 [1.35];
P < .001).

Changes in Brain Parameters
Brain changes were observed after BS (Table 3). GM volume, GM cortical thickness, and GM CBF
were significantly lower 2 years after BS. Several other ROIs, including amygdala, caudate nucleus,
putamen, insula, cingulate gyrus, and occipital, parietal, and temporal cortex exhibited significantly
lower volumes after BS. No volumetric changes were observed in hippocampus, nucleus accumbens,
frontal cortex, or WM. Cortical thickness of all ROIs was significantly lower after BS, except thickness
of the temporal cortex, which was significantly larger (mean [SD] thickness: 2.724 [0.101] mm vs
2.761 [0.007] mm; P = .007). Moreover, after BS, CBF was lower in several cortical and subcortical
regions, including caudate nucleus, putamen, insula, and frontal and occipital cortex. CBF in temporal
cortex, parietal cortex, and nucleus accumbens did not change after BS. Regarding sCOV, the caudate
nucleus showed a higher sCOV, while temporal cortex showed lower sCOV after BS (median [IQR]
sCOV: 4.41% [3.83%-5.18%] vs 3.97% [3.71%-4.59%]; P = .02). sCOV of all other ROIs remained
stable over time. MSMD was significantly lower, whereas WMH volume did not change after BS.

Changes in Adipokines and Inflammatory Factors
Circulating markers were analyzed before and after surgery (Figure 1 and Figure 2; eTable 4 in
Supplement 1). After 6 months, high-sensitivity C-reactive protein (hs-CRP), leptin, serum amyloid A,
tumor necrosis factor–α, interleukin-1β (IL-1β), IL-6, and plasminogen activator inhibitor-1 were
significantly lower, whereas adiponectin and neurofilament light chain (NFL) were significantly
higher compared with baseline. hs-CRP and IL-6 were still lower at 24 months (eg, mean [SD] hs-CRP:
baseline, 4.77 [5.80] μg/mL vs 0.80 [1.09] μg/mL; P < .001), while leptin, serum amyloid A, and
tumor necrosis factor–α did not change at 24 months compared with 6 months after BS. Surprisingly,
plasminogen activator inhibitor-1 returned to baseline levels by 24 months after BS. IL-1β was higher
24 months after BS compared with the 6-month follow-up but remained significantly lower
compared with baseline. At 24 months after BS, adiponectin was higher, while NFL remained stable
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compared with the 6-month follow-up. brain-derived neurotrophic factor (BDNF) was significantly
higher at 24 months after BS.

Discussion

This cohort study investigated the associations of BS-induced weight loss with obesity-related
comorbidities, physical activity, mood, cognition, brain parameters, and circulating factors 2 years
after surgery. We found that 42.9% of the participants improved at least 20% in global cognitive
function. Additionally, BS was associated with less medication use and depressive symptoms and
more physical activity. The stabilization (ie, no changes over time) of cerebral structures and
functions was the most noteworthy finding. While volumes and perfusion were lower in many brain
regions after surgery, some regions exhibited stability. Despite the lower CBF in several regions,
volumes of hippocampus, nucleus accumbens, frontal cortex, WM, and WMH remained stable after
surgery. Notably, the temporal cortex exhibited not only higher cortical thickness but also higher
vascular efficiency after surgery, as indicated by a lower sCOV. These results highlight beneficial
vascular responses occurring in conjunction with BS. Accordingly, nucleus accumbens and parietal
cortex demonstrated stable CBF and cerebrovascular efficiency. After BS, general health also
changed, including lower blood pressure, lower inflammatory markers, lower leptin, and higher
adiponectin levels. Finally, higher brain-associated blood-based biomarkers for axonal damage (ie,
NFL) and neurogenesis (ie, BDNF) were observed.

High scores on MOCA and other neuropsychological tests were obtained at baseline, suggesting
that obesity did not impair cognitive performance in clinical sense. Yet, as previously described,44-46

cognition improved significantly after BS, with the largest improvements observed in attention and
verbal fluency, components that can be impaired in obesity47 but may be reversible after BS.48 We
observed significantly improved performance in all cognitive domains at 6 months after BS, and
these improvements (except for episodic memory) lasted to the 24-month postsurgery follow-up.
These findings suggest that cognitive improvements begin shorty after BS and are long lasting.
Various factors may be involved, including remission of comorbidities, higher physical activity, lower
depressive symptoms, and lower inflammatory factors after BS.22 Additionally, stabilization of
volume, CBF, and sCOV in brain regions, together with larger cortical thickness and higher vascular
efficiency in the temporal cortex, might be involved.

Table 2. Changes in Cognition, Depression Symptoms, and Physical Activity Among Patients Who Underwent
Bariatric Surgery

Measure Baseline 6 mo 24 mo P value

Individuals
with ≥20%
change, No. (%)

Cognition, mean (SD)

Digit span (sum of forward,
backward, and sorting)

25.95 (4.92) 26.47 (4.52) 26.80 (4.91) .02 15 (11.3)

Story Recall (sum of
immediate and delayed
recall)

16.98 (6.51) 18.56 (6.60) 17.16 (6.01) .003 42 (31.6)

COWAT 37.70 (10.74) 40.94 (11.68) 40.69 (11.69) <.001 32 (24.1)

TAP flexibility index scorea −3.04 (8.53) 0.94 (8.43) 2.15 (7.83) <.001 51 (40.2)

Compound Z-scorea 0.02 (0.68) 0.28 (0.66 0.29 (0.68) <.001 52 (42.9)

BDIb

Median (IQR) 9.0 (8.0) 5.0 (4.0) 3.0 (5.0) <.001 NA

Group, No. (%)

Minimal 71 (54.6) 110 (85.9) 114 (89.1) NA NA

Mild 55 (42.3) 18 (14.1) 12 (9.4) NA NA

Moderate 4 (3.1) 0 2 (1.6) NA NA

Severe 0 0 0 NA NA

Baecke, mean (SD)c 7.64 (1.29) 8.36 (1.23) 8.19 (1.35) <.001 NA

Abbreviations: BDI, Beck Depression Inventory;
COWAT, Controlled Oral Word Association Test; NA,
not applicable; TAP, Test of Attentional Performance.
a Complete data on all time points were available for

117 participants.
b Friedman Test was conducted to assess changes over

time. Complete data on all time points were available
for 124 participants.

c Complete data on all time points were available for 91
participants.
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This study found associations of BS with brain parameters 2 years after surgery. BS was
associated with lower cortical volumes and thickness in some ROIs. We assume that aging was
involved. The relative mean change in global GM (−0.6%) in our study is comparable with aging
studies.49,50 When applying this aging rate of 0.6% on cortical thickness, cortical thinning in GM was
higher in our study. However, for temporal cortex and insula, less cortical thinning was observed after

Table 3. Change in Brain Parameters Among Patients Who Underwent Bariatric Surgery (n = 63)

Measure

Mean (SD)

P valueBaseline 24 mo
Brain volume, % ICVa

Hippocampus 0.572 (0.042) 0.570 (0.041) .31

Amygdala 0.233 (0.022) 0.229 (0.019 .002

Nucleus accumbens 0.067 (0.009) 0.064 (0.009) .86

Caudate nucleus 0.481 (0.047) 0.473 (0.047) <.001

Putamen 0.668 (0.062) 0.657 (0.060) <.001

Cingulate gyrus 1.234 (0.094 1.184 (0.101) <.001

Frontal cortex 10.783 (0.700) 10.294 (0.810) .56

Insula 0.870 (0.660) 0.85 (0.059) <.001

Occipital cortex 2.868 (0.335) 2.791 (0.284) .002

Parietal cortexb 7.384 (0.613) 7.149 (0.690) <.001

Temporal cortex 6.501 (0.511) 6.222 (0.565) <.001

WM 31.889 (1.844) 32.034 (1.747) .13

GM 41.337 (2.134) 40.707 (2.021) <.001

Cortical thickness, mma

Cingulate gyrus 2.398 (0.084) 2.369 (0.075) <.001

Frontal cortex 2.552 (0.010) 2.510 (0.091) <.001

Insula 2.884 (0.106) 2.859 (0.101) .01

Occipital cortex 1.935 (0.089) 1.902 (0.098) .004

Parietal cortexb 2.392 (0.091) 2.361 (0.089) <.001

Temporal cortex 2.724 (0.101) 2.761 (0.110) .007

GM 2.450 (0.085) 2.413 (0.082) <.001

CBF, mL/100 g/minc

Nucleus accumbensd 37.008 (14.002) 34.539 (14.571) .08

Caudate nucleus 36.044 (9.859) 31.836 (9.957) .003

Putamen 38.560 (8.583) 34.349 (7.790) .001

Frontal cortex 47.205 (8.788) 43.487 (8.870) .001

Insula 47.065 (8.516) 42.672 (8.110) <.001

Occipital cortex 51.865 (8.564) 48.252 (8.806) .008

Parietal cortexe 51.402 (8.924) 49.643 (9.089) .14

Temporal cortex 52.643 (8.850) 49.615 (10.270) .07

GM 46.213 (7.686) 42.671 (7.803) <.001

sCOV, median (IQR), %c

Nucleus accumbensd 4.29 (3.31-6.16) 4.32 (3.32-6.67) .95

Caudate nucleus 3.82 (3.13-4.55) 3.89 (3.18-5.13) .03

Putamen 2.36 (2.12-2.30) 2.58 (2.21-3.08) .35

Frontal cortex 3.63 (3.05-4.40) 3.62 (3.31-4.37) .94

Insula 3.03 (2.74-3.42) 3.16 (2.78-3.68) .65

Occipital cortex 5.78 (5.16-7.01) 5.45 (4.80-6.41) .19

Parietal cortex 4.90 (4.42-5.86) 4.89 (4.34-5.63) .59

Temporal cortex 4.41 (3.83-5.18) 3.97 (3.71-4.59) .02

GM 3.92 (3.45-4.59) 4.00 (3.56-4.49) .96

WM integrity

MSMD, 10−4 mm2/s 3.387 (0.108) 3.446 (0.103) <.001

WMH volume, median (IQR), mL 0.108 (0.025-0.258) 0.103 (0.033-0.256) .12

Abbreviations: CBF, cerebral blood flow; GM, gray
matter; ICV, intracranial volume; MSMD, mean
skeletonized mean diffusivity; sCOV, spatial coefficient
of variation; WM, white matter; WMH, white matter
hyperintensity.
a Complete data on both time points were available for

61 participants.
b Complete data on both time points were available for

60 participants.
c Complete data on both time points were available for

59 participants.
d Complete data on both time points were available for

49 participants.
e Complete data on both time points were available for

58 participants.
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Figure 1. Plasma Concentrations of Adipokines and Cytokines Among Patients Who Underwent Bariatric Surgery
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Repeated measures analysis of variance were conducted to assess changes in circulating
factors over time. Significant changes over time are indicated by P values. Complete data
for all parameters on both time points were available for 110 participants. For illustrative
purposes 3 extreme high SAA values (111.49 μg/mL, 401.25, and 50.70 μg/mL) at

baseline are not shown. Individual values for every plasma marker are presented in
eTable 4 in Supplement 1. hs-CRP indicates high sensitive C-reactive protein; SAA, serum
amyloid A; TNF-α, tumor necrosis factor α. Dots indicate individual data points; bars,
medians; bars, IQRs; and whiskers, ranges.
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Figure 2. Plasma Concentrations of Cytokines and Brain-Associated Blood-Based Biomarkers Among Patients Who Underwent Bariatric Surgery
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Repeated measures analysis of variance were conducted to assess changes in circulating
factors over time. Significant changes over time are indicated by P values. Complete data
for all parameters on both time points were available for 110 participants, except for
interleukin-1β (IL-1β), for which data from 111 participants were available. For illustrative
purposes 3 extreme high IL-1β values (7.59 pg/mL, 12.75 pg/mL, and 3.94 pg/mL) at
baseline are not shown. At the 2 year time point, 2 extreme high IL-1β values (5.12 and

3.26 pg/mL) was not included for illustrative purposes. Individual values for every plasma
marker are presented in eTable 4 in Supplement 1. BDNF indicates brain derived
neurotrophic factor; NFL = neurofilament light chain; PAI-1 plasminogen activator
inhibitor-1. Dots indicate individual data points; bars, medians; bars, IQRs; and
whiskers, ranges.
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surgery. Furthermore, MRI studies focusing on regional distribution of aging-related GM volumetric
reductions have reported large changes in frontal and temporal lobe.51 In our study, frontal lobe
volumes did not change and temporal cortical thickness was higher after surgery, suggesting that BS
might delay aging-related decline in some regions. Similarly, WM volumes are relatively stable over
time in middle-aged individuals,51 suggesting that WM volumetric changes are not accelerated by
obesity. Moreover, higher NFL and BDNF levels were observed 2 years after surgery. Serum NFL is a
marker associated with neuroaxonal damage and reflects WM integrity.52 NFL levels were
significantly higher at 24 months after BS, but still lower compared with individuals without
neurological anomalies in the same age range.53 This suggests little axonal damage and that lower
MSMD values were not yet reflected in circulating levels. BDNF is a neurotrophic factor involved in
survival and plasticity of neurons.54 It is decreased in obesity55 and Alzheimer disease56 and is
positively associated with WM volume.57 In this study, participants showed higher BDNF levels after
BS, highlighting its potential role in cognition, mood, and protection of WM degeneration.

At baseline and 24 months after surgery, our cohort showed a lower CBF compared with
participants with weight within reference range in a study by Chen et al.58 However, our arterial spin
labeling results revealed promising outcomes in certain brain regions. CBF was significantly lower in
GM, caudate nucleus, putamen, insula, and frontal and occipital cortex after surgery. Contrastingly, in
nucleus accumbens, parietal, and temporal cortex, CBF remained stable after surgery, signifying a
favorable outcome associated with BS. sCOV was higher in caudate nucleus, and lower in the
temporal cortex 24 months after surgery. It is noteworthy that a higher sCOV indicates lower vascular
efficiency of the blood vessels.59 The finding that the temporal cortex showed no change in CBF level
but higher vascular efficiency might be due to lower inflammatory markers and lower blood pressure.
Nonetheless, decline in CBF in most brain regions surpassed the aging-related decline observed in
healthy participants with an age range between 22 and 82 years.60,61 Obesity is associated with
vascular pathologies7 that affect vessel quality, thereby increasing sCOV. Probably, these vascular
alterations and corresponding perfusion irregularities are not yet reversible at 24 months after BS,
which could explain lower CBF levels after surgery. Moreover, we assume that lower CBF levels
contribute to structural brain alterations in some ROIs, as CBF plays a crucial role in maintenance of
GM and WM.62 Notably, previous aging studies investigated healthy individuals, whereas this study
assessed brain changes in people with a history of obesity. Furthermore, these studies used different
MRI acquisition and postprocessing methods, which could induce different results. Nevertheless, we
suggest that aging brain outcomes, as observed in aging studies, are accelerated in individuals with
a history of obesity, but might be stabilized or improved in certain ROIs following BS.

Remarkably, other studies have detected increased brain volumetry after BS,19,20 while we
identified lower or stabilized volumes after surgery. We used high-quality 3T imaging, and cerebral
spinal fluid partial volume outcomes were excluded, which could explain different results. Moreover,
the smaller cohorts and shorter follow-ups of those studies could be influencing factors.
Furthermore, voxel-based morphometry, as used by others,19,20 and Freesurfer may reveal
differences in brain volume reduction, as they use distinct analysis approaches. Additionally, brain
volume reduction differs per region and can be influenced by various additional factors.63

Limitations
Our study has limitations. First, we did not include a control group, making it difficult to conclude
whether outcomes were associated with aging or prolonged obesity. We therefore attempted to
compare results with aging data from other studies, striving to discern age-related changes
independently of the potential influence of prolonged obesity. Second, our study had an unequal sex
distribution, with less than 20% of the sample being male. This is important to consider, as brain
atrophy is greater in women than in men.64 However, the sex distribution of our sample represents
the general BS population.65 Third, cortical surface and curvature (parameters obtainable by
Freesurfer) were not included. These parameters could improve our understanding of change in
cortical volume and thickness after BS. Strengths of the study include a large sample size, a long
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follow-up and use of standardized and parallel versions of cognitive tests and the 20% change index
to control for practice effects. Additionally, we included measures on adipokines and cytokines and
information on physical activity and mood to elucidate potential factors influencing for changes
associated with BS.

Conclusions

The results of this cohort study indicate that cognitive improvement was sustained in approximately
40% of participants at 24 months after BS, potentially due to lower inflammation and adipokine
secretion, remission of comorbidities, higher physical activity, and better mood. These changes were
reflected by stabilized or higher volumes, cortical thickness, and blood vessel efficiency in some
ROIs. More specifically, the nucleus accumbens demonstrated stable CBF and sCOV, complementing
the preserved volume, while the hippocampus and WM exhibited stability in volume. After surgery,
a larger cortical thickness and lower sCOV were observed in the temporal cortex. Altogether, these
results provide new information on longer-term outcomes associated with BS-induced weight loss in
cognition and brain structure and perfusion, although exact underlying mechanisms remain
unsolved. Future studies should include control groups and other mechanisms to clarify cognition
and brain changes after BS. Such studies can contribute to development of strategies to reduce risk
of obesity and neurodegenerative diseases.

ARTICLE INFORMATION
Accepted for Publication: December 18, 2023.

Published: February 9, 2024. doi:10.1001/jamanetworkopen.2023.55380

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2024 Custers E
et al. JAMA Network Open.

Corresponding Author: Amanda J. Kiliaan, PhD, Department of Medical Imaging, Anatomy, Preclinical Imaging
Centre, Radboud Alzheimer Center, Radboud University Medical Center, Donders Institute for Brain, Cognition and
Behaviour, Geert Grooteplein 21N, 6525 EZ Nijmegen, the Netherlands (amanda.kiliaan@radboudumc.nl).

Author Affiliations: Department of Medical Imaging, Anatomy, and Radboud Alzheimer Center, Radboud
University Medical Center, Donders Institute for Brain, Cognition, and Behavior, Nijmegen, the Netherlands
(Custers, Vreeken, Brouwer, Wiesmann, Kiliaan); Department of Bariatric Surgery, Vitalys, part of Rijnstate
hospital, Arnhem, the Netherlands (Custers, Vreeken, Aufenacker, Witteman, Hazebroek); Department of
Metabolic Health Research, Netherlands Organisation for Applied Scientific Research, Leiden, the Netherlands
(Kleemann, Snabel, Gart); Donders Institute for Brain, Cognition and Behaviour, Radboud University, Nijmegen,
the Netherlands (Kessels); Department of Medical Psychology and Radboudumc Alzheimer Center, Radboud
university medical center, Nijmegen, the Netherlands (Kessels); Vincent van Gogh Institute for Psychiatry, Venray,
the Netherlands (Kessels); Medical Image Analysis Center and Department of Biomedical Engineering, University
of Basel, Basel, Switzerland (Duering); Institute for Stroke and Dementia Research, Ludwig Maximilian University
Hospital, Ludwig Maximilian University of Munich, Munich, Germany (Duering); Department of Radiology and
Nuclear Medicine, Amsterdam UMC, location VUmc, Amsterdam Neuroscience, Amsterdam, the Netherlands
(Mutsaerts); Division of Human Nutrition and Health, Wageningen University, Wageningen, the Netherlands
(Hazebroek).

Author Contributions: Ms Custers and Dr Kiliaan had full access to all of the data in the study and take
responsibility for the integrity of the data and the accuracy of the data analysis.

Concept and design: Custers, Witteman, Hazebroek, Kiliaan.

Acquisition, analysis, or interpretation of data: Custers, Vreeken, Kleemann, Kessels, Duering, Brouwer,
Aufenacker, Witteman, Snabel, Gart, Mutsaerts, Wiesmann, Kiliaan.

Drafting of the manuscript: Custers, Brouwer.

Critical review of the manuscript for important intellectual content: Vreeken, Kleemann, Kessels, Duering,
Aufenacker, Witteman, Snabel, Gart, Mutsaerts, Wiesmann, Hazebroek, Kiliaan.

Statistical analysis: Custers, Vreeken, Kessels, Kiliaan.

JAMA Network Open | Nutrition, Obesity, and Exercise Long-Term Brain Structure and Cognition Following Bariatric Surgery

JAMA Network Open. 2024;7(2):e2355380. doi:10.1001/jamanetworkopen.2023.55380 (Reprinted) February 9, 2024 12/16

Downloaded from jamanetwork.com by Wageningen University & Research Library user on 02/29/2024

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.55380&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.55380
https://jamanetwork.com/pages/cc-by-license-permissions/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.55380
mailto:amanda.kiliaan@radboudumc.nl


Obtained funding: Kleemann, Witteman, Kiliaan.

Administrative, technical, or material support: Custers, Kleemann, Kessels, Brouwer, Witteman, Snabel,
Mutsaerts, Kiliaan.

Supervision: Aufenacker, Witteman, Wiesmann, Hazebroek, Kiliaan.

Conflict of Interest Disclosures: Dr Kleemann reported receiving grants from Dutch Top Sector Life Sciences and
Health and serving as director of international research projects with GLoBAL-1 consortium (Netherlands
Organisation for Applied Scientific Research TNO, Radboud University Medical Center, Rijnstate Hospital, and
Nordic Bioscience) outside the submitted work. Dr Kessels reported receiving personal fees from Taylor & Francis,
Hogrefe Test Publishers, Bohn Stafleu van Loghum, Pearson Assessment Netherlands, and University of Michigan.
Dr Gart reported receiving grants from Dutch Top Sector Life Sciences and partnership with the GLoBAL-1
consortium (Netherlands Organisation for Applied Scientific Research TNO, Radboud University Medical Center,
Rijnstate Hospital, and Nordic Bioscience) outside the submitted work. No other disclosures were reported.

Funding/Support: This work was supported by a Rijnstate-Radboudumc Promotion Fund grant. Plasma biomarker
analyses were conducted with funds of TNO research programs ERP-Body-Brain Interactions and PMC-Functional
Biomarkers. Dr Mutsaerts is supported by the Dutch Heart Foundation (grant No. 03-004-2020-T049);
Eurostars-2 Joint Programme with cofunding from the European Union Horizon 2020 Research and Innovation
Programme (grant No. ASPIRE E!113701), provided by the Netherlands Enterprise Agency; and EU Joint Program
for Neurodegenerative Disease Research, provided by the Netherlands Organisation for Health Research and
Development and Alzheimer Nederland (grant No. DEBBIE JPND2020-568-106). No other disclosures were
reported.

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Data Sharing Statement: See Supplement 2.

Additional Contributions: A. Hofboer, BSc (Department of Bariatric Surgery, Vitalys, Rijnstate Hospital),
contributed to participant recruitment and data collection. W. Vening, MD, PhD, and W.A. den Hengst, MD, PhD,
(Department of Bariatric Surgery, Vitalys, Rijnstate Hospital) performed the bariatric surgical procedures.

REFERENCES
1. Apovian CM. Obesity: definition, comorbidities, causes, and burden. Am J Manag Care. 2016;22(7)(suppl):
s176-s185.

2. Medic N, Ziauddeen H, Ersche KD, et al. Increased body mass index is associated with specific regional
alterations in brain structure. Int J Obes (Lond). 2016;40(7):1177-1182. doi:10.1038/ijo.2016.42

3. Shaw ME, Sachdev PS, Abhayaratna W, Anstey KJ, Cherbuin N. Body mass index is associated with cortical
thinning with different patterns in mid- and late-life. Int J Obes (Lond). 2018;42(3):455-461. doi:10.1038/ijo.
2017.254

4. Bobb JF, Schwartz BS, Davatzikos C, Caffo B. Cross-sectional and longitudinal association of body mass index
and brain volume. Hum Brain Mapp. 2014;35(1):75-88. doi:10.1002/hbm.22159

5. Gunstad J, Paul RH, Cohen RA, et al. Relationship between body mass index and brain volume in healthy adults.
Int J Neurosci. 2008;118(11):1582-1593. doi:10.1080/00207450701392282

6. Taki Y, Kinomura S, Sato K, et al. Relationship between body mass index and gray matter volume in 1,428
healthy individuals. Obesity (Silver Spring). 2008;16(1):119-124. doi:10.1038/oby.2007.4

7. Nota MHC, Vreeken D, Wiesmann M, Aarts EO, Hazebroek EJ, Kiliaan AJ. Obesity affects brain structure and
function—rescue by bariatric surgery? Neurosci Biobehav Rev. 2020;108:646-657. doi:10.1016/j.neubiorev.2019.
11.025

8. García-García I, Michaud A, Jurado MA, Dagher A, Morys F. Mechanisms linking obesity and its metabolic
comorbidities with cerebral grey and white matter changes. Rev Endocr Metab Disord. 2022;23(4):833-843. doi:
10.1007/s11154-021-09706-5

9. Knight SP, Laird E, Williamson W, et al. Obesity is associated with reduced cerebral blood flow—modified by
physical activity. Neurobiol Aging. 2021;105:35-47. doi:10.1016/j.neurobiolaging.2021.04.008

10. Dahl A, Hassing LB, Fransson E, et al. Being overweight in midlife is associated with lower cognitive ability and
steeper cognitive decline in late life. J Gerontol A Biol Sci Med Sci. 2010;65(1):57-62. doi:10.1093/gerona/glp035

11. Kesse-Guyot E, Andreeva VA, Touvier M, et al; SU.VI.MAX 2 Research Group. Overall and abdominal adiposity
in midlife and subsequent cognitive function. J Nutr Health Aging. 2015;19(2):183-189. doi:10.1007/s12603-014-
0508-2

JAMA Network Open | Nutrition, Obesity, and Exercise Long-Term Brain Structure and Cognition Following Bariatric Surgery

JAMA Network Open. 2024;7(2):e2355380. doi:10.1001/jamanetworkopen.2023.55380 (Reprinted) February 9, 2024 13/16

Downloaded from jamanetwork.com by Wageningen University & Research Library user on 02/29/2024

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.55380&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.55380
https://www.ncbi.nlm.nih.gov/pubmed/27356115
https://www.ncbi.nlm.nih.gov/pubmed/27356115
https://dx.doi.org/10.1038/ijo.2016.42
https://dx.doi.org/10.1038/ijo.2017.254
https://dx.doi.org/10.1038/ijo.2017.254
https://dx.doi.org/10.1002/hbm.22159
https://dx.doi.org/10.1080/00207450701392282
https://dx.doi.org/10.1038/oby.2007.4
https://dx.doi.org/10.1016/j.neubiorev.2019.11.025
https://dx.doi.org/10.1016/j.neubiorev.2019.11.025
https://dx.doi.org/10.1007/s11154-021-09706-5
https://dx.doi.org/10.1016/j.neurobiolaging.2021.04.008
https://dx.doi.org/10.1093/gerona/glp035
https://dx.doi.org/10.1007/s12603-014-0508-2
https://dx.doi.org/10.1007/s12603-014-0508-2


12. Stanek KM, Strain G, Devlin M, et al. Body mass index and neurocognitive functioning across the adult lifespan.
Neuropsychology. 2013;27(2):141-151. doi:10.1037/a0031988

13. Cheke LG, Bonnici HM, Clayton NS, Simons JS. Obesity and insulin resistance are associated with reduced
activity in core memory regions of the brain. Neuropsychologia. 2017;96:137-149. doi:10.1016/j.neuropsychologia.
2017.01.013

14. Coppin G, Nolan-Poupart S, Jones-Gotman M, Small DM. Working memory and reward association learning
impairments in obesity. Neuropsychologia. 2014;65:146-155. doi:10.1016/j.neuropsychologia.2014.10.004

15. Gunstad J, Paul RH, Cohen RA, Tate DF, Gordon E. Obesity is associated with memory deficits in young and
middle-aged adults. Eat Weight Disord. 2006;11(1):e15-e19. doi:10.1007/BF03327747

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

17. Kaur S, Gonzales MM, Tarumi T, et al. Serum brain-derived neurotrophic factor mediates the relationship
between abdominal adiposity and executive function in middle age. J Int Neuropsychol Soc. 2016;22(5):493-500.
doi:10.1017/S1355617716000230

18. Gloy VL, Briel M, Bhatt DL, et al. Bariatric surgery versus non-surgical treatment for obesity: a systematic
review and meta-analysis of randomised controlled trials. BMJ. 2013;347:f5934. doi:10.1136/bmj.f5934

19. Zhang Y, Ji G, Xu M, et al. Recovery of brain structural abnormalities in morbidly obese patients after bariatric
surgery. Int J Obes (Lond). 2016;40(10):1558-1565. doi:10.1038/ijo.2016.98

20. Tuulari JJ, Karlsson HK, Antikainen O, et al. Bariatric surgery induces white and grey matter density recovery
in the morbidly obese: a voxel-based morphometric study. Hum Brain Mapp. 2016;37(11):3745-3756. doi:10.1002/
hbm.23272

21. Almby KE, Lundqvist MH, Abrahamsson N, et al. Effects of gastric bypass surgery on the brain: simultaneous
assessment of glucose uptake, blood flow, neural activity, and cognitive function during normo- and hypoglycemia.
Diabetes. 2021;70(6):1265-1277. doi:10.2337/db20-1172

22. Vreeken D, Seidel F, Custers EM, et al. Factors associated with cognitive improvement after bariatric surgery
among patients with severe obesity in the Netherlands. JAMA Netw Open. 2023;6(5):e2315936. doi:10.1001/
jamanetworkopen.2023.15936

23. Arnoldussen IAC, Kiliaan AJ, Gustafson DR. Obesity and dementia: adipokines interact with the brain. Eur
Neuropsychopharmacol. 2014;24(12):1982-1999. doi:10.1016/j.euroneuro.2014.03.002

24. Landelijk Trial Register. The effects of weight loss after bariatric surgery on brain function and structure.
Accessed January 3, 2024. https://onderzoekmetmensen.nl/nl/trial/28949

25. Fried M, Hainer V, Basdevant A, et al. Interdisciplinary European guidelines on surgery of severe obesity. Obes
Facts. 2008;1(1):52-59. doi:10.1159/000113937

26. Vreeken D, Wiesmann M, Deden LN, et al. Study rationale and protocol of the BARICO study: a longitudinal,
prospective, observational study to evaluate the effects of weight loss on brain function and structure after
bariatric surgery. BMJ Open. 2019;9(1):e025464. doi:10.1136/bmjopen-2018-025464

27. Wechsler D. Wechsler Adult Intelligence Scale. 4th ed. NCS Pearson; 2008:498.

28. Wilson B, Cockburn J, Baddeley A. The Rivermead Behavioural Memory Test Manual. Thames Valley Test
Corporation; 1991.

29. A test battery for attentional performance. Zimmermann P, Fimm B. Applied Neuropsychology of Attention:
Theory, Diagnosis and Rehabilitation. 1st ed. Psychology Press; 2002:110-151.

30. Schmand B, Groenink SC, van den Dungen M. Letterfluency: psychometrische eigenschappen en Nederlandse
normen. Tijdschr Gerontol Geriatr. 2008;39(2):64-76. doi:10.1007/BF03078128

31. Verhage F. Intelligentie en leeftijd: Onderzoek bij nederlands van twaals to zevenenzeventig jaar. Thesis.
Koninklijke Van Gorcum; 1964.

32. United Nations Educational, Scientific and Cultural Organization; UNESCO Institute for Statistics. International
Standard Classification of Education: ISCED 2011. Accessed November 11, 2023. https://uis.unesco.org/sites/default/
files/documents/international-standard-classification-of-education-isced-2011-en.pdf

33. Collie A, Darby DG, Falleti MG, Silbert BS, Maruff P. Determining the extent of cognitive change after coronary
surgery: a review of statistical procedures. Ann Thorac Surg. 2002;73(6):2005-2011. doi:10.1016/S0003-4975(01)
03375-6

34. Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from magnetic resonance images.
Proc Natl Acad Sci U S A. 2000;97(20):11050-11055. doi:10.1073/pnas.200033797

JAMA Network Open | Nutrition, Obesity, and Exercise Long-Term Brain Structure and Cognition Following Bariatric Surgery

JAMA Network Open. 2024;7(2):e2355380. doi:10.1001/jamanetworkopen.2023.55380 (Reprinted) February 9, 2024 14/16

Downloaded from jamanetwork.com by Wageningen University & Research Library user on 02/29/2024

https://dx.doi.org/10.1037/a0031988
https://dx.doi.org/10.1016/j.neuropsychologia.2017.01.013
https://dx.doi.org/10.1016/j.neuropsychologia.2017.01.013
https://dx.doi.org/10.1016/j.neuropsychologia.2014.10.004
https://dx.doi.org/10.1007/BF03327747
https://dx.doi.org/10.1111/j.1467-789X.2011.00920.x
https://dx.doi.org/10.1017/S1355617716000230
https://dx.doi.org/10.1136/bmj.f5934
https://dx.doi.org/10.1038/ijo.2016.98
https://dx.doi.org/10.1002/hbm.23272
https://dx.doi.org/10.1002/hbm.23272
https://dx.doi.org/10.2337/db20-1172
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.15936&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.55380
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.15936&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.55380
https://dx.doi.org/10.1016/j.euroneuro.2014.03.002
https://onderzoekmetmensen.nl/nl/trial/28949
https://dx.doi.org/10.1159/000113937
https://dx.doi.org/10.1136/bmjopen-2018-025464
https://dx.doi.org/10.1007/BF03078128
https://uis.unesco.org/sites/default/files/documents/international-standard-classification-of-education-isced-2011-en.pdf
https://uis.unesco.org/sites/default/files/documents/international-standard-classification-of-education-isced-2011-en.pdf
https://dx.doi.org/10.1016/S0003-4975(01)03375-6
https://dx.doi.org/10.1016/S0003-4975(01)03375-6
https://dx.doi.org/10.1073/pnas.200033797


35. Desikan RS, Ségonne F, Fischl B, et al. An automated labeling system for subdividing the human cerebral cortex
on MRI scans into gyral based regions of interest. Neuroimage. 2006;31(3):968-980. doi:10.1016/j.neuroimage.
2006.01.021

36. Andermatt S, Pezold S, Cattin PC. Automated segmentation of multiple sclerosis lesions using multi-
dimensional gated recurrent units. In: Crimi A, Bakas S, Kuijf H, Menze B, Reyes M, eds. Brainlesion: Glioma,
Multiple Sclerosis, Stroke and Traumatic Brain Injuries. Springer; 2018. doi:10.1007/978-3-319-75238-9_3

37. Vreeken D, Seidel F, de La Roij G, et al. Impact of white adipose tissue on brain structure, perfusion, and
cognitive function in patients with severe obesity: the BARICO Study. Neurology. 2023;100(7):e703-e718. doi:10.
1212/WNL.0000000000201538

38. GitHub. Peak width of Skeletonized Mean Diffusivity (PSMD). Accessed January 3, 2024. https://github.com/
miac-research/psmd

39. Mutsaerts HJMM, Petr J, Groot P, et al. ExploreASL: An image processing pipeline for multi-center ASL
perfusion MRI studies. Neuroimage. 2020;219:117031. doi:10.1016/j.neuroimage.2020.117031

40. Mutsaerts HJMM, Petr J, Václavů L, et al. The spatial coefficient of variation in arterial spin labeling cerebral
blood flow images. J Cereb Blood Flow Metab. 2017;37(9):3184-3192. doi:10.1177/0271678X16683690

41. Mazziotta J, Toga A, Evans A, et al. A probabilistic atlas and reference system for the human brain: International
Consortium for Brain Mapping (ICBM). Philos Trans R Soc Lond B Biol Sci. 2001;356(1412):1293-1322. doi:10.1098/
rstb.2001.0915

42. Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An inventory for measuring depression. Arch Gen
Psychiatry. 1961;4(6):561-571. doi:10.1001/archpsyc.1961.01710120031004

43. Baecke JAH, Burema J, Frijters JER. A short questionnaire for the measurement of habitual physical activity in
epidemiological studies. Am J Clin Nutr. 1982;36(5):936-942. doi:10.1093/ajcn/36.5.936

44. Alosco ML, Spitznagel MB, Strain G, et al. Improved memory function two years after bariatric surgery. Obesity
(Silver Spring). 2014;22(1):32-38. doi:10.1002/oby.20494

45. Miller LA, Crosby RD, Galioto R, et al. Bariatric surgery patients exhibit improved memory function 12 months
postoperatively. Obes Surg. 2013;23(10):1527-1535. doi:10.1007/s11695-013-0970-7

46. Gunstad J, Strain G, Devlin MJ, et al. Improved memory function 12 weeks after bariatric surgery. Surg Obes
Relat Dis. 2011;7(4):465-472. doi:10.1016/j.soard.2010.09.015

47. Yang Y, Shields GS, Guo C, Liu Y. Executive function performance in obesity and overweight individuals:
a meta-analysis and review. Neurosci Biobehav Rev. 2018;84:225-244. doi:10.1016/j.neubiorev.2017.11.020

48. Alosco ML, Galioto R, Spitznagel MB, et al. Cognitive function after bariatric surgery: evidence for
improvement 3 years after surgery. Am J Surg. 2014;207(6):870-876. doi:10.1016/j.amjsurg.2013.05.018

49. Storsve AB, Fjell AM, Tamnes CK, et al. Differential longitudinal changes in cortical thickness, surface area and
volume across the adult life span: regions of accelerating and decelerating change. J Neurosci. 2014;34(25):
8488-8498. doi:10.1523/JNEUROSCI.0391-14.2014

50. Driscoll I, Davatzikos C, An Y, et al. Longitudinal pattern of regional brain volume change differentiates normal
aging from MCI. Neurology. 2009;72(22):1906-1913. doi:10.1212/WNL.0b013e3181a82634

51. Gunning-Dixon FM, Brickman AM, Cheng JC, Alexopoulos GS. Aging of cerebral white matter: a review of MRI
findings. Int J Geriatr Psychiatry. 2009;24(2):109-117. doi:10.1002/gps.2087

52. Peters N, van Leijsen E, Tuladhar AM, et al. Serum neurofilament light chain is associated with incident lacunes
in progressive cerebral small vessel disease. J Stroke. 2020;22(3):369-376. doi:10.5853/jos.2019.02845

53. Khalil M, Pirpamer L, Hofer E, et al. Serum neurofilament light levels in normal aging and their association with
morphologic brain changes. Nat Commun. 2020;11(1):812. doi:10.1038/s41467-020-14612-6

54. Sandrini L, Di Minno A, Amadio P, Ieraci A, Tremoli E, Barbieri SS. Association between obesity and circulating
brain-derived neurotrophic factor (BDNF) levels: systematic review of literature and meta-analysis. Int J Mol Sci.
2018;19(8):2281. doi:10.3390/ijms19082281

55. Katuri RB, Gaur GS, Sahoo JP, Bobby Z, Shanmugavel K. Association of circulating brain-derived neurotrophic
factor with cognition among adult obese population. J Obes Metab Syndr. 2021;30(2):163-172. doi:10.7570/
jomes20107

56. Faria MC, Gonçalves GS, Rocha NP, et al. Increased plasma levels of BDNF and inflammatory markers in
Alzheimer’s disease. J Psychiatr Res. 2014;53:166-172. doi:10.1016/j.jpsychires.2014.01.019

57. Driscoll I, Martin B, An Y, et al. Plasma BDNF is associated with age-related white matter atrophy but not with
cognitive function in older, non-demented adults. PLoS One. 2012;7(4):e35217. doi:10.1371/journal.pone.0035217

JAMA Network Open | Nutrition, Obesity, and Exercise Long-Term Brain Structure and Cognition Following Bariatric Surgery

JAMA Network Open. 2024;7(2):e2355380. doi:10.1001/jamanetworkopen.2023.55380 (Reprinted) February 9, 2024 15/16

Downloaded from jamanetwork.com by Wageningen University & Research Library user on 02/29/2024

https://dx.doi.org/10.1016/j.neuroimage.2006.01.021
https://dx.doi.org/10.1016/j.neuroimage.2006.01.021
https://dx.doi.org/10.1007/978-3-319-75238-9_3
https://dx.doi.org/10.1212/WNL.0000000000201538
https://dx.doi.org/10.1212/WNL.0000000000201538
https://github.com/miac-research/psmd
https://github.com/miac-research/psmd
https://dx.doi.org/10.1016/j.neuroimage.2020.117031
https://dx.doi.org/10.1177/0271678X16683690
https://dx.doi.org/10.1098/rstb.2001.0915
https://dx.doi.org/10.1098/rstb.2001.0915
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.1961.01710120031004&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.55380
https://dx.doi.org/10.1093/ajcn/36.5.936
https://dx.doi.org/10.1002/oby.20494
https://dx.doi.org/10.1007/s11695-013-0970-7
https://dx.doi.org/10.1016/j.soard.2010.09.015
https://dx.doi.org/10.1016/j.neubiorev.2017.11.020
https://dx.doi.org/10.1016/j.amjsurg.2013.05.018
https://dx.doi.org/10.1523/JNEUROSCI.0391-14.2014
https://dx.doi.org/10.1212/WNL.0b013e3181a82634
https://dx.doi.org/10.1002/gps.2087
https://dx.doi.org/10.5853/jos.2019.02845
https://dx.doi.org/10.1038/s41467-020-14612-6
https://dx.doi.org/10.3390/ijms19082281
https://dx.doi.org/10.7570/jomes20107
https://dx.doi.org/10.7570/jomes20107
https://dx.doi.org/10.1016/j.jpsychires.2014.01.019
https://dx.doi.org/10.1371/journal.pone.0035217


58. Chen JJ, Rosas HD, Salat DH. Age-associated reductions in cerebral blood flow are independent from regional
atrophy. Neuroimage. 2011;55(2):468-478. doi:10.1016/j.neuroimage.2010.12.032

59. Morgan CA, Melzer TR, Roberts RP, et al. Spatial variation of perfusion MRI reflects cognitive decline in mild
cognitive impairment and early dementia. Sci Rep. 2021;11(1):23325. doi:10.1038/s41598-021-02313-z

60. Zhang N, Gordon ML, Goldberg TE. Cerebral blood flow measured by arterial spin labeling MRI at resting state
in normal aging and Alzheimer’s disease. Neurosci Biobehav Rev. 2017;72:168-175. doi:10.1016/j.neubiorev.2016.
11.023

61. Weijs RWJ, Shkredova DA, Brekelmans ACM, Thijssen DHJ, Claassen JAHR. Longitudinal changes in cerebral
blood flow and their relation with cognitive decline in patients with dementia: current knowledge and future
directions. Alzheimers Dement. 2023;19(2):532-548. doi:10.1002/alz.12666

62. Crane DE, Black SE, Ganda A, et al. Gray matter blood flow and volume are reduced in association with white
matter hyperintensity lesion burden: a cross-sectional MRI study. Front Aging Neurosci. 2015;7:131. doi:10.3389/
fnagi.2015.00131

63. Scahill RI, Frost C, Jenkins R, Whitwell JL, Rossor MN, Fox NC. A longitudinal study of brain volume changes in
normal aging using serial registered magnetic resonance imaging. Arch Neurol. 2003;60(7):989-994. doi:10.1001/
archneur.60.7.989

64. Guo JY, Isohanni M, Miettunen J, et al. Brain structural changes in women and men during midlife. Neurosci
Lett. 2016;615:107-112. doi:10.1016/j.neulet.2016.01.007

65. Young MT, Phelan MJ, Nguyen NT. A decade analysis of trends and outcomes of male vs female patients who
underwent bariatric surgery. J Am Coll Surg. 2016;222(3):226-231. doi:10.1016/j.jamcollsurg.2015.11.033

SUPPLEMENT 1.
eFigure 1. Flowchart of the Study
eMethods. Analysis of Adipokines and Cytokines and MRI Acquisition
eTable 1. Cortical Thinning Based on 0.6% Annual Normal Brain Aging Effects
eTable 2. Missing Data Per Outcome Measure at Baseline and 6 Months After Bariatric Surgery
eTable 3. Covariates Included in Repeated Measures ANOVA Analysis
eFigure 2. Changes in Cognitive Outcomes, Physical Activity and Depression Symptoms Among Patients Who
Underwent Bariatric Surgery (n=133)
eTable 4. Change in Plasma Markers Among Patients Who Underwent Bariatric Surgery (n=133)
eReference.

SUPPLEMENT 2.
Data Sharing Statement

JAMA Network Open | Nutrition, Obesity, and Exercise Long-Term Brain Structure and Cognition Following Bariatric Surgery

JAMA Network Open. 2024;7(2):e2355380. doi:10.1001/jamanetworkopen.2023.55380 (Reprinted) February 9, 2024 16/16

Downloaded from jamanetwork.com by Wageningen University & Research Library user on 02/29/2024

https://dx.doi.org/10.1016/j.neuroimage.2010.12.032
https://dx.doi.org/10.1038/s41598-021-02313-z
https://dx.doi.org/10.1016/j.neubiorev.2016.11.023
https://dx.doi.org/10.1016/j.neubiorev.2016.11.023
https://dx.doi.org/10.1002/alz.12666
https://dx.doi.org/10.3389/fnagi.2015.00131
https://dx.doi.org/10.3389/fnagi.2015.00131
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archneur.60.7.989&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.55380
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archneur.60.7.989&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.55380
https://dx.doi.org/10.1016/j.neulet.2016.01.007
https://dx.doi.org/10.1016/j.jamcollsurg.2015.11.033

