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Abstract

IMPORTANCE Bariatric surgery-induced weight loss is often associated with improved cognitive
function. However, improvement in cognitive function is not always exhibited by all patients, and the
mechanisms behind cognitive improvement remain unknown.

OBJECTIVE To investigate the association of changes in adipokines, inflammatory factors, mood,
and physical activity with alterations in cognitive function after bariatric surgery among patients with
severe obesity.

DESIGN, SETTING, AND PARTICIPANTS This cohort study included 156 patients with severe
obesity (body mass index [calculated as weight in kilograms divided by height in meters squared],
>35) eligible for Roux-en-Y gastric bypass, aged between 35 and 55 years, who were enrolled in the
BARICO (Bariatric Surgery Rijnstate and Radboudumc Neuroimaging and Cognition in Obesity) study
between September 1, 2018, and December 31, 2020. Follow-up was completed July 31, 2021; 146
participants completed the 6-month follow-up and were included in the analysis.

INTERVENTION Roux-en-Y gastric bypass.

MAIN OUTCOMES AND MEASURES Overall cognitive performance (based on a 20% change index
of the compound z score), inflammatory factors (eg, C-reactive protein and interleukin 6 levels),
adipokines (eg, leptin and adiponectin levels), mood (assessed via the Beck Depression Inventory),
and physical activity (assessed with the Baecke questionnaire).

RESULTS A total of 146 patients (mean [SD] age, 46.1 [5.7] years; 124 women [84.9%]) completed
the 6-month follow-up and were included. After bariatric surgery, all plasma levels of inflammatory
markers, including C-reactive protein (median change, -0.32 mg/dL [IQR, -0.57 to -0.16 mg/dL];

P <.001) and leptin (median change, -51.5 pg/mL [IQR, -68.0 to -38.4 pg/mL]; P < .001), were lower,
whereas adiponectin levels were higher (median change, 0.15 pg/mL [IQR, -0.20 to 0.62 pg/mL];

P < .001), depressive symptoms were (partly) resolved (median change in Beck Depression
Inventory score, -3 [IQR, -6 to OJ; P < .001), and physical activity level was higher (mean [SD] change
in Baecke score, 0.7 [1.1]; P < .001). Cognitive improvement was observed in 43.8% (57 of 130) of the
participants overall. This group had lower C-reactive protein (0.11vs 0.24 mg/dL; P = .04) and leptin
levels (11.8 vs 14.5 pg/mL; P = .04) and fewer depressive symptoms at 6 months (4 vs 5; P = .045)
compared with the group of participants who did not show cognitive improvement.

CONCLUSIONS AND RELEVANCE This study suggests that lower C-reactive protein and leptin
levels, as well as fewer depressive symptoms, might partly explain the mechanisms behind cognitive
improvement after bariatric surgery.
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Key Points

Question Are changes in adipokines,
inflammatory factors, mood, and
physical activity associated with
cognitive improvement 6 months after

bariatric surgery?

Findings In this cohort study of 156
participants with severe obesity who
underwent bariatric surgery, 43.8% of
the participants experienced overall
cognitive improvement 6 months after
surgery. This group had lower C-reactive
protein and leptin levels and fewer
depressive symptoms 6 months after
surgery compared with the group of
participants who did not show cognitive

improvement.

Meaning This study suggests that
reduced C-reactive protein and leptin
levels, as well as fewer depressive
symptoms, might partly explain the
mechanisms behind cognitive
improvement after bariatric surgery.
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Introduction

Obesity is a worldwide major health challenge.' It is associated with metabolic disorders, and obesity
in midlife is considered a risk factor for cognitive decline and dementia at later ages.>*

Obesity seems to affect multiple cognitive domains, such as memory, verbal fluency, and
executive functions.* Weight loss after bariatric surgery is associated with improved cognition.>®
Improvements in memory and executive functions have been found 3 months to 3 years after
bariatric surgery.”® However, not all studies of bariatric surgery reported cognitive improvement,>'©
and the mechanisms behind such improvement are not well established yet, to our knowledge. Some
proposed mechanisms are changes in white adipose tissue and related adipokines, reduced systemic
inflammation, and improved mood and physical activity.>""""* Classification of patients into those
with improved cognition and those without cognitive improvement might reveal more information
on the potential underlying mechanisms.

White adipose tissue is an endocrine organ regulating secretion of adipokines and cytokines,
such as leptin, adiponectin, and proinflammatory cytokines.™ In obesity, the secretion of
proinflammatory adipokines is increased, resulting in systemic low-grade inflammation.'>'® These
adipokines and proinflammatory cytokines may influence structural and functional changes in the
brain.™ However, associations between other inflammatory factors, such as C-reactive protein (CRP)
level, and cognitive function among people with obesity are inconsistent. An association between
higher levels of CRP and impairment in cognitive flexibility was observed," or it was found for women
only,"® while other studies failed to replicate this finding.'" Leptin has been shown to be an important
factor associated with attentional performance among individuals with obesity.2° After bariatric
surgery, reduced inflammation and changes in adipokines are observed, indicating that reduced
inflammation may improve cognition after bariatric surgery. Furthermore, mood and physical activity
play a major role in cognitive performance.'?' After surgery, changes in mood and increased physical
activity are often observed; therefore, these lifestyle factors may be a mechanistic link between
bariatric surgery and cognitive improvement.”

In this study, we investigated the association between changes in adipokines, inflammatory
factors, mood, and physical activity with cognitive function. Data were collected before and 6
months after bariatric surgery for adults with severe obesity (body mass index [BMI; calculated as
weight in kilograms divided by height in meters squared], >35) enrolled in the BARICO (Bariatric
Surgery Rijnstate and Radboudumc Neuroimaging and Cognition in Obesity) study. We also
compared individuals with improved cognition with those without cognitive improvement. The
results provide a better understanding of the potential mechanisms underlying cognitive
improvement after bariatric surgery and may help to develop personalized strategies
complementary to bariatric surgery.

Methods

Study Population

Data from the BARICO study were analyzed.?' Between September 1, 2018, and December 31, 2020,
patients were recruited at the Rijnstate Hospital (Arnhem, the Netherlands). Participants were aged
35 to 55 years at recruitment and eligible for Roux-en-Y gastric bypass surgery. Neurologic or severe
psychiatric illness, pregnancy, and treatment with any antibiotics, probiotics, or prebiotics 3 months
before or at any point during the study (excluding preoperative prophylaxis) were exclusion criteria.
Follow-up was completed July 31, 2021. Cognitive performance was assessed before and 6 months
after surgery using neuropsychological tests. At both time points, blood samples were collected,
anthropometric data were recorded, and participants filled out questionnaires. The study was
approved by the Medical Ethics Committee CMO region Arnhem-Nijmegen and the local institutional
ethics committee. The study was conducted according to the Declaration of Helsinki®? and according
to the ICH Harmonised Tripartite Guideline for Good Clinical Practice.?® All participants provided
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written informed consent. The study was prospectively registered in the Dutch Trial Registry.?* The
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guideline was followed.

Anthropometric Data and Blood Samples

Anthropometric measurements included blood pressure, body weight, BMI, waist circumference
(WQ), and percentage total body weight loss, defined as weight loss divided by total weight before
Roux-en-Y gastric bypass surgery. Fasting (=3 hours) blood samples were collected at both time
points. Plasma levels of CRP, leptin, adiponectin, serum amyloid A (SAA), and plasminogen activator
inhibitor 1 (PAI-T) were determined with human enzyme-linked immunosorbent assays. Tumor
necrosis factor (TNF), interleukin 1B (IL-1B), and interleukin 6 (IL-6) levels were determined with
single molecule array technology using the SP-X Imaging and Analysis system (Quanterix).

Cognitive Outcomes

Cognitive performance was assessed by trained researchers using neuropsychological tests,
described elsewhere.?' All tests are standardized, demonstrate good validity, and have good retest
reliability. In short, general cognition was assessed by the Montreal Cognitive Assessment.?
Summed scores of the 3 trials (forward, backward, and sorting) of the Digit Span test (Wechsler Adult
Intelligence Scale-Fourth Edition) were used to determine working memory.2® Episodic memory was
assessed via the immediate and delayed Story Recall Test from the Rivermead Behavioral Memory
test.?” The Controlled Oral Word Association Test (COWAT) was used to determine verbal fluency.2®
Last, the Flexibility subtest from the Tests of Attentional Performance, version 2.3, was used to study
ability to shift attention.?® Two different versions of the Montreal Cognitive Assessment, Story Recall
Test, and COWAT for each time point were used to overcome material-specific practice effects. A
compound score for global cognitive function was calculated by taking the mean of the z scores of
the total score of the Digit Span Test, the Story Recall Test, and COWAT and the Flexibility subtest
score from the Tests of Attentional Performance. The z scores at 6 months were based on the mean
(SD) of each test score in the sample at baseline.

To examine individual associations of the surgery with cognitive test outcomes, we calculated
the 20% change index.2° This index assumes significant cognitive improvement if the postoperative
test score is 20% higher than the preoperative test score. The following formula was used to
calculate this index: 5(x; - x;)/x;, where x, is the postoperative test score and x, the preoperative test
score. This score was calculated for each domain separately and for the compound z score. An index
of 1.00 or more indicates significant improvement.

Educational Level

Educational level was determined via the Verhage score, using 7 categories (1 = less than primary
school; 7 = academic degree) based on the Dutch educational system that are comparable with the
International Standard Classification of Education.>"3? A score of 4 or less is defined as a low
educational level, a score of 5 is defined as a middle educational level, and a score of 6 or 7 is defined
as a high educational level.

Questionnaires

Participants filled in standardized, online questionnaires at both time points. To assess depressive
symptoms, the Beck Depression Inventory (BDI) (edition 1a) was used.>* The BDl is a 21-item self-
reported questionnaire determining the presence of depressive symptoms over the past 2 weeks.
Each response is scored on a scale ranging from O (absence of symptom) to 3 (severe symptom). A
total score from O to 9 indicates minimal depression, 10 to 20 indicates mild depression, 21to 30
indicates moderate depression, and 31 or more indicates severe depression. To assess physical
activity, the Baecke questionnaire was used,* which contains 16 questions with a 5-point Likert scale
on the time spent on various activities. Three index scores for work, sport, and leisure were
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combined into 1total score. The total score ranges from 3 to 15; higher scores indicate a higher
physical activity level.

Statistical Analysis

Statistical analyses were performed using IBM SPSS statistics, version 25 (SPSS Inc). Normality was
checked for continuous variables. When assumptions on normality were not met, a natural log
transformation or nonparametric test was used. To test changes over time, repeated-measures
analyses of variance (ANOVA), the Wilcoxon signed rank test, or the 2 test were used for continuous
parametric, continuous nonparametric, and categorical data, respectively. To compare changes in
cognitive test scores over time, the following covariates were selected: age, sex, educational level,
and preoperative BMI. None of the covariates had a significant association with the change in
cognitive test scores or showed interaction with cognitive test scores over time. Therefore, no
covariates were added. Statistical tests were 2-sided, and the a level was set at .05.

Next, we examined differences between participants showing overall cognitive improvement
compared with those not showing cognitive improvement, based on the 20% change index for the
compound z score. A participant was classified as improved when his or her index score was 1.00 or
more. First, we tested whether the groups differed based on age, sex, and educational level (eTable 1
in Supplement 1). Since this was not the case, we did not add covariates in the model. Repeated-
measures ANOVA was performed to test differences between groups regarding weight loss,
circulating plasma markers, mood, and physical activity levels with time as within-participant
variables and assigned groups as a between-participant variable. Furthermore, we explored the
group x time interaction within the model. For nonnormally distributed data, the Mann-Whitney test
at 6 months was used. Last, we explored whether changes in cognition were associated with changes
in weight loss, circulating plasma markers, mood, and physical activity levels using bivariate
correlations.

Results

Descriptive Statistics

A total of 146 patients (mean [SD] age, 46.1 [5.7] years; 124 women [84.9%]) were included in the
analyses (eFigure 1and eTable 2 in Supplement 1). Participants’ characteristics are listed in Table 1.3'
Mean weight, BMI, WC, and blood pressure were significantly lower after surgery. Participants also
used significantly less medication for comorbidities, such as diabetes and hypertension, and fewer

participants reported use of antidepressants.

Changes in Adipokines and Inflammatory Markers

Changes in plasma adipokine levels and inflammatory markers are depicted in Figure 1. Less
inflammation was observed after surgery (eTable 3 in Supplement 1). Furthermore, levels of leptin
(median change, -51.5 pg/mL [IQR, -68.0 to -38.4 pg/mL]; P < .001), CRP (median change, -0.32
mg/dL [IQR, -0.57 to -0.16 mg/dL] [to convert to mg/L, multiply by 10.0]; P < .001), and PAI-1
(median change, -11.2 ng/mL [IQR, -28.0 to 7.6 ng/mL]) were lower, whereas adiponectin levels were
higher (median change, 0.15 pg/mL [IQR, -0.20 to 0.62 pg/mL]; P < .001).

Changes in Cognitive Function, Mood, and Physical Activity

Cognitive test scores were higher 6 months after surgery for all cognitive domains (Table 2; eFigure 2
in Supplement 1). Based on the 20% change index, 39.0% of the participants (57 of 146) showed
improvement in episodic memory (Story Recall), and 42.3% of the participants (55 of 130) showed
an ability to shift attention (Tests of Attentional Performance Flexibility index score). Only 11.0% of
the participants (11 of 146) showed improvement in working memory (Digit Span), and 28.1% of the
participants (41 of 146) showed improvement in verbal fluency (COWAT). Lower BDI scores were
observed (median change, -3 [IQR, -6 to O]; P < .001), indicating improved mood. At baseline, 27.5%
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of the participants (39 of 142) showed mild depressive symptoms, and 14.1% participants (20 of 142)
showed moderate depressive symptoms. Only 8.0% (11 of 138) and 5.8% (8 of 138) of the
participants continued to show symptoms of, respectively, mild and moderate depression after
surgery. Furthermore, a higher Baecke score was observed after surgery (mean [SD] change, 0.7 [1.1];
P <.001), indicating higher physical activity levels.

Next, we divided the group into improvers and nonimprovers based on their overall cognitive
improvement, defined as a 20% change index of 1.00 or more for their compound z score. In total,
43.8% of the participants (57 of 130) were classified as cognitive improvers who had lower cognitive
test scores at baseline compared with nonimprovers (eTable 1in Supplement 1). After surgery, both
groups showed lower BMI, WC, CRP level, leptin level, SAA level, IL-18 level, PAI-1level, and BDI score,
as well as a higher Baecke score (Table 3). Typical of improvers was a more pronounced reduction of
median CRP and leptin levels compared with nonimprovers (CRP: improvers, from 0.42 mg/dL [IQR,
0.24-0.70 mg/dL] to 0.11 mg/dL [IQR, 0.05-0.23 mg/dL]; P < .001; nonimprovers, from 0.70 mg/dL
[IQR, 0.41-1.22 mg/dL] to 0.24 mg/dL [IQR, 0.07-0.41 mg/dL]; P < .001; and leptin: improvers, from
63.7 pg/mL [IQR, 47.9-79.5 pg/mL] to 11.8 pg/mL [IQR, 8.0-19.8 pg/mL]; P < .001; nonimprovers,
from 72.6 pg/mL [IQR, 58.9-90.6 pg/mL] to 14.5 pg/mL [IQR, 9.8-23.2 pg/mL]; P < .001). Improvers
also showed a lower median BDI score after surgery compared with nonimprovers (improvers, from
8[IQR, 4-11]to 4 [IQR, 3-6]; P < .001; nonimprovers, from 8 [IQR, 5-14] to 5 [IQR, 3-8]; P = .045).

Furthermore, a group x time interaction effect for adiponectin (F; gg = 9.49; P = .003), TNF
(Fr108 =5.97; P =.02), and IL-6 (Fy;0g = 7.27; P = .01) was shown. Only cognitive improvers showed
higher median adiponectin levels after bariatric surgery (improvers, from 2.3 pg/mL [IQR, 1.7-2.9
pg/mL] to 2.6 pg/mL [IQR, 1.9-3.7 pg/mL]; P < .001; nonimprovers, from 2.4 pg/mL[IQR, 1.9-2.7
pg/mL] to 2.4 pg/mL [IQR, 2.1-2.9 pg/mL]; P = .38) (Table 3; eFigure 3 in Supplement 1). However, no
significant differences were observed between improvers and nonimprovers at both time points in
adiponectin level (baseline, P = .11; at 6 months, P = .14). Only nonimprovers showed a significant
change in median TNF and IL-6 levels over time (TNF: improvers, from 3.9 pg/mL [IQR, 3.0-5.2
pg/mL]to 3.8 pg/mL [IQR, 3.3-4.5 pg/mL]; P = .39; nonimprovers, from 4.4 pg/mL [IQR, 3.4-5.7
pg/mL]to 3.2 pg/mL[IQR, 2.7-4.2 pg/mL]; P < .001; and IL-6: improvers, from 1.7 pg/mL [IQR, 1.3-2.8
pg/mL]to 1.6 pg/mL[IQR, 1.2-2.4 pg/mL]; P = .16; nonimprovers, from 2.5 pg/mL [IQR, 1.4-3.6

Table 1. Characteristics of Participants (N = 146)

Characteristic Baseline At 6 mo F or x2 value? P value
Age, mean (SD), y 46.1 (5.7) NA NA NA
Sex, women, No. (%) 124 (84.9) NA NA NA
Weight, mean (SD), kg 122.2 (16.0) 89.0(12.9) 2864.65° <.001°
BMI, median (IQR) 41.2 (36.7-44.0) 30.0(27.9-32.8) 3095.64° <.001°
TBWL, mean (SD), % NA 27.2 (4.9) NA NA
WC, median (IQR), cm® 123 (116-134.8) 98 (91.5-111) 839.69° <.001°
Educational level, No. (%)¢
Low 14 (9.6) NA NA NA
Middle 79 (54.1) NA NA NA
High 53(36.3) NA NA NA
Use of medication, No. (%)
Oral antidiabetics 14 (9.6) 8(5.5) 79.80° <.001°
Insulin therapy 8 (5.5) 3(2.1) 52.84° <.001°
Blood pressure-lowering agents 52 (35.6) 33(22.6) 69.99° <.001°
Lipid-lowering agents 20(13.7) 13(8.9) 89.25° <.001°
Antidepressants 16 (11.0) 11 (7.5) 96.66° <.001°
Blood pressure, median (IQR), mm Hg®
Systolic 136.5(125-147) 125.0(114-136) 43.80° <.001°
Diastolic 84.0(80-91) 80.0 (73-85) 24.00° <.001°
MoCA score, median (IQR) 27 (24-27) 27 (25-28) 1.83 .18

Abbreviations: BMI, body mass index (calculated as
weight in kilograms divided by height in meters
squared); MoCA, Montreal Cognitive Assessment; NA,
not applicable; TBWL, total body weight loss; WC,
waist circumference.

@ Repeated-measures analyses of variance or 2 tests
were conducted to examine changes in
characteristics over time.

b Significant change over time.

¢ Complete data on both time points were available for
108 participants.

d A Verhage score of 4 or less is defined as low
educational level, a Verhage score of 5 as a middle
educational level, and a Verhage scoreof 6or 7 as a
high educational level.3'

€ Complete data on both time points were available for
115 participants.
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pg/mL]to 1.6 pg/mL[IQR, 0.9-2.1 pg/mL]; P < .001) (Table 3; eFigure 3 in Supplement 1).
Anthropometric measurements and physical activity did not differ between both groups. eTable 4 in
Supplement 1shows the correlation coefficients between changes in cognitive test scores and

Figure 1. Box Plots With Plasma Concentrations of Adipokines and Inflammatory Markers Before and 6 Months After Bariatric Surgery and the Change
Between These 2 Time Points
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For illustrative purposes, 2 extreme high serum amyloid A (SAA) values (111.49 and 151.18 within 1.5x the IQR from the upper or lower quartile (or the minium and maximum if

pg/mL) and 1interleukin 1B (IL-1B) value (7.59 pg/mL) at the baseline measurement are within 1.5x the IQR of the quartiles), and data more extreme than the whiskers are
not shown in the graphs. Repeated-measures analyses of variance were conducted to plotted individually as outliers (circles). CRP indicates C-reactive protein; IL-6, interleukin
examine changes of time. The difference over time for IL-1B is based on the Wilcoxon 6; PAI-1, plasminogen activator inhibitor 1; and TNF, tumor necrosis factor. SI conversion

signed rank test. The horizontal bar inside the boxes indicates the median, and the lower  factor: To convert CRP to mg/L, multiply by 10.0.
and upper ends of the boxes are the first and third quartiles. The whiskers indicate values
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changes in obesity indices, plasma markers, BDI, and physical activity. Change in BMI and WC were
both positively correlated with change in verbal fluency (BMI: r = 0.21; P = .02; WC: r = 0.23;

P =.02). Change in TNF level was positively correlated with improvement in working memory
(r=018; P =.04), and change in IL-6 level was positively correlated with episodic memory (r = 0.18;
P =.049).

Discussion

In this study, we wanted to reveal the underlying processes involved in cognitive improvement after
bariatric surgery. Cognitive improvement was observed for all cognitive domains after surgery. Taking
repeated testing into account, 43.8% of the participants showed improvement in overall cognitive
function. Furthermore, 6 months after bariatric surgery, significant improvements in general health
were observed, such as less inflammation; lowered leptin, SAA, and PAI-1levels; higher adiponectin
level; lower blood pressure; less use of medication for comorbidities (such as diabetes and
hypertension); less reported use of antidepressants; improved mood; and higher physical activity
levels (Figure 2). Participants classified as cognitive improvers had lower CRP and leptin levels and
fewer depressive symptoms after surgery than nonimprovers. This association was independent of
physical activity and anthropometric measures.

Consistent with past studies, our results indicate an association between cognitive
improvement and bariatric surgery.>’® Most earlier studies did not control for repeated testing. In
this study, we used the 20% change index, which demonstrated that only part of the participants
showed reliable cognitive improvement according to this relatively strict definition, although the
reliable change index or the inclusion of a control group remains the preferred method to study
cognitive changes. Studies that were performed earlier often described improvement in memory,
executive function, and cognitive control after bariatric surgery.>® The largest effect sizes in our
study were found for the cognitive domains of verbal fluency and ability to shift attention (ie,
executive functions). Larger changes in BMI and WC were associated with a higher change in the
ability to shift attention as well. This finding is supported by a meta-analysis showing deficits in
executive functions associated with obesity.3> Our results suggest that obesity-associated cognitive
decline is at least partly reversible by bariatric surgery. Based on the 20% change index, we found
reliable cognitive improvement in approximately 39% of the participants. These participants had

Table 2. Changes in Cognitive Outcomes, Depression Symptoms, and Physical Activity Among Patients Undergoing Bariatric Surgery (N = 146)

Mean (SD) value

Improved, based on 20%

Test Baseline At 6 mo F or z value® P value® n? Value? change index, No. (%)
Cognition
Digit Span (sum of forward, backward and sorting) 25.88 (4.82) 26.47 (4.49) 5.39° .02° 0.04 16 (11.0)
Story Recall (sum of immediate and delayed recall) 16.83 (6.57) 18.51 (6.42) 10.45° .002° 0.07 57 (39.0)
COWAT 37.62 (10.67) 40.86 (11.61) 22.72° <.001° 0.14 41(28.1)
TAP Flexibility index score® -2.85(8.24) 0.86 (8.44) 35.36° <.001° 0.22 55 (42.3)
Compound z-score© 0.01 (0.68) 0.28 (0.65) 56.55° <.001° 0.31 57 (43.8)
BDI score, median (IQR)¢ 9(5to013) 5(3to7) -6.67° <.001° NA NA
Minimal, No./total No. (%) 79/142 (55.6) 119/138 (86.2) NA NA NA NA
Mild, No./total No. (%) 39/142 (27.5) 11/138(8.0) NA NA NA NA
Moderate, No./total No. (%) 20/142 (14.1) 8/138 (5.8) NA NA NA NA
Severe, No. (%) 4/142 (2.8) 0 NA NA NA NA
Baecke score® 7.75(1.21) 8.45(1.21) 48.77° <.001P 0.30 NA
Abbreviations: BDI, Beck Depression Inventory; COWAT, Controlled Oral Word ¢ Complete data on both time points were available for 130 participants.
Association Test; NA, not applicable; TAP, Tests of Attentional Performance. 9 Wilcoxon signed rank test was conducted to examine changes of time. Complete data
@ Repeated-measures analyses of variance or the Wilcoxon signed rank test were on both time points were available for 138 participants.

conducted to examine changes in characteristics over time. ¢ Complete data on both time points were available for 114 participants.

b Significant change over time.
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lower baseline cognitive test scores, indicating either a higher range of improvement in these lower-

scoring individuals or a higher test sensitivity toward change in this group. They also showed
improved liver (CRP) and white adipose tissue-related (leptin) biomarkers, confirming large

heterogeneity in obesity.>®

Lower CRP and leptin levels and fewer depressive symptoms were observed in participants with
cognitive improvement compared with nonimprovers, although nonimprovers did show lower CRP
and leptin levels and fewer depressive symptoms as well. CRP is a liver-specific and highly sensitive
inflammation marker. Results regarding CRP with higher leptin levels suggest that concerted
beneficial associations with biomarkers of the liver and white adipose tissue are seen among

Table 3. Differences in Anthropometric Measures, Plasma Levels, Mood, and Physical Activity Between Cognitive Improvers and Nonimprovers 6 Months

After Bariatric Surgery
Between groups,
repeated-measures
Within groups® ANOVA?
Improvers (n = 57) Nonimprovers (n = 73)
Baseline, At 6 mo, Baseline, At 6 mo,
Outcome median (IQR) median (IQR) Forzvalue Pvalue median (IQR) median (IQR)  Forzvalue Pvalue Forzvalue Pvalue
Anthropometric
measurements
TBWL, mean (SD), %> NA 27.1(5.5) NA NA NA 27.1(4.6) NA NA 0.00 .98
BMI 40.9 (383 to 29.6 (27.1to  973.51¢ <.001¢ 41.3(39.8to 30.5(28.1to0  1824.90° <.001¢ 1.73 .19
43.9) 32.7) 44.1) 33.0)
WC, cm? 123.0(115to 100.0 (92 to 307.87¢ <.001¢ 125.0(116.0to  98.0(91.0to  537.94¢ <.001¢ 0.03 87
134) 112) 136.5) 107.8 to)
Blood pressure, mm Hg®
Systolic 137 (127.5t0  120.5(112to  5.55¢ .04 136 (124 to 124(115t0  19.26¢ <001  0.62 43
147) 135) 150) 138)
Diastolic 84 (80 to 79 (71to 14.40°¢ <.001¢ 84 (79to 80 (74 to 8.69¢ .005¢ 0.43 51
92) 89) 92) 86)
Plasma levels
CRP, mg/dLf 0.42 (0.24 to 0.11(0.05to  183.17¢ <.001¢ 0.70 (0.41to 0.24(0.07to  178.89¢ <.001¢ 4.48¢ .04¢
0.70) 0.23) 1.22) 0.41)
Leptin, pg/mL? 63.7 (47.9to 11.8(8.0to 458.26°¢ <.001¢ 72.6 (58.9to 14.5(9.8to 658.48¢ <.001¢ 4.32¢ .04¢
79.5) 19.8) 90.6) 23.2)
Adiponectin, pg/mL%" 2.3 (1.7 to 2.6 (1.9to 21.19¢ <.001¢ 2.4(1.9to 24(2.1to 0.79 .38 NA NA
2.9) 3.7) 2.7) 2.9)
SAA, pg/mlf 7.0(5.0to 2.2(1.1to 153.18¢ <.001¢ 9.0(5.8to 2.3(1.2to 246.70¢ <.001°¢ 2.62 11
11.7) 3.7) 21.6) 5.7)
TNF, pg/mL"i 3.9(3.0to 3.8(3.3to 0.76 .39 4.43.4t0 3.2(2.7to 15.65¢ <.001°¢ NA NA
5.2) 4.5) 5.7) 4.2)
IL-1B, pg/mL" 0.16 (0.05 to 0.04(0.00to  -3.42° <.001¢ 0.18 (0.08 to 0.06 (0.00to  -3.42¢ <.001¢ -0.19 .85
0.36) 0.16) 0.38) 0.20)
IL-6, pg/mL" 1.7 (1.3to 1.6 (1.2to 2.09 .16 2.5(1l.4t0 1.6 (0.9 to 27.6¢ <.001¢ NA NA
2.8) 2.4) 3.6) 2.1)
PAI-1, ng/mL* 43.4(31.8t0 28.5(23.3t0  6.10° .02¢ 38.89(29.7 to 29.1(19.5t0  11.06° .002¢ 0.66 42
55.8) 44.6) 57.6) 42.6)
BDI score™ 8(4to 4(3to -4.39¢ <.001¢ 8(5to 5(3to -4.36¢ <.001¢ -2.01¢ .045¢
11) 6) 14) 8)
Baecke score, mean (SD)! 7.7 (1.3) 8.4(1.3) 17.75°¢ <.001¢ 7.8(1.3) 8.4(1.1) 24.63¢ <.001¢ 0.03 88

Abbreviations: ANOVA, analysis of variance; BDI, Beck Depression Inventory; BMI, body
mass index (calculated as weight in kilograms divided by height in meters squared); CRP,
C-reactive protein; IL-1B, interleukin 1B; IL-6, interleukin 6; NA, not applicable; PAI-1,
plasminogen activator inhibitor 1; SAA, serum amyloid A; TBWL, total body weight loss;
TNF, tumor necrosis factor; WC, waist circumference.

Sl conversion factor: To convert CRP to mg/L, multiply by 10.0.

2 Repeated-measures ANOVA was conducted to examine differences within and
between improvers and nonimprovers.

b F value based on a 1-way ANOVA between improvers and nonimprovers.
< Significant change within and between groups.
d Complete data on both time points were available for 98 participants.

€ Complete data on both time points were available for 101 participants.

f Complete data on both time points were available for 110 participants.
& Complete data on both time points were available for 100 participants.
" The zscore is based on the Wilcoxon signed-rank test.

i Agroup x time interaction effect was found; therefore, further analyses were
performed (eFigure 3 in Supplement 1).

J The z score is based on the Mann-Whitney test comparing 6-month values between
improvers and nonimprovers. Data were available for 125 participants.

¥ The z score is based on the Mann-Whitney test comparing 6-month values between
improvers and nonimprovers. Data were available for 124 participants.

' Complete data on both time points were available for 106 participants.
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cognitive improvers. This finding indicates the importance of improvement in metabolic function for
cognitive improvement. Furthermore, an interaction was observed for adiponectin, TNF, and IL-6.
Cognitive improvers did not show less TNF and IL-6 over time, while nonimprovers did. However,
TNF and IL-6 values were within the normal range for healthy adults for both groups, making these
differences less relevant.3”8 Adiponectin levels were higher among improvers after bariatric
surgery, but not among nonimprovers. Adiponectin is an important adipokine with multiple
functions, such as anti-inflammatory effects, inhibiting formation of atherosclerosis, and glucose
regulation, but it also shows neuroprotective effects.'394C Adiponectin seems to be associated with
memory performance.*' Altogether, our results indicate the importance of improvement in liver and
white adipose tissue functioning for cognitive improvement.

One of the most pronounced outcomes of bariatric surgery that was also observed in our study
is reduced obesity-related comorbidities, such as hypertension and diabetes. Remission of
hypertension has a positive influence on vascular wall health and might be associated with improved
blood circulation and cerebral blood flow.**#* Cognitive functioning is generally correlated with
cerebral blood flow,** implying that cerebrovascular changes after bariatric surgery may be
associated with cognitive improvement. Structural brain changes in obesity, such as reduced
hippocampal and gray matter volume, have been linked to impaired glucose and insulin regulation,*®
suggesting that improvement in diabetes and glucose regulation might also be associated with
cognitive improvement after bariatric surgery. Whether cognitive improvement after bariatric
surgery is associated with cerebrovascular function and glycemic control needs to be further
investigated.

Earlier studies focused on separate associations of CRP and leptin levels with cognitive
functioning after bariatric surgery. A study in a comparable patient population did not find an
association between CRP level and cognitive improvement after surgery; however, there were some
differences compared with our study™ (ie, differences in age range of patients and statistical
analysis), and they tested multiple domains separately instead of using 1global cognitive score.
These differences and the fact that we divided the participants into 2 groups based on overall
cognitive performance might explain the discrepancy in results. Other studies support the
hypothesis that lower cognitive function among individuals with obesity is associated with systemic
inflammation.'”'®4® Our results regarding leptin are consistent with an earlier study in which lower
leptin levels 12 months after bariatric surgery were associated with better executive function.*’

Fewer depressive symptoms were observed among cognitive improvers, indicating that
cognitive functioning is associated with mood.'? The exact mechanism linking obesity, depression,
and cognitive function is most likely complex because these factors are all interrelated, making
causality difficult to establish.*'>#® Physical activity did not differ between participants with and
participants without cognitive improvement, ruling out physical activity as a potential factor
underlying cognitive improvement. Overall, we did not find many differences between participants
regarding change in physical activity level. The physical activity results might have been influenced
by social desirability because self-reported data were used*®; therefore, a more objective
measurement for physical activity is advised in future studies.

Figure 2. Schematic Summary of the Main Results

6 mo after RYGB
Baseline T Adiponectin 57 (43.8%) Had cognitive improvement
Physical activity 73 (56.2%) Had no cognitive improvement o L .
BARICO cohort ) BARICO indicates Bariatric Surgery Rijnstate and

146 Patients with severe obesity |, pycp » Body weight, BMI, WC L L ;

Mean (SD) age of 46.1 (5.7) y Hypertension, diabetes Improved vs no improvement: Radboudumc Neuroimaging and Cognition in Obesity;

84.9% Women Inﬂammatorly markers (eg, CRP) CRP BMI, body mass index; CRP, C-reactive protein; PAI-1,
Leptin, PAI- Leptin . . .
e B S E SRS plasminogen activator inhibitor 1; RYGB, Roux-en-Y

gastric bypass; and WC, waist circumference.
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Limitations and Strengths

Our study has some limitations. First, due to a relatively short follow-up, it is not possible to suggest
longer-term associations of weight loss with reductions in the risk of neurogenerative diseases.
Second, beause this study lacks a control group, we had to control for possible practice or learning
effects of repeated testing using standardized multiple versions of cognitive tests and the 20%
change index. We believe that combining these 2 methods gives a good representation of actual
cognitive improvement. Third, because this study is an observational study, it is not possible to draw
conclusions on causality, and follow-up intervention studies are therefore planned. The study also
has some strengths, including a large sample size, the dividing of the groups into cognitive improvers
and nonimprovers, and the inclusion of multiple variables for better understanding of the factors
associated with cognitive improvement after bariatric surgery.

Conclusions

The results of this cohort study suggest an association between bariatric surgery and cognitive
improvement for approximately 39% of the participants. Furthermore, lower inflammation, changes
in adipokines, improved mood, and higher physical activity levels were seen. The observed changes
in liver-specific inflammation (CRP levels), adipokines (leptin levels), and depressive symptoms
might partly explain the mechanism behind cognitive improvement after bariatric surgery. The
further reductions in CRP and leptin levels specifically among cognitive improvers indicate the
importance of improving the metabolic-inflammatory condition of both organs to improve cognition.
The exact interaction between individual biomarkers and how they are mechanistically associated
with cognitive function in multiple domains remains unsolved. Future studies should include a
control group and multiple other potential mechanisms to clarify cognitive improvement after
bariatric surgery, such as cerebrovascular function, glycemic control, microbiota, eating disorders, or
nutrition (eg, caloric restriction). Furthermore, longitudinal studies are needed to study cognition
and weight loss over time and to investigate whether weight loss might reduce the risk of
neurodegenerative diseases.
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