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Abstract

There is substantial variability in percent total weight loss (%TWL) following bariatric 

surgery. Functional brain imaging may explain more variance in post-surgical weight loss 

than psychological or metabolic information. Here we examined the neuronal responses during 

anticipatory cues and receipt of drops of milkshake in 52 prebariatric surgery men and women 

with severe obesity (OW, BMI = 35–60 kg/m2) (23 sleeve gastrectomy (SG), 24 Roux-en-Y gastric 

bypass (RYGB), 3 laparoscopic adjustable gastric banding (LAGB), 2 did not undergo surgery) 

and 21 healthy-weight (HW) controls (BMI = 19–27 kg/m2). One-year post-surgery weight loss 

ranged from 3.1 to 44.0 TWL%. Compared to HW, OW had a stronger response to milkshake 

cues (compared to water) in frontal and motor, somatosensory, occipital, and cerebellar regions. 

Responses to milkshake taste receipt (compared to water) differed from HW in frontal, motor, and 

supramarginal regions where OW showed more similar response to water. One year post-surgery, 

responses to high-fat milkshake cues normalized in frontal, motor, and somatosensory regions. 

This change in brain response was related to scores on a composite health index. We found no 

correlation between baseline response to milkshake cues or tastes and%TWL at 1-yr post-surgery. 
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In RYGB participants only, a stronger response to low-fat milkshake and water cues (compared to 

high-fat) in supramarginal and cuneal regions respectively was associated with more weight loss. 

A stronger cerebellar response to high-fat vs low-fat milkshake receipt was also associated with 

more weight loss. We confirm differential responses to anticipatory milkshake cues in participants 

with severe obesity and HW in the largest adult cohort to date. Our brain wide results emphasizes 

the need to look beyond reward and cognitive control regions. Despite the lack of a correlation 

with post-surgical weight loss in the entire surgical group, participants who underwent RYGB 

showed predictive power in several regions and contrasts. Our findings may help in understanding 

the neuronal mechanisms associated with obesity.
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1. Introduction

Bariatric surgery is an effective intervention for severe obesity, however, there is substantial 

variability in the percentage of total weight loss (%TWL) after bariatric surgery. Patients 

typically lose 8–38% of their body weight post-surgery, depending on their pre-surgical BMI 

and type of surgery they underwent (Courcoulas et al., 2013; Higa et al., 2011; Hsieh et 

al., 2014; Lauti et al., 2016). However, within the first three years after surgery, 5–20% of 

patients regain a significant portion of weight lost post-surgery (Courcoulas et al., 2013; 

Lauti et al., 2016), which can increase to > 30% in the following years (Courcoulas et al., 

2018; Lauti et al., 2016). In addition, 25–35% of patients have inadequate initial weight 

loss (Higa et al., 2011). Psychological or metabolic indicators have failed to explain this 

variance in post-surgery weight loss (Courcoulas et al., 2015). Brain activity during rest 

or a task as measured with functional brain imaging, however, has been shown by several 

studies to be associated with post-surgical weight loss (Cerit et al., 2019; Holsen et al., 

2018; Ness et al., 2014). In addition, neuroimaging may provide a better understanding of 

the neuronal mechanisms underlying obesity and weight loss. In this paper we focus on the 

bariatric surgery perspective of anticipatory cues and taste receipt; for more mechanistic and 

physiological information on neural control of responses to food cues in murine models, see 

(Andermann and Lowell, 2017; Livneh et al., 2020; Livneh et al., 2017).

The above studies have looked at different tasks or resting state, and different regions of 

interest. Higher activity in frontal cognitive control regions while participants looked at 

pictures of food (compared to non-food) was correlated with 3 and 6 months post-surgery 

weight loss (Ness et al., 2014) whereas higher activity in reward regions was associated 

with unsuccessful weight loss after psychosocial intervention (Murdaugh et al., 2012). 

Participants with stronger activity in the nucleus accumbens (NAcc) and hypothalamus when 

trying to enhance their amount of craving while looking at a picture of palatable food had 

less 1-year post-surgery weight loss (Holsen et al., 2018). Last, during resting state, stronger 

functional connectivity between the NAcc and insula, and hypothalamus and precentral 

gyrus was correlated with more 1-yr post-surgery weight loss (Cerit et al., 2019).
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Several studies have reported that individuals with obesity (OW) have a different neuronal 

response to the anticipatory cue and receipt of milkshake drops compared to healthy-weight 

(HW) adults and adolescents (Babbs et al., 2013; Ng et al., 2011; Stice et al., 2008b, 

2008a) and children (Bohon, 2017). Moreover, the neuronal response may be indicative 

of future weight gain in HW and OW adults (Geha et al., 2013; Sun et al., 2015) and 

HW adolescents (Stice et al., 2015; Stice and Yokum, 2018). However, despite these 

differences and associations with future weight change, we found no prior studies that had 

examined post-surgical changes in brain response during a milkshake task, or associations of 

pre-surgery brain response with post-surgical weight loss.

Currently, literature on the milkshake task and obesity in adults is characterized by small 

sample sizes (generally less than 20 participants per group) and predefined regions of 

interest, limiting generalizability and leading to inconsistent conclusions. The same holds 

true for studies on associations between pre-surgery imaging and post-surgery weight loss. 

In addition, the use of arbitrary weight loss criteria is not a perfect indicator of “success” 

following bariatric surgery: co-morbidities such as fasting blood sugar, plasma lipids, 

exercise tolerance, and mood can all improve post-surgically. Indeed, although 25–33% 

of the patients who underwent bariatric surgery had inadequate weight loss, only 14% did 

not benefit health-wise (Higa et al., 2011).

To help overcome these limitations, we used an unbiased whole brain approach in 52 

pre-surgery patients with severe obesity and 21 HW controls. To the best of our knowledge, 

this is the first study investigating the milkshake task in adults with severe obesity, and 

the largest cohort of adults with overweight or obesity to date. Outcome measures were 

1-yr post-surgery %TWL and a health-improvement score. We expected to replicate findings 

from existing literature on the differential response to milkshake taste and cue between OW 

and HW (a stronger response in somatosensory regions to taste and cue; the literature is 

not in agreement on the direction of effect in reward regions). In addition, we investigated 

post-surgery changes (compared to pre-surgery) and whether such changes correlated with 

outcome at 1-yr post-surgery. Last, we sought for associations between pre-surgery response 

and 1-yr post-surgery outcome.

2. Materials and methods

2.1. Participants

Eighty-two men and women (age 18–65 years) were recruited from April 2013 to January 

2016 from Hartford Hospital’s Metabolic and Bariatric Surgical Center. Participants 

qualified for RYGB, SG, or LAGB surgery if they had a BMI > 40 or > 35 kg/m2 and 

one or more obesity-related medical comorbidities, and had to receive surgical clearance 

from a multidisciplinary team. Participants were scanned before beginning their glycogen-

depleting diet in preparation for bariatric surgery. Thirty-one healthy-weight participants 

were recruited from the community and hospital employees through flyers. To allow 

for normal weight fluctuations, BMI during scanning was > 25 kg/m2 for 5 participants 

(ranging from 25.1 to 26.7). Exclusion criteria for the study were: history of prior bariatric 

surgery; current tobacco use; pregnancy; current or lifetime Axis-I psychotic or substance 

use disorder as assessed by the Structured Clinical Interview Diagnosis for DSM-IV (SCID-
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IV); history of traumatic brain injury; IQ < 70 (based on Wechsler Abbreviated Scale 

of Intelligence); claustrophobia; positive urine for marijuana, cocaine, or opiates; positive 

alcohol breath test; or any MRI-contraindications (e.g., presence of metal implants). The 

study was approved by Hartford Hospital’s Institutional Review Board and all participants 

gave their written informed consent.

Of the 82 included patients, 12 participants dropped out (scheduling problems (N = 4) or 

MRI-related claustrophobia (N = 8)), 18 participants were excluded from analyses for the 

following reasons: lactose intolerance (N = 3); did not complete the task (N = 4); only 

scanned on day 1 and could not be scheduled for the second scan day (N = 4); incorrect scan 

sequence (N = 3); technical scanner problems (N = 2); had already started their diet (N = 2). 

Four control participants failed to meet inclusion criteria (head injury, low IQ, left handed, 

significant health problems) and two dropped out (scheduling problems and MRI-related 

claustrophobia). Four control participants did not have data for this task: incorrect scan 

sequence (N = 2); skipped the task due to time restraints (N = 1), claustrophobia (N = 1);. 

Final included number of participants was 52 with obesity (OW) and 21 with healthy weight 

(HW). See Table 1 for participant demographics.

2.2. Composite health outcome measure

In addition to weight loss, bariatric surgery has an important effect on health; even 

when weight loss is inadequate (Higa et al., 2011). Therefore, we also investigated the 

correlation between baseline brain response and a more comprehensive composite health 

measure. Principal component analysis was used to summarize multiple dimensions of 

health outcomes, including changes in weight, mental health, quality of life, and metabolic 

measures, accounting for their inter-correlations. To construct this score, difference scores 

were derived from weight, total cholesterol, fasting plasma glucose, fasting plasma insulin, 

hemoglobin A1c, HOMA-IR (Homeostatic Model Assessment for Insulin Resistance), total 

score on Depression Anxiety Stress Scales (Lovibond and Lovibond, 1995), and quality of 

life measures pre-surgically and 1-year post-surgery. A covariance matrix of these outcome 

variables was created, eigenvectors computed and the first principal component extracted. 

Loadings of this component represent the relative contributions of each variable to the 

overall composite measure. The composite score was defined as a linear transformation of 

clinical measures weighted by their component loadings as below (IWQOL = impact of 

weight on quality of life; DASS = depression and anxiety scale):

Composite health index = TWL( % ) − 0.37 ΔTotal Cholesterol
− 0.53 ΔIWQOL − 1.66 ΔDASS Total

2.3. Experimental design

Participants were scheduled for fMRI scanning on two days, on average 3 weeks before 

surgery. All participants completed fMRI tasks around the same time in the morning 

following a participant-confirmed 8 h overnight fast. Scanning sessions were divided into 

two different days due to large number of fMRI tasks.
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The milkshake task was the first MRI paradigm (of several) to be completed on the second 

scan day. Participants were shown pictures of high-fat milkshake, low-fat milkshake, or 

water, accompanied by their respective written words. In the explanation of the task, 

participants were told that they would sometimes receive a drop of the pictured liquid in 

their mouth via a pump and oral manifold. Despite the instruction, only high-fat milkshake 

was used for all milkshake trials, and a tasteless solution for the water trials. Thus, the 

difference between the high-fat and low-fat taste-phase is only different by expectation, as 

the somatosensory input is the same for both milkshake conditions.

This event-related paradigm was adapted from a prior study that shows that an isocaloric 

milkshake with a low-fat label can lead to a different activation response in OW compared 

HW (Ng et al., 2011). Pre-stimulus cues consisted of colored pictures of glasses of water, 

regular high-fat milkshake, or low-fat milkshake with corresponding labels. The pictures 

signaled the delivery of 0.75 ml regular milkshake for both the high-fat and low-fat 

milkshake conditions, and a tasteless solution for water (Gearhardt et al., 2011). A tasteless 

solution (25 mM KCl and 2.5 mM NaHCO3) was used because water has a taste that 

activates the taste cortex (Zald and Pardo, 2000). The gustatory stimuli (milkshake/tasteless) 

were delivered over 3 s, 3–7 s after the cue onset using a custom 3D printed plastic 

manifold. The manifold was placed above participant’s mouth prior to the scan to precisely 

deliver measured drops of the liquids. After the delivery of the taste stimuli, a fixation 

cross appeared for 6–11 s to allow the subject to swallow. There was no rinse; total task 

duration was ~13.5 min per run. The task was divided in two runs with 60 cues presented 

in each run. Over the two runs, 63% (76 out of 120) of the cues were associated with 

delivery of a taste. Pictures were presented using MATLAB with a LCD projector and 

the taste-solutions were delivered using programmable syringe pumps (Braintree Scientific 

BS-8000) controlled by Cogent Graphics (a graphics toolbox for MATLAB, developed by 

John Romaya at the Laboratory of Neurobiology at the Wellcome Department of Imaging 

Neuroscience) to ensure consistent volume, rate and timing of taste delivery.

2.4. Scan parameters and preprocessing

Neuroimaging data were acquired at the Olin Neuropsychiatry Research Center on a wide-

bore Siemens Skyra 3T scanner with software VD13A-SP04 (Siemens, Erlangen, Germany) 

using a 64 channel head coil. Five high-resolution T1-weighted images (Axial MPRAGE, 

TR = 2200 ms, TE = 2.88 ms, TI = 794 ms, Flip angle = 13 °, voxel size = 0.8 mm isotropic, 

FOV = 176 × 256 × 167 mm, iPAT = 3) were collected to achieve better signal to noise ratio. 

The T1 images were aligned and averaged, producing a single high quality T1. Functional 

data were acquired using a multiband gradient-echo sequence (Axial, TR = 475 ms, TE = 

30 ms, FOV = 240 mm, flip angle = 60°, acquisition matrix = 80 × 80, voxel size = 3 mm 

isotropic, number of slices = 48, multi band factor = 8, iPAT = 1).

Data were processed using a standard FSL (version 5.0.8) FEAT pipeline (Smith et al., 

2004; Woolrich et al., 2004, 2001) including high-pass filter at 0.01 Hz, realignment 

with MCFLIRT, fieldmap correction, boundary based registration to T1 via a single band 

reference image, nonlinear registration to standard MNI space (resampling to 2 mm 
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isotropic), FILM prewhitening (Woolrich et al., 2001), Gaussian smoothing at 6 mm full-

width half maximum.

ACompCor (Behzadi et al., 2007; Muschelli et al., 2014) as implemented in nipype (version 

1.6.0; in python version 3.8.5) (Gorgolewski et al., 2011) was used for motion correction. 

Structural T1 scans were segmented with FAST (Zhang et al., 2001); cerebrospinal fluid 

(CSF) and white matter (WM) masks were warped to the functional scans and thresholded at 

99% tissue probability. For WM masks, voxels were included with a intensity of > 0.9 after 

3D 3-voxel kernel mean filtering. For CSF masks, this was > 0.75. More aggressive erosion 

lead to empty masks. CSF and WM masks were combined to one mask. Components that 

explained 50% of the variance were saved and used as confound regressors.

2.5. Statistical analysis

Each task was modeled using FSL FEAT including all task-related events. Gamma function 

(Phase = 0; Stdev = 3; Mean lag = 6) was used for convolution with event regressors. Twelve 

standard motion parameters (x, y, z, roll, yaw, pitch, and their derivatives) were added as 

regressors of no interest. In addition, components from aCompCor were added as confounds. 

Three participants (2 RYGB, 1 SG) had framewise displacement of > 0.5 mm for > 25% 

of the volumes. Analyses were repeated excluding these participants, and analyses were 

repeated added mean FD as a covariate of no interest.

The following second level analyses were tested: HW vs OW; change from baseline to 

1-yr post-surgery in OW; correlation between change and post-surgery outcome; correlation 

between baseline and 1-yr post-surgery outcome. Cross-sectional second level analyses were 

done with PALM (Winkler et al., 2014) in Matlab 2018b with 5000 permutations and the 

recommended tail acceleration (Winkler et al., 2016). Longitudinal second level analyses 

were done with the Sandwich Estimator (Guillaume et al., 2014), as implemented in FSL. 

The model included all baseline OW participants (N = 52), and those with a follow-up scan 

(N = 28). Threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009) settings 

were set the same for PALM and SWE, using the default settings height = 2, extent = 

0.5, cluster = 6. Age, age2, sex, and their interactions, and baseline BMI were included 

as regressors of no interest. The following six contrasts were examined: High-fat Cue > 

Low-fat Cue (HiLo-Cue); Low-fat Cue > Water Cue (LoWa-Cue); High-fat Cue > Water 

Cue (HiWa-Cue); High-fat Taste > Low-fat Taste (HiLo-Taste); Low-fat Taste > Water Taste 

(LoWa-Taste); High-fat Taste > Water Taste (HiWa-Taste). Whole brain gray matter mask 

was created by thresholding FSL’s tissue template at 50%. Differences between each of the 

contrasts were examined for the following comparisons: baseline OW pre-surgery vs HW; 

OW pre-surgery vs post-surgery; correlations of OW pre-surgery BOLD response with one 

year post-surgery %TWL and health index; correlations of OW pre- to post-surgery change 

with%TWL and health index. Significance was determined through TFCE, with whole-brain 

FWE-correction at p < 0.05. Only clusters with k ≥ 10 voxels are reported. Unthresholded 

statistical maps have been uploaded to NeuroVault.org (Gorgolewski et al., 2015) and are 

available at https://neurovault.org/collections/LHFDZIWH/. Due to the large T values (as is 

common with TFCE), we uploaded both the TFCE maps and the voxel-wise z-maps.
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Post hoc tests for sex effects were done in Matlab (2018b) with two sample t-tests on 

the mean value of the significant voxels in the contrast map after regressing out nuisance 

variables (age, age2, sex, and their interactions, baseline BMI). Sex was self-reported; no 

patient had a history of gender reassignment surgery or identified their gender differently 

than their birth-assigned sex.

2.6. Additional region of interest approach

As mentioned above, we used a whole-brain approach to allow for generalizability and 

thorough statistical testing. We repeated the analyses for the follow up correlation with 

a mask including regions reported to be correlated with weight loss after surgery or 

non-surgical weight loss intervention: superior, middle, and medial frontal cortex, inferior 

temporal gyrus, posterior cingulate gyrus (PCC) (Ness et al., 2014); NAcc (Holsen et al., 

2018); insula (Cerit et al., 2019); anterior cingulate cortex (ACC), frontal operculum, insula 

(Murdaugh et al., 2012). Bilateral anatomical regions were taken from the Harvard-Oxford 

atlas (Desikan et al., 2006).

3. Results

3.1. Response to milkshake in HW

In our small sample of N = 21 HW, we found that response in the right inferior frontal 

gyrus (peak at MNI 56, 12, 14) was lower during receipt of a high-fat compared to low-fat 

milkshake (HiLo-Taste; p = 0.032, z = 1083, k = 248, see Fig. 1, Table S1). This finding was 

still present after correcting for mean FD.

3.2. Response to milkshake in HW and OW at baseline

Where HW had a negative response to low-fat milkshakes cues compared to water cue 

(LoWa-Cue), OW (before surgery) showed a positive response. This was seen in areas 

throughout the brain including frontal, pre- and postcentral, and visual regions (Fig. 2, 

Tables S2, S3). The effect was similar over all regions in the contrast (thalamus, caudate, 

insula, frontal regions, pre- and postcentral gyrus, cerebellum, occipital regions, and 

brainstem, see Fig. S1a,b). For the HiWa-Cue the blunted response was limited to a cluster 

around the pre- and postcentral gyrus, predominantly in the right hemisphere (Fig. 1B, Table 

S2). Brain responses to receipt of low-fat or high-fat milkshake (compared to receipt of a 

tasteless solution) also differed from HW: where HW showed a positive response to water 

and a negative response to milkshake, OW had a more similar response to both stimuli. This 

difference was located more in the parietal lobule (Fig. 2, Table S2)

Because of the significantly higher motion in OW (mean (SD) of mean FD = 0.26 (0.09) for 

OW, and 0.19 (0.06) for HW, p = 0.0010), analyses were repeated with mean FD added as 

a nuisance variable. This diminished the differences reported above for LoWa-Cue (a small 

cluster in the left inferior frontal gyrus remained significant (k = 20)) and HiWa-Cue (a 

small cluster in the precentral gyrus remained significant (k = 49)). For the HiWa-Taste the 

group differences were no longer significant. The contrast of LoWa-Taste on the other hand 

became stronger and the cluster expanded to the right temporal cortex.
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When repeating the analyses excluding three participants (OW) with excessive motion (> 

25% frames with FD > 0.5), significance was lost for LoWa-Cue, remained the same 

for HiWa-Cue and HiLo-Taste. For the HiWa-Taste, only a small cluster in the posterior 

supramarginal gyrus remained significant (k = 39).

NEO personality traits (Costa and McCrae, 1992) differed between HW and OW in the 

neuroticism (OW > HW, Hedges’ g = −0.80, p = 0.004) and openness dimension (HW > 

OW, g = 0.58, p = 0.036). Other NEO personality traits and mood based on the Depression 

Anxiety Stress Scales (DASS, Lovibond and Lovibond, 1995) and the Beck Depression 

Inventory (BDI, Beck et al., 1996) did not differ between HW and OW at baseline (ps ≥ 

0.08). See for more detail Table S4. Since the milkshake task is a passive task that is not 

related to impulsivity, it is unlikely that these differences are related to our results.

3.3. Post-surgery changes

OW participants showed pronounced changes in their response to HiWa-Cue in a large 

cluster including among others the superior frontal gyrus, pre- and post-central gyrus and the 

supplementary motor cortex (Fig. 3, Table S5). This region overlapped with the differences 

between OW and HW at baseline (see Fig. 4), indicating that the OW normalized their 

brain responses (compare Figs. 2 and 3). Reponses to milkshake receipt (HiLo-Taste and 

HiWa-Taste) also changed after surgery in several clusters in the frontal cortex (Fig. 4, Table 

S5).

When including mean FD as a covariate in the model, results remained the same for HiWa-

Cue, and became stronger for the HiLo-Taste and HiWa-Taste. After excluding motion 

outliers (N = 3 at baseline, 2 at follow-up), results were similar. Motion did not change 

over time as measured by a paired t-test (mean (sd) FD = 0.23 (0.06), 0.21 (0.12) for pre- 

and post-surgery respectively; t(27) = 1.03, p = 0.31). To increase power by adding all 

baseline participants with obesity, we also checked the change over time in a linear model 

(lmer(meanFD ~ time + (1 ∣ Subj)). This also showed no significant change (χ2 (1) = 3.63, p 
= 0.057.

Changes after surgery were correlated with composite health index scores, but not with 

weight loss. A correlation between the composite health index and change in response 

to HiLo-Taste, was predominantly seen in the right hemisphere, and was strongest in the 

frontal pole (Fig. 5, Tables S6-7). Smaller clusters were found for HiWa-Cue (frontal, pre-, 

and post central gyrus, superior occipital cortex) and HiWa-Taste (insula, superior frontal, 

supplementary motor cortex, right putamen).

When including mean FD as a covariate in the model, results remained the same. Only 

one person qualified as a motion outlier and they had a composite score of 49, which was 

close to the mean (53, with sd = 24). Therefore, this person is unlikely to have had a large 

influence on the results. Change in motion was not correlated with the composite health 

index (r = −0.11, p = 0.59).
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3.4. Baseline correlations with outcome

Baseline scans were not correlated with%TWL nor composite health index one year post-

surgery, also not when looking at predefined regions of interest based on the literature 

(ps > 0.121). When running the analyses separately for SG and RYGB, baseline scans 

of the participants who underwent RYGB (N = 24) were correlated with%TWL for 

three contrasts (HiLo-Cue, HiWa-Cue, HiLo-Taste; Fig. 6, Table S8). For HiLo-Cue, 

responses in the supramarginal gyrus, occipital cortex, and cerebellum were negatively 

correlated with%TWL 1 year after surgery (r = −0.86). See Figure S2 for region-wise 

visualization. The response to HiWa-Cue around the cuneal cortex was also negatively 

correlated to%TWL (r = −0.73). Cerebellar response to HiLo-Taste was positively correlated 

with%TWL. Note that despite the instructions given to participants, both high-fat and 

low-fat milkshake receipts were isocaloric high-fat. The correlation between%TWL and 

the contrast in the significant voxels was r = 0.78. Note that the correlations inflated 

due to selection bias of the voxels in the significant cluster (Kriegeskorte et al., 2009). 

Responses to HiWa-Taste or LoWa-Taste were not correlated with%TWL. There were no 

correlations between baseline scan and composite health index (p > 0.213). No associations 

between baseline scans and outcomes were found for the SG group (N = 21, p > 0.115). 

No associations were found in the whole group (N = 48) when adding surgery type as a 

nuisance variable (p > 0.112).

After including FD as a covariate to the model, as well as after removing 2 motion outliers, 

results were similar but with smaller clusters for HiLo-Cue and HiLo-Taste. Results were 

no longer significant for HiWa-Cue. Baseline motion was not correlated with%TWL in the 

whole group (r = 0.16, p = 0.27) nor in RYGB participants only (r = 0.16, p = 0.45).

3.5. Supplementary analyze

To check whether significant results were due to a sex effect, two-sample t-tests were 

performed for the significant clusters. This was done for the whole group, as well as HW 

and OW separately, and baseline and follow-up for the change over time. For contrasts with 

a brain wide significant cluster (LoWa-Cue in HW vs OW; HiLo-Taste in change over time 

correlation with composite health index; HiLo-Cue in baseline correlation with%TWL), 

effects were also tested in large regions of interest. For all such tests, only one reached 

significance. In the comparison of HW vs OW, in HiWa-Taste women HW (N = 11) had a 

lower response to the high-fat taste than did HW men (N = 10) (t(19) = −3.3, p = 0.004). 

Note the small sample sizes.

4. Discussion

In a cohort of participants with morbid obesity we confirmed previous reports of a 

differential response to anticipatory cues and milkshake receipt in participants with obesity 

compared to healthy-weight controls. This effect was attributable to OW having a more 

similar response to water and milkshake, whereas HW have a more distinct differences 

in their responses to water and milkshake cues and receipts. Brain responses to high-fat 

milkshake cues (compared to water) in somatosensory regions were normalized (i.e. more 

resembles those of HW participants) 1-yr post-surgery compared to pre-surgery. Changes 
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in predominantly frontal responses were correlated to the composite health index. Last, 

correlations between weight loss and pre-surgery brain responses during the milkshake task 

was only seen in RYGB participants in areas surrounding the supramarginal gyrus, cuneus, 

and cerebellum.

To our knowledge, this is the first study to report on the milkshake task in participants 

with obesity before and after bariatric surgery. Despite promising correlations between brain 

responses during this task and weight gain in healthy-weight adolescents (Stice et al., 2015; 

Stice and Yokum, 2018) and healthy to obese weight adults (Geha et al., 2013; Sun et al., 

2015), our study found no correlations with %TWL one year post-surgery in our group 

of 52 participants. However, when examining only participants who underwent RYGB, 

responses to high-fat vs low-fat milkshake cues located in the supramarginal gyrus, superior 

lateral occipital cortex and cerebellum were negatively correlated to %TWL, and cerebellar 

responses to high-fat vs (indicated) low-fat taste receipt were positively correlated with 

%TWL. The taste-phase is only different by expectation, as the somatosensory input is the 

same between both milkshake conditions. Indeed, healthy-weight participants (HW) had a 

differential response to high-fat milkshake taste compared to the low-fat taste (HiLo-Taste), 

despite that the somatosensory input is the same for both milkshakes. This suggests that in 

HW, the right inferior frontal cortex is involved in top-down processing of the perceived 

taste. However, this contrast (HiLo-Taste) did not differ between OW and HW as reported 

by Ng et al. (2011). The cerebellum is involved in reward expectation and prediction (Hull, 

2020), and is associated with addiction and drug craving (Cservenka et al., 2015; Miquel et 

al., 2016; Moreno-Rius and Miquel, 2017; Moulton et al., 2014; Wagner and Luo, 2020) and 

is acutely activated by drugs of abuse (Moulton et al., 2014). Interestingly, a recent study 

showed its involvement in taste discrimination (Avery et al., 2020). Our results suggest that a 

stronger reward and/or expectation-driven cerebellar response to the high-fat milkshake taste 

(compared to the low-fat indicated milkshake) may be related to more weight loss. Together, 

this shows the importance of including the cerebellum in whole brain analyses.

Despite these plausible relations between cerebellar response to reward receipt and post-

surgical %TWL, this effect was only seen in RYGB participants. First and foremost, the 

small sample size could explain different findings between surgery types. Although this 

is a large sample in the literature of neuroimaging and bariatric surgery, small samples 

sizes run the risk of false positives. This was nicely demonstrated by Stice and Yokum 

(2018) in the context of this specific task, but see for more in depth overviews (Bossier 

et al., 2020; Turner et al., 2018; Varoquaux, 2018). Second, several studies reported that 

post-intervention change in brain response differs across surgery types (Baboumian et al., 

2019; Faulconbridge et al., 2016) and non-surgical weight loss programs compared to LAGB 

(Bruce et al., 2014). The fact that brain changes may depend on surgery type allows the 

possibility that a specific intervention “targets” a specific brain circuit, which could explain 

how activation of specific regions can correlate with %TWL in RYGB but not SG. Third, 

patients who opt for RYGB may be drawn from a different population than those opting 

for SG. Indeed, on average RYGB patients have a higher BMI and more comorbidities 

(Nasser et al., 2020). This difference was also seen in our sample (summed over presence 

of diabetes, hypertension, hyperlipidemia, GERD, sleep apnea, χ2 (1, N = 47) = 9.6, 

p = 0.002), although baseline BMI did not differ between SG and RYGB participants. 
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Different patient characteristics and comorbidities may be associated with different brain 

characteristics and brain responses. Fourth, on average RYGB leads to more weight loss than 

SG (Courcoulas et al., 2015; Li et al., 2016; McTigue et al., 2020), possibly also leading to 

a difference in variation of %TWL between the two groups. However, there was no weight 

loss difference between surgery types in our sample and from Fig. 2B we can infer that the 

correlation in RYGB participants was not driven by the presence of more participants with 

more %TWL. In summary, it is plausible that cerebellar neuronal responses to the receipt of 

a drop of milkshake are associated with weight loss one year post-surgery in RYGB but not 

SG participants. Nevertheless, as noted, the results should be interpreted with caution as the 

sample size is small (N = 24).

Regions previously associated with post-surgery weight loss were not correlated with 

%TWL in our study. The most readily explanation for that is that none of the previous 

studies employed the gustatory food cue task. However, this task (when whole brain 

corrected) has been reported to correlate with future weight gain in HW adolescents 

(Stice et al., 2015; Stice and Yokum, 2018) and HW and OW adults (Geha et al., 2013). 

However, adolescents may have different brain responses during this task as they undergo 

a period of intense brain development (Durston and Casey, 2006) and have a higher reward-

sensitivity and reward system activation (van Duijvenvoorde et al., 2016). In addition, as 

both the current study and others have found, OW brains, compared to HW brains, respond 

differently to anticipatory cues and milkshake receipts (Babbs et al., 2013; Ng et al., 2011; 

Stice et al., 2008b, 2008a). Thus, networks and processes associated with weight gain in HW 

can differ from those in OW. Last, two studies reported that the associations between change 

in BMI and neuronal responses of the milkshake task depended on the presence of the Taq 

polymorphism (Stice et al., 2008a; Sun et al., 2015), although this finding was not replicated 

(Stice and Yokum, 2018).

To the best of our knowledge, our milkshake study includes the largest cohort of adults with 

severe obesity to date. We found a strong, widespread stronger response in OW compared to 

HW during the anticipatory cue for the delivery of a drop of milkshake, and a much smaller 

blunted response to the receipt of high-fat or (indicated) low-fat milkshake. Most milkshake 

studies reported a difference between OW and HW for the taste-phase but not during the 

anticipatory cue (Babbs et al., 2013; Bohon, 2017; Stice et al., 2011). The two studies that 

found a different response to the anticipatory cue also reported a stronger response in OW 

(Ng et al., 2011; Stice et al., 2008b). Findings on responses to taste-receipt are inconsistent; 

both diminished (Babbs et al., 2013; Stice et al., 2008a) and stronger response to taste 

(Ng et al., 2011; Stice et al., 2011) in reward regions have been reported. These studies 

included younger participants (14–25 years), and looked at predefined regions with a liberal 

statistical threshold. One study with a larger sample size (N = 55 + 53) and whole brain 

approach reported a stronger response in somatosensory processing areas in adolescents 

at high compared to low risk for obesity (Shaerrer et al., 2018). In summary, different 

results can be explained by small sample sizes; a predefined ROI approach which reduces 

generalizability and lowers the statistical threshold; liberal statistics; and different group 

characteristics (e.g. BMI, age).
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Another source of variance is amount of motion in the scanner, and the method of motion 

correction. OW had higher within-scanner motion than HW, and correction for motion 

reduced the group differences. Despite the reduction in significance, we emphasize that 

scans were motion corrected (aCompCor), which increased power over all analyses (our 

initial analyses were done without aCompCor). In addition, correcting for mean FD may be 

throwing the baby out with the bathwater because of the inherent genetic relation between 

motion and BMI (Hodgson et al., 2017). Although a recent study did show a decrease in 

motion after surgery (Beyer et al., 2020), we did not find such changes in our sample. 

Nevertheless, motion remains an important source of bias, and its relation to variables of 

interest complicates interpretation.

Interestingly, in our data, the difference between HW and OW response to the anticipatory 

cue was more widespread for the low-fat than for the high-fat milkshake cue. Several studies 

support a differential response to visual images of high- and low-energy-dense foods (Siep et 

al., 2009; Zoon et al., 2018a), possibly because unhealthy foods elicit ambivalent responses 

(craving but avoiding) (Deluchi et al., 2017; Nijs and Franken, 2012). A more variable 

response to high-fat milkshake cue could explain the more focused motor related response to 

the anticipatory cue, whereas the low-fat cue led in addition to the motor related response, 

also to responses in regions related to reward expectation and anticipation (cerebellum, 

caudate, thalamus), evaluation (cingulate), visual processing (cuneus, precuneus, calcarine 

gyrus), and cognitive control (frontal cortex).

One year after bariatric surgery, brain responses to milkshake cues were decreased in 

primary motor and somatosensory cortices, whereas brain responses to milkshake taste 

receipt were increased in frontal regions. These results are in agreement with the literature 

on visual food cues which also report decreases in primary motor cortex after weight 

loss intervention (Murdaugh et al., 2012), and increases in frontal regions after bariatric 

surgery (Baboumian et al., 2019; Bruce et al., 2012; Zoon et al., 2018b). The decrease 

in motor response overlapped with the difference between HW and OW, and suggests 

that surgery normalized the brain responses to anticipatory high-fat milkshake cues (HiWa-

Cues). Moreover, OW who had a more normalized response to HiWa-Cues in motor regions 

after surgery, had a better health outcome after surgery. The composite health index includes 

weight loss, improvement in depression, anxiety, impact of weight on quality of life, 

and cholesterol. Since weight loss was not correlated with changes in brain responses, 

this correlation may reflect improvements in psychological state. However, because of the 

complexity of the change over time (because it includes four variables) and the composite 

health index, in combination with a small sample size (N = 28 with baseline and follow-up 

scan) and small correlations, the results need to be interpreted with caution.

Several limitations to this study should be taken into account. First, although our sample size 

is relatively large in this field, several studies have shown that sample sizes need to be much 

larger to allow for reliable replication (Bossier et al., 2020; Turner et al., 2018; Varoquaux, 

2018). The lack of a HW-follow-up group also limits statistical interpretation. We did do 

our best to limit the false positive rate by using whole brain non-parametric statistical 

methods (cf, Eklund et al., 2016). Second, although BMI is an easy and often used metric 

of obesity, it is not a good proxy for the underlying metabolic alterations. It is possible 
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that brain differences between OW and HW are less driven by BMI and more by other 

metrics of obesity such as waist circumference and fasting insulin levels (Farruggia et al., 

2020). This could increase variability in obese samples and add to the lack of convergence 

in the literature. A recent meta-analysis has shown that for the visual food cue, there are 

no differences between brain responses of OW and HW, but that age may be an important 

factor (Morys et al., 2020). Third, the sample included participants who underwent different 

surgery types, and post-surgery brain changes differ may across surgery types (Baboumian 

et al., 2019; Faulconbridge et al., 2016). This may lead to increased variation in pre- to 

post-surgery brain changes, which could explain the absence of longitudinal changes in 

our study. Fourth, the balance between men and women was unequal. Previous studies 

have demonstrated that women respond differently to visual food images (Chao et al., 

2017). However, sex was included as a nuisance variable in all analyses and there were 

no sex differences in our findings. In addition, men and women did not differ in terms of 

surgery type, baseline BMI, or %TWL; although men did have more comorbidities (higher 

prevalence of sleep apnea, higher HDL values). Last, we did not have information on 

subjective ratings of milkshake or artificial saliva pleasantness, or the frequency of personal 

milkshake consumption. Experienced pleasantness may depend on BMI (Gobbi et al., 2020) 

and correlate with local brain responses (Small et al., 2003).

In conclusion, our results of brain wide blunted response of individuals with severe obesity 

(compared to healthy weight individuals) during anticipatory cues emphasizes the need to 

look beyond reward and cognitive control regions. In addition, cerebellar activation during 

the milkshake task might hold predictive information on post-surgery weight loss, however, 

since we only found that in a sub-sample, this finding needs to replicated in a larger sample.
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Fig. 1. 
Healthy weight participants had a stronger response to low-fat compared to high-fat 

milkshake. Maps are thresholded at p < 0.05, whole-brain corrected with TFCE and FWE. 

Boxplots show the mean BOLD response over all significant voxels for the significant 

contrast.
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Fig. 2. 
Different activation in HW and OW in response to a low-fat or high-fat cue preceding 

the possible receipt of a milkshake drop (compared to a cue indicating receipt water), and 

receipt of low-fat and high-fat milkshake taste (compared to a tasteless solution). Maps are 

thresholded at p < 0.05, whole-brain corrected with TFCE and FWE. Boxplots show the 

mean BOLD response over all significant voxels of the significant contrasts. Boxplots are 

shown for all conditions using the mask of the significant contrast. See also Tables S2-3; 

Fig. S1a,b.
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Fig. 3. 
Significant change between baseline and 1-yr post-surgery in participants with obesity. Maps 

are thresholded at p < 0.05, whole-brain corrected with TFCE and FWE. Boxplots show 

the mean BOLD response over all significant voxels for the specific contrast. Boxplots are 

shown for all conditions using the mask of the significant contrast. See also Table S5.
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Fig. 4. 
Overlap (yellow) between the group differences between OW and HW (red), and the change 

over time (blue).
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Fig. 5. 
Correlation between change over time (1-yr post-surgery minus baseline) and composite 

health index. Maps are thresholded at p < 0.05, whole-brain corrected with TFCE and FWE. 

See also Tables S6,7.
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Fig. 6. 
Response to high-fat vs low-fat milkshake cues and taste correlated with%TWL in RYGB 

(blue circles), but not SG (red diamonds) participants. Note that participants received high-

fat taste in both conditions, but were told that it was low-fat in the low-fat condition. 

Map is thresholded at p < 0.05, whole-brain corrected with TFCE and FWE. Note that 

the correlation is inflated due to selection bias of the voxels in the significant cluster 

(Kriegeskorte et al., 2009). See also Table S8; Fig. S2.
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