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ABSTRACT
Background: Functional MRI (fMRI) tasks are increasingly being
used to advance knowledge of the etiology and maintenance of
obesity and eating disorders. Thus, understanding the test-retest
reliability of BOLD signal contrasts from these tasks is important.
Objectives: To evaluate test-retest reliability of responses in reward-
related brain regions to food receipt paradigms (palatable tastes,
anticipated palatable tastes), food picture paradigms (high-calorie
food pictures), a monetary reward paradigm (winning money and
anticipating winning money), and a thin female model picture
paradigm (thin female model pictures).
Method: We conducted secondary univariate contrast-based anal-
yses in data drawn from 4 repeated-measures fMRI studies.
Participants (Study 1: N = 60, mean [M] age = 15.2 ± 1.1 y; Study
2: N = 109, M age = 15.1 ± 0.9 y; Study 3: N = 39, M age =
21.2 ± 3.7 y; Study 4: N = 62, M age = 29.7 ± 6.2 y) completed
the same tasks over 3-wk to 3-y test-retest intervals. Studies 3
and 4 included participants with eating disorders and obesity,
respectively
Results: Test-retest reliability of the food receipt and food picture
paradigms was poor, with average ICC values ranging from 0.07
to 0.20. The monetary reward paradigm and the thin female model
picture paradigm also showed poor test-retest reliability: average
ICC values 0.21 and 0.12, respectively. Although several regions
demonstrated moderate to good test-retest reliability, these results did
not replicate across studies using similar paradigms. In Studies 3 and
4, but not Study 1, test-retest reliability in visual processing regions
was moderate to good when contrasting single conditions with a low-
level baseline.
Conclusions: Results underscore the importance of examining the
temporal reliability of fMRI tasks and call for the development
and use of well-validated standardized fMRI tasks in eating- and
obesity-related studies that can provide more reliable measures of
neural activation. The trials were registered at clinicaltrials.gov as
NCT02084836, NCT01949636, NCT03261050, and NCT03375853.
Am J Clin Nutr 2021;0:1–16.
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Introduction
There has been an explosion of studies searching for neural

vulnerability factors that predict overeating and future weight
gain, serve as biomarkers for treatment response, and capture
neural plasticity resulting from overeating that may maintain
obesity (1–3). These studies have advanced etiologic theory and
identified intervention targets for obesity and eating disorder
prevention programs and treatments, but concerns have been
raised about the reproducibility, or reliability of findings from
functional MRI (fMRI) studies (4–6).

Prior reviews have found moderate average test-retest reli-
ability for a range of nonfood fMRI paradigms. Bennett and
Miller (7) found a mean (M) intraclass correlation coefficient
(ICC) = 0.50 (range ICC: 0.17–0.75; range interval: 1–413 d)
and Elliott et al., (8) an M ICC = 0.40 (range ICC: –0.04–
0.92; range interval: 1–1008 d), though several fMRI tasks
analyzed by Elliott et al. (8) showed poor test-retest reliability
(M ICC = 0.23). Few studies have evaluated the reliability of
fMRI tasks used in eating and obesity-related studies. We used
whole-brain analyses to test whether neural responsivity to tastes
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of milkshake predicted future weight gain and then evaluated
whether the effects replicated in 10 randomly selected bootstrap
samples from the larger dataset (6); results from the whole-brain
analyses only replicated in 5 or fewer of the bootstrap samples.
In a second study, we attempted to replicate the finding that
elevated striatal and lateral orbitofrontal cortex (OFC) response
to high-calorie food pictures predicts elevated future weight gain
(9); elevated striatal response only predicted weight gain in 2 of
the 6 examined datasets. Another team (10) examined the test-
retest reliability of fasted-state reward-associated brain responses
to a food picture fMRI paradigm in adults with overweight and
obesity over 18 d; results showed poor test-retest reliability; M
ICC = 0.17.

As the associations between fMRI activation and weight gain
show limited reproducibility in our studies, it seemed critical to
investigate the test-retest reliability of the activation produced
by the fMRI tasks. In the present study, we examined test-retest
reliability of responses in reward-related brain regions to food
receipt paradigms, food picture paradigms, a monetary reward
paradigm, and a thin female model picture paradigm (i.e. model
picture paradigm). A limitation of studies that examined test-
retest reliability of fMRI paradigms is that most used small
samples and examined only short test-retest intervals (7, 8). We
conducted secondary analyses in data drawn from 4 separate
repeated-measures studies with sample sizes ranging from N = 39
to 109 in which participants completed the same tasks over
3-wk to 3-y test-retest intervals. Prior studies have examined
test-retest reliability of non-fMRI tasks (11) and fMRI tasks (4)
over multiyear intervals in children and adolescents. However, no
study has examined long-term test-retest reliability of fMRI tasks
used in eating and weight-related studies. We therefore examined
test-retest reliability of our fMRI tasks over 3-y intervals in
2 studies with adolescents.

Methods

Study 1

Participants.

In total, 162 healthy weight adolescents were recruited from
Eugene, Oregon, via advertisements for a 3-y prospective
study on neural vulnerability factors that predict weight gain
(NCT02084836; see Supplementary Figure 1 for participant
flow chart). The primary aim of Study 1 was to examine neural
risk factors that predict future weight gain (12). Exclusion
criteria were fMRI contraindicators (e.g. dental braces), a BMI
(BMI = kg/m2) <18 or >25, binge eating or compensatory be-
havior in the past 3 mo, current use of psychoactive medications
or drugs more than once weekly, or Axis I psychiatric disorder
in the past year. Participants in this study and Study 2 provided
written assent and legal guardians provided written informed
consent and participants in Studies 3 and 4 provided written
informed consent according to the Declaration of Helsinki. The
Oregon Research Institute Institutional Review Board approved
this study and the other studies mentioned below. All 162
participants completed baseline scans. We invited participants
to repeat the fMRI tasks a second time at 2- or 3-y follow-up
when they showed either a ≥3% increase in body fat, a ≥3%
decrease in body fat, or less than a 2% change in body fat

over follow-up. We selected these definitions of weight gain,
weight loss, and weight stability after the first year of the study
because we estimated that they would allow us to invite enough
participants back to complete a second scan to create large
enough cell sizes for testing whether participants who gained
weight showed differential changes in the BOLD response to
these paradigms than participants who showed weight stability
(13). In total, 65 adolescents fitted one of these criteria and were
scanned a second time at either 2- or 3-y follow-up. However,
data from 5 participants were excluded from analyses due to
excessive movement (n = 1), incomplete scans (n = 2), and
acquisition errors (n = 2), resulting in n = 60 (34 females; M
age = 15.2 ± 1.1; M BMI = 21.1 ± 1.9; self-reported ethnic and
racial backgrounds: 11.7% Hispanic American, 3.8% American
Indian/Alaska Native, 1.9% Asian American, 75.1% white, 7.5%
mixed racial heritage). Of the n = 60 who completed a second
scan, 39 participants completed the second scan at the 2-y follow-
up and 21 at the 3-y follow-up. For the current analyses, we
combined the scan data from both follow-ups and assessed test-
retest reliability between the baseline scan and the follow-up scan
(either 2- or 3-y follow-up).

fMRI paradigms.

Participants completed a food receipt paradigm and a monetary
reward paradigm (Table 1; [14]). All pictures in this study and
in Studies 2–4 were modified for consistent size, resolution,
and luminance. The food receipt paradigm assesses the BOLD
response to receipt and anticipated receipt of a chocolate
milkshake and a tasteless solution. Stimuli were 2 pictures
(glasses of milkshake and water, 50 repeats of each) that cued
the delivery of either 0.5 cc milkshake or tasteless solution
(30 repeats of each). On 40% of the trials, the taste was not
delivered following the cue. As no differences were observed
between paired and unpaired milkshake and tasteless solution
cues, paired and unpaired cues were combined for analyses to
increase sensitivity (12). Pictures were presented for 2 s, followed
by a jittered blank screen (1–7 s). Taste delivery (30 repeats each)
occurred 10 s after cue onset and lasted 5 s, followed by a swallow
cue (2 s). The trial ended with a second 1–7 s jitter. Stimuli were
presented in 5 runs (9.5 min/run). The order of the 5 runs was
randomized over participants.

The monetary reward paradigm assesses the BOLD response
to receipt and anticipated receipt of monetary reward. Stimuli
consisted of 3 coins (heads or tails). During the task, a coin on the
left side of the screen would blink heads (H) or tails (T) 2–4 times
for 300 ms per blink before it “landed” on either H or T. After 2 s,
a second coin in the middle of the screen blinked 4–6 times before
landing on H or T. After 3 s, a third coin blinked 8–10 times on
the right side of the screen before landing on H or T. After the
presentation of the 3 coins, a message (2–3 s) appeared saying;
“You win $3” or “You don’t win,” followed by a fixation cross
(2 s). Participants won $3 each time 3 H or 3 T were displayed.
We did not include a motor response because we did not want to
confound motor responsivity with activation of reward circuitry
to receiving and anticipating receiving monetary reward. In total,
there were 16 repeats of a winning coin display (3 H or 3 T in
a row), 28 repeats of a potential winning coin display (2 H or 2
T in a row), and 44 reward neutral coin displays (the time the
first coin stopped blinking [1 H or 1 T]). Stimuli were presented
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TABLE 1 Overview of samples, fMRI tasks, and contrasts1

Study Interval (wk) Sample fMRI task Contrasts

Study 1
M = 126.8 ± 25.53

60 healthy weight
adolescents (male
and female; mean
[M]
age = 15.2 ± 1.1)

Food receipt; 5 runs Milkshake glass >water glass;
milkshake receipt >tasteless
solution receipt

Monetary reward; 2
runs

Potential winning coin display
(2 H or 2 T in a row)
>reward neutral coin
display (the time the first
coin stopped blinking [1 H
or 1 T]); winning coin
display (third coin stopped
blinking and matched
previous 2) >reward neutral
coin display

Study 2
M = 153.62 ± 5.48

109 healthy weight
adolescents (male
and female; M
age = 15.1 ± 0.9)

Food picture; 1 run Appetizing food
pictures >unappetizing food
pictures; appetizing food
pictures >glasses of water

Food receipt; 2 runs High-fat/high-sugar milkshake
receipt >tasteless solution
receipt; high-fat/low-sugar
milkshake receipt >tasteless
solution receipt;
low-fat/high-sugar
milkshake receipt >tasteless
solution receipt;
low-fat/low-sugar milkshake
receipt >tasteless solution
receipt

Study 3 M = 8.74 ± 1.84 39 females with eating
disorders (M
age = 21.2 ± 3.7)

Food picture; 1 run High-calorie binge
foods >low-calorie healthy
foods

Model picture; 1 run Thin models >average-weight
models

Study 4 M = 3.03 ± 0.72 62 overweight and
obese adults (male
and female; M
age = 29.7 ± 6.2)

Food picture; 1 run Appetizing high-calorie
food >appetizing
low-calorie food; appetizing
high-calorie food >water
glasses

1fMRI, functional MRI; H, heads; M, Mean; T, tails.

in 2 runs (8.5 min/run). The order of the 2 runs was randomized
over participants. Each participant was presented with the same
order of the 2 tasks on both scan days.

Study 2

Participants.

In total, 135 healthy-weight male and female adolescents aged
between 14 and 17 y were recruited from Portland, Oregon,
via advertisements for a 3-y prospective study investigating
neural vulnerability factors that predict weight gain and neural
adaptations associated with weight gain (NCT01949636; see
Supplementary Figure 2 for participant flow chart). The primary
aim of Study 2 was to examine neural vulnerability factors that
predicted future weight gain and neural plasticity of reward and
attention circuitry that occurs in response to overeating that
leads to weight gain (3, 6). Adolescents were excluded if they
reported fMRI contraindicators, BMI <18 or >25, binge eating

or compensatory behavior in the past 3 mo, at least weekly use of
psychotropic medications or illicit drugs, or an Axis I psychiatric
disorder in the past year. Participants were scanned annually
over a 3-y period. In total, 109 participants (61 females, M
age = 15.1 ± 0.9; M BMI = 21.2 ± 2.2; self-reported ethnic and
racial backgrounds: 6.4% Hispanic American, 2.8% American
Indian/Alaska Native, 6.6% Asian American, 8.5% black, 0.9%
Native Hawaiian or Other Pacific Islander, 74.7% white) success-
fully completed all 4 scans (i.e., baseline, and 1-, 2-, and 3-y
follow-ups). For the test-retest reliability analyses, we examined
the average test-retest reliability across the 4 time points.

fMRI paradigms.

Participants completed a food receipt paradigm and a food
picture paradigm (Table 1; [6]). Participants were presented with
the same order of the 2 tasks on the scan days. The food receipt
paradigm assesses neural response to the receipt of 4 chocolate
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milkshakes varying in sugar and fat content (a high-fat/high-sugar
milkshake, a high-fat/low-sugar milkshake, a low-fat/high-sugar
milkshake, and a low-fat/low-sugar milkshake) and to receipt of
a tasteless solution. Participants were informed that they would
receive 4 different milkshakes but not about the fat and sugar
content of the milkshakes. During the task, pictures of glasses
of milkshake or water signaled the delivery of the tastes. All
milkshakes were preceded by the same image of a milkshake.
Pictures were presented for 1 s, followed by a fixation cross
during which the tastes (0.7 cc) were delivered over 5 s and
a swallow cue (3 s). The delivery of the tastes occurred in 6
variable-length blocks (1 block presented 4, 5, or 7 events) over
2 runs (32 events of each taste across the 2 runs; 13.5 min/
run). Only 1 type of milkshake was delivered per block. After
a milkshake block was completed, subjects received a rinse of
the tasteless solution followed by a swallow cue (0.5 s) and a
jitter (9–11 s). The tasteless solution block followed the same
pattern but without a rinse. The order of presentation of blocks
was randomized across participants.

The food picture paradigm assesses the BOLD response
to pictures of food and glasses of water. Prior to the scan,
participants rated how appetizing they found various foods shown
in 129 pictures using a visual analog scale (VAS) with the line
on the VAS converted to numbers based on length (VAS range:
“least appetizing” = −395 to “most appetizing” = 395). Food
rated between –395 and –250 was defined as “unappetizing food.”
Food rated between 250 and 395 was defined as “appetizing
food.” During the paradigm, each participant was exposed to
pictures of food they rated as the most appetizing, pictures of food
they rated as least appetizing, and pictures of glasses of water
(32 events of each). Participants were asked to imagine tasting
and eating the pictured food and to imagine drinking the water.
Pictures were presented for 5 s, followed by a jittered fixation
cross (2–4 s). Stimuli were presented in 1 16-min run. The order
of presentation of pictures was randomized over participants.

Study 3

Participants.

In total, 138 women with Diagnostic and Statisticial Manual
of Mental Disorders 5th Edition (DSM-5) eating disorders were
recruited from universities and surrounding communities in
Oregon and Texas via advertisements inviting women with body
image and eating concerns to participate in an eating disorder
treatment trial (NCT03261050; see Supplementary Figure 3 for
participant flow chart). The primary aim of Study 3 was to test
whether the eating disorder treatment trial reduced activation in
regions implicated in reward valuation in response to thin models
and high-calorie binge foods relative to a waitlist condition (15).
Those who reported a BMI <75% ideal body weight, current
acute suicidal ideation, a comorbid psychiatric disorder that
would disrupt the group treatment (e.g. bipolar disorder), or
serious medical problems (e.g. diabetes) were excluded. Women
who reported contraindicators of MRI, recreational drug use, or
medication use were excluded from the fMRI scans.

Participants were randomly assigned to the treatment or the
waitlist control condition using a random number table. In the 8-
session group treatment (referred to as Body Project Treatment),
participants completed verbal, written, and behavioral activities

in which they discuss negative effects of pursuing the thin beauty
ideal and engaging in disordered eating behaviors. Participants
were scanned prior to treatment and immediately after treatment
and a parallel period of time for waitlist controls (an average of
9 wk) to test whether the treatment trial reduces valuation of the
thin beauty ideal and high-calorie binge foods, the intervention
targets, relative to waitlist controls. For the current study, we
investigated 9-wk test-retest reliability of brain activation in
waitlist controls. In total, 55 participants were randomized to the
waitlist control condition. Of waitlist controls, 43 participants
completed the baseline scan, and 39 completed postscans (M
age = 21.2 ± 3.7; M BMI = 25.3 ± 7.2; self-reported ethnic
and racial backgrounds: 20.5% Hispanic American; 16.1% Asian
American; 6.5% black; 56.9% white).

fMRI paradigms.

Participants completed a food picture paradigm and a model
picture paradigm (Table 1; [15]). The food picture paradigm
assessed the BOLD response to pictures of high-calorie binge
foods (e.g. chocolate cake) and low-calorie foods (fruits and
vegetables). Participants were asked to think about how much
they wanted to eat the pictured food (20 events of each). The
model image paradigm assessed the BOLD response to pictures
of thin models and average-weight models. Participants were
asked to think about the attractiveness of each model (20 events
of each). A panel of research assistants rated food and model
pictures for each category. If a picture was rated incorrectly
as a binge or healthy food/thin or average-weight model, the
picture was not used. The final pictures were chosen based on
consensus. For each thin model picture chosen, an average-
weight model was chosen that matched on aspects outside of
size (e.g. conventional attractiveness, clothing type, race). In both
paradigms, pictures were presented for 5 s in a randomized order.
A 4–8 s jittered fixation cross occurred between each image.
During each paradigm, stimuli were presented in 1 7.5-min
scanning run. The order of paradigms and order of presentation
of the pictures were randomized over participants. To avoid order
habituation, participants were presented with the opposite order
of the 2 tasks on their second scan day.

Study 4

Participants.

In total, 179 overweight/obese adults were recruited in Eugene,
Oregon, via advertisements for a study evaluating the efficacy
of a 4-weekly session multifaceted food response and attention
training intervention on weight and body fat (NCT03375853;
see Supplementary Figure 4 for participant flow chart). The
primary aim of Study 4 was to examine whether the food response
and attention training reduces body fat. Exclusion criteria were
a BMI >40, any current use of psychotropic medications or
illicit drugs, current Axis I psychiatric disorder, serious med-
ical problems (e.g. diabetes), bariatric surgery, special dietary
requirements (e.g. vegan), and participation in a paid weight
loss program. Participants who reported contraindicators of MRI
were excluded from the fMRI aspect of the study. Participants
were randomly assigned to a food response and attention
training weight loss intervention or an active control condition
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(a parallel generic response and attention training comparison
condition involving nonfood pictures) using a random number
table. Participants were scanned prior to their first training
session and immediately after their last training session (3 wk
later) to test whether the food response and attention training
weight loss intervention would produce greater reductions in
neural responses to food images compared with the control
condition. For the current study, we investigated the 3-wk test-
retest reliability of brain activation in participants who completed
the control condition (N = 75). Of the 70 control participants who
completed the baseline scan, n = 62 completed the postscan (49
females; M age = 29.7 ± 6.2; M BMI = 31.6 ± 4.3; self-reported
ethnic and racial backgrounds: 16.1% Hispanic American, 1.9%
American Indian/Alaska Native, 5.6% Asian American, 3.7%
black, 59.8% white, 13.0% mixed racial heritage).

fMRI paradigm.

Participants completed a food picture paradigm that assessed
the BOLD response to pictures of high-calorie foods, low-calorie
foods, and glasses of water. Prior to the scan, participants rated
the palatability of 100 high-calorie and 100 low-calorie food
pictures (16). During the paradigm, participants were exposed
to pictures of their highest rated high-calorie foods, pictures of
their highest rated low-calorie foods, and pictures of glasses of
water (20 events each from the same category; appetizing high-
calorie foods, appetizing low-calorie foods, glasses of water).
Participants were asked to think about how much they wanted
to eat the pictured food. Stimuli were presented in 1 8-min
scanning run. Pictures were presented for 5 s, followed by a 4–8
s jittered crosshair. The order of presentation of the pictures was
randomized over participants.

fMRI data acquisition.

Study 1 baseline MRI data were acquired on a Siemens Allegra
3 Tesla (3T) scanner. Follow-up scans were primarily performed
on the Allegra, but 4 participants were scanned with a Siemens
Skyra 3T scanner. Study 2 MRI data were acquired on a Siemens
Tim Trio 3T MRI scanner. Studies 3 and 4 MRI data were
acquired on a Siemens Skyra 3T MRI scanner. In Studies 1
and 2, functional scans used a T2∗ weighted gradient single-
shot echo planar imaging (EPI) sequence (echo time [TE] = 30
ms, repetition time [TR] = 2000 ms, flip angle = 80◦) with
an in-plane resolution of 3.0 × 3.0 mm2 (64 × 64 matrix;
field of view [FOV] = 192). To cover the whole brain, 32
4-mm slices (interleaved acquisition, no skip) were acquired
along the anterior commissure-posterior commissure line (AC-
PC) transverse, oblique plane as determined by the midsagittal
section. Structural scans were collected using an inversion
recovery T1 weighted sequence (magnetization-prepared rapid
gradient-echo [MP-RAGE]) in the same orientation as the
functional sequences to provide detailed anatomic images aligned
to the functional scans. High-resolution structural MRI sequences
(FOV = 256, thickness = 1.0 mm) were acquired. In Studies 3
and 4, functional scans used a T2∗ weighted EPI plus sequence
(72 slices, TE = 25 ms, TR = 2000 ms, flip angle = 90◦, matrix
size = 100 × 100, voxel size = 2 mm3, axial slices = 72,
FOV = 200, multiband acceleration factor = 3). Structural scans

were collected using a high-resolution anatomical T1-weighted
MP-RAGE scan (TE = 3.43 ms, TR = 2500 ms, 256 × 256
matrix, voxel size = 1 mm3, sagittal slices = 176, FOV = 256).

Statistical analysis

fMRI preprocessing.

Neuroimaging data were skullstripped using the Brain Ex-
traction Tool in Functional MRI of the Brain Analysis Group
Software library (FSL) and then preprocessed and analyzed
using Statistical Parametric Mapping version 12 (SPM12)
(Wellcome Department of Cognitive Neurology; http://www.fil
.ion. ucl.ac.uk/spm) in Matlab (Mathworks, Inc.). Anatomical
images were segmented and normalized to Montreal Neurolog-
ical Institute (MNI) space with the use of the Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra
(DARTEL) toolbox, coregistered to the mean functional image,
and segmented into 6 tissue types using unified segmentation
approach (17). Functional data were corrected for slice-time
acquisition differences (Studies 1–2 only), adjusted for variation
in magnetic field distortion using field maps, realigned to the
mean functional from that run, coregistered with the anatomical,
normalized to MNI space using the DARTEL template and
deformation fields output, and smoothed to 6 mm Gaussian
full-width-at-half-maximum (FWHM). Best practice has shifted
with respect to slice-timing correction over the years these
studies were conducted. Previous studies have shown that slice-
timing correction in event-related designs results in little to no
benefit with a small TR (≤2 s) (18). As a result, functional
data from the ongoing Studies 3 and 4 were not corrected for
slice-time acquisition. Functional data were assessed to detect
spikes in global mean response and motion outliers using the
Artifact Detection Toolbox (ART; Gabrieli Laboratory). Head
motion >3 mm or degrees in any direction was our a priori
exclusion criteria. Motion parameters <3 mm were included as
regressors in the design matrix at individual fixed effect analysis.
Image volumes where the z-normalized global brain activation
showed >1.5 mm of composite (linear plus rotational) movement
were flagged as outliers and deweighted during individual-level
model estimation. There were no significant differences in scans
deweighted between the 4 datasets (Ps >0.48).

fMRI analysis.

At the subject level, the BOLD signal was modeled in a
fixed effects analysis with separate regressors modeling each
condition of interest for each task. T-maps were constructed for
comparisons of activation within participants (see Table 1 for
contrasts). For all data, a high-pass filter of 128 s was applied
to eliminate low-frequency noise and slow drifts in the signal.
First-order autoregressive error was used to correct for serial
autocorrelations. To identify brain activation at group level, we
calculated separately for each paradigm and each scan 1-sample
t-tests, using the contrast images obtained in the single subject
analysis as input data. Self-reported hunger prior to the scan,
which was measured in all studies, was included as a covariate
of no interest in the food-specific fMRI task analyses (see
Supplementary Material and Table 2 for more details on hunger
ratings). We performed a sensitivity analysis with zBMI as an
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TABLE 2 Means and SDs for scan times and hunger ratings for Study 1 (n = 60), Study 2 (n = 109), Study 3 (n = 39), and Study 4 (n = 62)1

Study 12 Study 23 Study 34 Study 44

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Time of day scan 1 15:16 ± 2:31 13:05 ± 1:59 12:33 ± 3:15 12:15 ± 2:45
Time of day scan 2 14:27 ± 1:46 13:22 ± 1:55 12:58 ± 2:34 11:49 ± 2:49
Time of day scan 3 12:37 ± 1:57
Time of day scan 4 13:32 ± 2:27
Hunger scan 1 7.62 ± 4.36 11.20 + 3.93 8.15 ± 4.62 10.75 ± 4.16
Hunger scan 2 10.35 ± 3.58 11.28 ± 4.17 8.63 ± 4.28 12.02 ± 3.85
Hunger scan 3 11.50 ± 4.05
Hunger scan 4 12.02 ± 3.62

1Scan time is reported in military time. Participants rated their hunger level on 20-cm crossmodal visual analog scales (VASs). VAS ratings were
anchored by 0 (not at all), 10 (neutral), and 20 (never been more hungry).

2Paired t-test analyses showed that in Study 1 there was a significant difference in scan time between the baseline scan and follow-up scan (t(59) = 2.21,
P = 0.03) and in hunger ratings between both scans (t(59) = 3.79, P <0.001).

3In Study 2, there was a significant difference in scan time between the second scan and third scan (t(108) = 2.82, P = 0.006) and between the third scan
and fourth scan (t(108) = 2.91, P = 0.004), but no significant differences in hunger ratings between scans.

4In Study 3 and Study 4, there were no significant differences in scan times and hunger ratings between the 2 scans (Ps >0.07).

additional covariate in the models in Studies 1 and 2: the test-
retest reliability results were unchanged when including zBMI
as a covariate. Although we attempted to conduct baseline and
follow-up scans at the same time of day, because of scheduling
limitations this was not always possible (Table 2).

Regions of interest approach. ICCs, which are considered the
preferred method of assessing test-retest reliability of fMRI
paradigms (7, 8), can be calculated both on a voxel-by-voxel
basis (“Voxel-ICCs”) and on a region of interest (ROI) basis.
We calculated the ICC on an ROI basis, which is less noisy
than voxel-ICCs because regions of interest (ROIs) are averages
of individual voxels. We used anatomically defined ROIs using
masks from the Wake Forest University PickAtlas toolbox (19).
As ROIs, we chose left and right anterior cingulate cortex (ACC),
amygdala, caudate, insula, medial orbitofrontal cortex (medial
OFC), nucleus accumbens (NAcc), putamen, and thalamus, as
these regions have been activated by food picture paradigms
(20–22), food receipt paradigms (23–27), and monetary reward
paradigms (27–31). We also calculated reliability statistics for
1 functionally defined reference region per contrast (i.e. the
peak cluster). For this latter approach, we conducted whole
brain analyses with cluster extent thresholds at P <0.001 with
clusters being statistically significant corrected for multiple
comparisons across the whole brain (determined with the SPM
cluster size threshold tool: https://github.com/CyclotronResear
chCentre/SPM_ClusterSizeThreshold). We selected regions that
were most strongly activated by each of the contrasts (e.g.
milkshake cue >tasteless solution cue) at baseline.

Reliability analysis.

Subject-level parameter estimates were extracted for each
contrast, ROI, and scanning session and analyzed with the
Statistical Package for the Social Sciences 24 (SPSS 24, SPSS
Inc.). The data within the ROIs, including those from the
reference regions, were extracted using the MARSeille Boîte
À Région d’Intérêt (MarsBar) tool (32). We assessed reliability
using ICC (1, 3), a 2-way mixed effects ICC, defined by (33) with
k referring to the number of repeated scans (i.e. 2 scans in Studies

1, 3, and 4; 4 scans in Study 2). This form of ICC estimates the
correlation between the BOLD fMRI signal intensities between
scans and has been used previously (5, 10). The effect of scans is
assumed to be fixed whereas the effects of subjects are assumed
to be random (5). Due to the possibility that participants might
habituate to the stimuli over time, we employed a “consistency”
measure of ICC, rather than testing the absolute agreement
between scan days. That is, a high ICC implies that subjects with
a greater BOLD response during the baseline scan (relative to
other subjects) also show greater activation during the follow-
up scan. We followed the conventional classification of ICCs to
quantify the degree of reliability: ICC <0.4 = poor reliability;
0.4–0.75 = moderate to good reliability; >0.75 = excellent
reliability (5, 34). A negative ICC is interpreted as a reliability
of zero (35). We report P values for all reliable activations and
95% CIs for all ICCs.

Results

Differences in scan times and hunger ratings

In Study 1, there was a significant difference in scan time
between the baseline scan (M = 15:16 ± 2:31 h) and follow-up
scan (M = 14:27 ± 1:46; t(59) = 2.21, P = 0.03). There was
also a significant difference in hunger prior to the baseline scan
(M = 7.62 ± 4.36) versus follow-up scan (M = 10.35 ± 3.58;
t(59) = 3.79, P <0.001) (Table 2). In Study 2, there was a
significant difference in scan time between the second scan
(M = 13:22 ± 1:55) and third scan (M = 12:37 ± 1:57; t(108)
= 2.82, P = 0.006) and between the third scan and fourth scan
(M = 13:32 ± 2:37; t(108) = 2.91, P = 0.004), but no significant
differences in hunger ratings (Table 2). In Study 3 and Study 4,
there were no significant differences in scan times and hunger
ratings between the 2 scan days (Table 2; Ps >0.07).

Main activation patterns Study 1

The food receipt paradigm elicited the strongest activation
in the left lingual gyrus (MNI coordinates: –24, –84, –12,
Z = 5.79, k = 192, P <0.001) in response to the contrast
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Test-retest reliability of taste and picture tasks 7

FIGURE 1 (A) Intraclass correlation coefficient (ICC) frequency distributions across all regions (16 anatomical regions and 1 functional reference region
per contrast) for the food receipt paradigm in Study 1 (n = 60; number [N] of ICC coefficients = 34). (B) Distribution of parameter estimates in Study 1
(n = 60) for the left thalamus in response to the contrast milkshake receipt >tasteless solution receipt (food receipt paradigm). When excluding 2 outliers in
the left thalamus response (i.e. parameter estimates exceeding 3 SDs from the mean parameter estimate), the ICC was lower but still in the moderate range:
ICC = 0.43, P = 0.02, 95% CI = 0.04, 0.66. (C) ICC frequency distributions across all regions (16 anatomical regions and 1 functional reference region per
contrast) for the monetary reward paradigm in Study 1 (N ICC coefficients = 34). (D) Distribution of parameter estimates in Study 1 (n = 60) for the left
putamen in response to the contrast winning money >reward neutral coin display (monetary reward paradigm). When excluding 2 outliers in left putamen
response, the test-retest reliability remained in the moderate range: ICC = 0.46, P = 0.01, 95% CI = 0.08, 0.68. ROI, region of interest.

milkshake glass >water glass and the left postcentral gyrus
(MNI coordinates: –51, –12, 39, Z >8, k = 4394, P <0.001)
in response to the contrast milkshake receipt >tasteless solution
receipt. The monetary reward paradigm elicited activation in the
left cuneus (MNI coordinates: –3, –72, 3, Z = 6.54, k = 2127,
P <0.001) in response to the contrast potential win >reward
neutral coin display and left cuneus (MNI coordinates: –6, –72,
3, Z = 7.74, k = 2749, P <0.001) in response to the contrast
winning money >reward neutral coin display.

Main activation patterns Study 2

The food receipt paradigm elicited the strongest activation
in the right middle temporal gyrus (MTG MNI coordinates:
51, –24, –12, Z = 4.16, k = 57, P <0.001) in response to
the contrast high-fat/high-sugar milkshake receipt >tasteless
solution receipt, the right precuneus (MNI coordinates: 15,
–63, 39, Z = 4.21, k = 22, P <0.001) in response to the

contrast high-fat/low-sugar milkshake receipt >tasteless solution
receipt, the right insula (MNI coordinates: 36, –6, 0, Z = 6.09,
k = 868, P <0.001) in response to the contrast low-fat/high-
sugar milkshake receipt >tasteless solution receipt, and the
right precuneus (MNI coordinates: 15, –66, 39, Z = 5.52,
k = 44, P <0.001) in response to the contrast low-fat/low-sugar
milkshake receipt >tasteless solution receipt.

The food picture paradigm elicited activation in the left
superior parietal lobe (SPL MNI coordinates: –9, –69, 54,
Z = 5.89, k = 1078, P <0.001) in response to the contrast
appetizing foods >unappetizing foods and the left lingual gyrus
(MNI coordinates: –3, –87, –9, Z > 8, k = 6991, P <0.001) in
response to the contrast appetizing foods >glasses of water.

Main activation patterns Study 3

The food picture paradigm elicited activation in the left cuneus
(MNI coordinates: –6, –100, 14, Z = 6.44, k = 1854, P <0.001)
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TABLE 3 Intrasubject reliability statistics for the food receipt paradigm and monetary reward paradigm in Study 1 (n = 60)1

Food receipt paradigm Monetary reward paradigm

Milkshake glass >water
glass

Milkshake
receipt >tasteless solution

receipt
Potential win >reward

neutral coin
Winning > reward neutral

coin
Contrasts ICC (95% CI) ICC (95% CI) ICC (95% CI) ICC (95% CI)

Reference regions (i.e.
peak clusters)

L Lingual gyrus –0.01
(–0.70, 0.39)

L Postcentral gyrus –0.39
(–1.33, 0.17)

L Cuneus 0.41 (0.01,
0.65)∗

L Cuneus 0.57 (0.28,
0.74)∗

ROIs:
L ACC –0.06 (–0.77, 0.37) –0.46 (–1.44, 0.13) –0.11 (–0.86, 0.34) –0.12 (–0.88, 0.34)
R ACC 0.01 (–0.66, 0.41) –0.71 (–1.86, –0.02) –0.30 (–1.19, 0.23) –0.38 (–1.33, 0.18)
L Amygdala 0.16 (–0.41, 0.50) 0.38 (–0.03, 0.63) 0.25 (–0.26, 0.56) 0.40 (–0.01, 0.64)∗
R Amygdala –0.06 (–0.78, 0.37) 0.36 (–0.07, 0.62) 0.19 (–0.36, 0.52) 0.36 (–0.08, 0.62)
L Caudate 0.30 (–0.17, 0.58) 0.26 (–0.25, 0.56) 0.28 (–0.21, 0.57) 0.35 (–0.10, 0.61)
R Caudate 0.34 (–0.11, 0.61) 0.22 (–0.31, 0.54) 0.14 (–0.44, 0.49) 0.50 (0.15, 0.70)∗
L Insula 0.14 (–0.44, 0.49) 0.42 (0.02, 0.65)∗ 0.19 (–0.36, 0.20) 0.01 (–0.66, 0.41)
R Insula –0.30(–1.18, 0.22) 0.38 (–0.04, 0.63) –0.07 (–0.80, 0.37) 0.02 (–0.65, 0.42)
L mOFC 0.26 (–0.24, 0.56) 0.27 (–0.23, 0.56) –0.01 (–0.70, 0.40) 0.29 (–0.19, 0.58)
R mOFC –0.16 (–0.93, 0.31) 0.31 (–0.16, 0.59) 0.32 (–0.14, 0.60) 0.38 (–0.04, 0.63)
L NAcc –0.17 (–0.96, 0.31) 0.35 (–0.10, 0.61) 0.16 (–0.41, 0.50) 0.44 (0.06, 0.67)∗
R NAcc 0.16 (–0.42, 0.50) –0.06 (–0.77, 0.37) 0.06 (–0.59, 0.44) 0.48 (0.13, 0.70)∗
L Putamen 0.07 (–0.57, 0.44) 0.56 (0.26, 0.74)∗ 0.53 (0.20, 0.72)∗ 0.57 (0.27, 0.74)∗
R Putamen –0.06 (–0.77, 0.37) 0.26 (–0.23, 0.56) 0.35 (–0.10, 0.61) 0.46 (0.09, 0.68)∗
L Thalamus –0.50 (–1.50, 0.11) 0.63 (0.38, 0.78)∗ 0.27 (–0.23, 0.56) 0.46 (0.09, 0.68)∗
R Thalamus –0.24 (–1.08, 0.26) 0.48 (0.13, 0.69)∗ 0.03 (–0.63, 0.43) 0.41 (0.01, 0.65)∗
Average ICC per

contrast across all
regions

–0.01 (–0.69, 0.40) 0.19 (–0.35, –0.52) 0.16 (–0.42, 0.48) 0.31 (–0.19, 0.59)

1The intraclass correlation coefficient (ICC) across the 2 time points is reported for each task and for each anatomically defined region of interest (ROI).
A negative ICC is interpreted as indicating a reliability of zero (35). ∗ICC = 0.40–0.75. ACC, anterior cingulate cortex; L, left hemisphere; mOFC, medial
orbitofrontal cortex; MTG, middle temporal gyrus; NAcc, nucleus accumbens; R, right hemisphere; ROI, region of interest.

in response to the contrast high-calorie binge foods >low-calorie
foods. The model picture paradigm elicited activation in the
left inferior occipital gyrus (MNI coordinates: –42, –70, –4,
Z = 3.79, k = 13, P <0.001) in response to the contrast thin
models >average-weight models.

Main activation patterns Study 4

The food picture paradigm elicited activation in the right
middle occipital gyrus (MNI coordinates 30, –82, 8, Z = 4.41,
k = 194, P <0.001) in response to the contrast appetizing
high-calorie foods >appetizing low-calorie foods and in the left
lingual gyrus (MNI coordinates –12, –94, –10, Z >8, k = 5617,
P <0.001) in response to the contrast appetizing high-calorie
foods >glasses of water.

Test-retest reliability in Study 1

The average test-retest reliability of the food receipt paradigm
across all regions was poor: M ICC = 0.09 (Figure 1A). The
reference regions (i.e. peak clusters) did not exceed an ICC of
0.4 (Table 3). Within the ROI, 4 out of the 32 instances showed
moderate to good test-retest reliability. All 4 instances occurred
in response to the contrast milkshake receipt >tasteless solution
receipt (Table 3): left insula (ICC = 0.42, P = 0.02, 95% CI:
0.02, 0.65), left putamen (ICC = 0.56, P = 0.001, 95% CI:
0.26,0.74), left thalamus (ICC = 0.63, P <0.001, 95% CI: 0.38,

0.78; Figure 1B) and right thalamus (ICC = 0.48, P = 0.006, 95%
CI: 0.13, 0.69). When excluding 2 outliers in the left thalamus
response (i.e. parameter estimates exceeding 3 SDs from the
mean parameter estimate), the ICC remained in the moderate to
good range: ICC = 0.43, P = 0.02, 95% CI: 0.04, 0.66. Previous
studies have found robust neural activation in the amygdala,
caudate, putamen, and thalamus in response to food receipt (23,
24, 26). In the current study, the average ICC across these regions
was 0.39 (95% CI: –0.12, 0.64).

The average test-retest reliability of the monetary reward
paradigm across all regions was likewise poor: M ICC = 0.23
(Figure 1C). However, certain brain regions demonstrated
moderate to good reliability. The reference regions exceeded
an ICC of 0.4: ICC left cuneus in response to the contrast
potential win >reward neutral coin display = 0.41, P = 0.02,
95% CI: 0.01, 0.65; ICC left cuneus in response to the contrast
winning money >reward neutral coin = 0.57, P <0.001, 95%
CI: 0.28, 0.74 (Table 3). Within the ROIs, 9 out of the 32
instances showed moderate test-retest reliability (Table 3). In
response to the contrast potential win >reward neutral coin
display, the ICC of the left putamen exceeded 0.4: ICC = 0.53,
P = 0.003, 95% CI: 0.20, 0.72). In response to the contrast
winning money >reward neutral coin display, the ICCs of the
following regions >0.4: left amygdala (ICC = 0.40, P = 0.027,
95% CI: –0.01, 0.64), right caudate (ICC = 0.50, P = 0.005,
95% CI: 0.15,0.70), left NAcc (ICC = 0.44, P = 0.014, 95%
CI: 0.06, 0.67), right NAcc (ICC = 0.48, P = 0.007, 95%
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Test-retest reliability of taste and picture tasks 9

FIGURE 2 Intraclass correlation coefficient (ICC) frequency distributions across all regions (16 anatomical regions and 1 functional reference region per
contrast for (A) the food receipt paradigm (N ICC coefficients = 68) and (B) the food picture paradigm (N ICC coefficients = 34) in Study 2 (n = 109). ROI,
region of interest.

CI: 0.13, 0.70), left putamen (ICC = 0.57, P <0.001, 95% CI:
0.27, 0.74; Figure 1D), right putamen (ICC = 0.46, P = 0.01,
95% CI: 0.09, 0.68), left thalamus (ICC = 0.46, P = 0.027, 95%
CI: 0.09, 0.68), and right thalamus (ICC = 0.41, P = 0.023,
95% CI: 0.01, 0.65). When excluding 2 outliers in left putamen
response, the ICC remained >0.4: ICC = 0.46, P = 0.01,
95% CI: 0.08, 0.68. Monetary reward paradigms have shown
good to excellent test-retest reliability in the striatum (NAcc M
ICC = 0.94: [5]; caudate and putamen M ICC = 0.74 [36]). In the
current study, test-retest reliability in the striatum was moderate
in response to the contrast winning money >reward neutral coin
display (M ICC = 0.47) but poor in response to the contrast
potential win >reward neutral coin display (M ICC = 0.25).

Controlling for scanner type (Skyra 3T MRI scanner n = 4)
did not change the results. Further, when excluding the MRI
data of the 4 subjects that were acquired on a Siemens Skyra
3T MRI scanner, the average test-retest reliability across all
regions remained low for both paradigms: food receipt paradigm
M ICC = 0.11 and monetary reward paradigm M ICC = 0.21.

Test-retest reliability in Study 2

The average test-retest reliability of the food receipt paradigm
and food picture paradigm across the 4 time points was poor:
M ICC = 0.09 and M ICC = 0.20 (Figure 2A,B), respectively.
In the food receipt paradigm, the ICCs of the reference regions
and ROIs did not exceed 0.4 (Table 4). The average ICCs for
the thalamus, striatum, and amygdala (23, 24, 26) were all poor:
high-fat/high-sugar milkshake receipt >tasteless solution receipt
M ICC = 0.19, high-fat/low-sugar milkshake receipt >tasteless
solution receipt M ICC = 0.17, low-fat/high-sugar milkshake re-
ceipt >tasteless solution receipt M ICC = 0.12, low-fat/low-sugar
milkshake receipt >tasteless solution receipt M ICC = 0.03. In
the food picture paradigm, the ICCs of both reference regions

and 2 of the ROIs were >0.4. In response to the contrast appe-
tizing food pictures >unappetizing food pictures, the reference
region showed moderate to good test-retest reliability (left SPL
ICC = 0.52, P <0.001, 95% CI: 0.35, 0.65). The left lingual
gyrus (ICC = 0.56, P <0.001, 95% CI: 0.41, 0.69), right ACC
(ICC = 0.41, P <0.001, 95% CI: 0.19, 0.57), and left amygdala
(ICC = 0.43, P <0.001, 95% CI: 0.23, 0.59) showed moderate to
good test-retest reliability in response to the contrast appetizing
food pictures >glasses of water (Table 5). A previous study
(10) found moderate to good test-retest reliability in the OFC
(M ICC = 0.44) but poor test-retest reliability in the insula (M
ICC = 0.32), amygdala (M ICC = 0.27), caudate (M ICC = 0.08),
and putamen (M ICC = –0.15) in response to food pictures.
In the current study, these regions showed poor average test-
retest reliability (Table 5): appetizing food >unappetizing food
M ICC = 0.15, appetizing food >glasses of water M ICC = 0.27.

We also calculated the average test-retest reliabilities across
2 time points (baseline versus 1-y follow-up) and across 3 time
points (baseline, 1-y follow-up, and 2-y follow-up) (Figure 3A,
B). Similar to the results above, the average test-retest reliability
across 2 time points (food receipt paradigm: M ICC = 0.04, 95%
CI = –0.40, 0.33; food picture paradigm: M ICC = 0.16, 95%
CI = –0.21, 0.42) and 3 time points (food receipt paradigm: M
ICC = 0.07, 95% CI = –0.29, 0.34; food picture paradigm: M
ICC = 0.22, 95% CI = –0.07, 0.45) was poor.

Test-retest reliability Study 3

The average test-retest reliability of the food picture paradigm
and model picture paradigm across all regions was M ICC = 0.12
for each of the paradigms (Figure 4A,B). The ICCs of the
reference regions and ROIs in the food picture paradigm did
not exceed 0.4 (Table 6). The average test-retest reliability in
the OFC, insula, amygdala, caudate, and putamen (10) was
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TABLE 4 Intrasubject reliability statistics for the food receipt paradigm in Study 2 (n = 109)1

Contrasts

HFHS milkshake
receipt >tasteless solution

receipt

HFLS milkshake
receipt >tasteless solution

receipt

LFHS milkshake
receipt >tasteless solution

receipt

LFLS milkshake
receipt >tasteless solution

receipt

ICC (95% CI) ICC (95% CI) ICC (95% CI) ICC (95% CI)
Reference regions (i.e.

peak clusters)
R MTG 0.01 (–0.35, 0.30) R Precuneus –0.18 (–0.61,

0.15)
R Insula 0.00 (–0.36,

0.29)
R Precuneus –0.17 (–0.59,

0.17)
ROIs:
L ACC 0.21 (–0.08, 0.43) 0.37 (0.13, 0.55) 0.10 (–0.22, 0.36) –0.09 (–0.49, 0.22)
R ACC 0.28 (0.01, 0.48) 0.31 (0.06, 0.51) 0.15 (–0.16, 0.39) –0.20 (–0.64, 0.14)
L Amygdala 0.01 (–0.35, 0.29) 0.22 (–0.07, 0.44) 0.13 (–0.18, 0.38) 0.13 (–0.19, 0.38)
R Amygdala –0.04 (–0.41, 0.26) 0.10 (–0.23, 0.36) –0.18 (–0.61, 0.16) –0.19 (–0.62, 0.15)
L Caudate 0.23 (–0.06, 0.45) 0.27 (0.00, 0.48) 0.34 (0.09, 0.53) –0.15 (–0.57, 0.18)
R Caudate 0.20 (–0.09, 0.43) 0.29 (0.04, 0.50) 0.26 (–0.01, 0.47) –0.04 (–0.42, 0.26)
L Insula 0.12 (–0.20, 0.37) –0.13 (–0.54, 0.19) –0.11 (–0.51, 0.21) 0.02 (–0.34, 0.30)
R Insula 0.17 (–0.13, 0.41) 0.13 (–0.19, 0.38) 0.00 (–0.36, 0.29) –0.22 (–0.67, 0.13)
L mOFC 0.07 (–0.27, 0.33) 0.17 (–0.14, 0.40) 0.10 (–0.23, 0.36) 0.07 (–0.26, 0.34)
R mOFC 0.15 (–0.16, 0.39) 0.20 (–0.10, 0.43) 0.01 (–0.35, 0.30) –0.04 (–0.42, 0.26)
L NAcc 0.23 (–0.05, 0.45) 0.18 (–0.12, 0.42) 0.06 (–0.29, 0.33) 0.02 (–0.34, 0.30)
R NAcc 0.36 (0.13, 0.54) 0.27 (–0.07, 0.44) 0.25 (–0.03, 0.46) 0.17 (–0.13, 0.41)
L Putamen 0.18 (–0.11, 0.42) –0.04 (–0.42, 0.26) 0.15 (–0.16, 0.39) 0.07 (–0.27, 0.33)
R Putamen 0.23 (–0.05, 0.45) 0.17 (–0.14, 0.41) 0.05 (–0.29, 0.32) 0.03 (–0.32, 0.31)
L Thalamus 0.26 (–0.01, 0.47) 0.09 (–0.25, 0.35) 0.01 (–0.35, 0.29) 0.07 (–0.28, 0.33)
R Thalamus 0.24 (–0.04, 0.46) 0.16 (–0.15, 0.40) 0.12 (–0.20, 0.37) 0.23 (–0.06, 0.45)
Average ICC per

contrast across all
regions

0.17 (–0.13, 0.36) 0.14 (–0.16, 0.39) 0.08 (–0.24, 0.35) –0.01 (–0.39, 0.27)

1The intraclass correlation coefficient (ICC) across the 4 time points is reported for each task and for each anatomically defined region of interest (ROI).
A negative ICC is interpreted as indicating a reliability of zero (35). ACC, anterior cingulate cortex; HFHS, high-fat/high-sugar; HFLS, high-fat/low-sugar; L,
left hemisphere; LFHS, high-fat/low-sugar; LFLS, low-fat/low-sugar; MTG, middle temporal gyrus; mOFC, medial orbitofrontal cortex; NAcc, nucleus
accumbens; R, right hemisphere.

M ICC = 0.11. In the model picture paradigm, the ICC of
the reference regions did not exceed 0.4 (Table 6). Within
the ROIs for the model picture paradigm, 2 out of the 32
instances showed a reliability of >0.4 (Table 6): right medial
OFC (ICC = 0.52, P = 0.014, 95% CI: 0.08, 0.75) and left
putamen (ICC = 0.47, P = 0.029, 95% CI: 0.02, 0.72). However,
when excluding 2 influential outliers, the ICCs in the right medial
OFC (ICC = 0.35, P = 0.10, 95% CI: –0.25, 0.66) and left
putamen (ICC = 0.28, P = 0.16, 95% CI: –0.38, 0.63) fell in
the poor range.

Test-retest reliability in ROIs in Study 4

The food picture paradigm showed poor test-retest reliability:
M ICC = 0.07 (Figure 5A). Although the reference regions
showed moderate to good test retest reliability (ICC right middle
occipital gyrus [MOG] = 0.70, P <0.001, 95% CI: 0.50,
0.82; Figure 5B; ICC left lingual gyrus = 0.56, P <0.001, 95%
CI: 0.27, 0.74), the ICCs of the ROIs did not exceed 0.4 (Table 7).
The average test-retest reliability in the OFC, insula, amygdala,
caudate, and putamen (10) showed poor average test-retest reli-
ability: contrast high-calorie >low-calorie foods M ICC = 0.03
and contrast high-calorie >glasses of water M ICC = 0.12.

Posthoc analyses

For the abovementioned test-retest reliability analyses, we
included 2 contrasted conditions (e.g. high-calorie foods >low-
calorie foods). It is possible that both conditions change over time

due to variation in, for example, psychological and motivational
factors, resulting in poor test-retest reliability. Therefore, we
conducted exploratory analyses to examine test-retest reliability
for contrasts comparing a single event of interest to a low-
level baseline condition (e.g. high-calorie food >fixation cross).
As our paradigms were designed to compare complex events
of interest (e.g. pictures of high-calorie foods) with closely
matched control conditions (pictures of low-calorie foods),
information on onset and duration of fixation cross was not
available for some of the tasks (e.g. food receipt paradigms).
We conducted the exploratory analyses for the following tasks:
monetary reward paradigm (Study 1; fixation cross n = 44),
food picture paradigm in Study 3 (fixation cross n = 40), the
model picture paradigm (Study 3; fixation cross n = 40), and
the food picture paradigm in Study 4 (fixation cross n = 60).
We calculated test-retest reliability for the fusiform gyrus and
MOG, as these regions are implicated in visual processing
(22).

In Study 3, we found moderate to good test-retest reliability
for the contrasts high-calorie binge foods >fixation cross (M
ICC = 0.73), low-calorie foods >fixation cross (M ICC = 0.73),
thin models >fixation cross (M ICC = 0.84), and average-weight
models >fixation cross (M ICC = 0.77) (see Supplementary
Table 1). In contrast, the ICCs for the 2 contrasted conditions
in these regions were low: high-calorie binge foods >low-calorie
foods M ICC = 0.01 and thin models >average-weight models
M ICC = 0.20 (Supplementary Table 1). In Study 4, we found
moderate to good test-retest reliability for the contrasts high-
calorie foods >fixation cross (M ICC = 0.75) and low-calorie
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Test-retest reliability of taste and picture tasks 11

TABLE 5 Intrasubject reliability statistics for the food picture paradigm in Study 2 (n = 109)1

Appetizing
food >unappetizing food

Appetizing food >glasses of
water

Contrasts ICC (95% CI) ICC (95% CI)

Reference regions (i.e.
peak clusters)

L SPL 0.52 (0.35, 0.65)∗ L Lingual gyrus 0.56 (0.41,
0.69)∗

ROIs:
L ACC 0.01 (–0.34, 0.29) 0.35 (0.12, 0.54)
R ACC 0.21 (–0.07, 0.44) 0.41 (0.19, 0.57)∗
L Amygdala 0.21 (–0.07, 0.44) 0.43 (0.23, 0.59)∗
R Amygdala 0.19 (–0.11, 0.42) 0.32 (0.08, 0.52)
L Caudate –0.00 (–0.36, 0.28) 0.26 (–0.01, 0.47)
R Caudate 0.08 (–0.25, 0.34) 0.17 (–0.12, 0.41)
L Insula 0.16 (–0.14, 0.40) 0.25 (–0.02, 0.46)
R Insula 0.23 (–0.04, 0.45) 0.19 (–0.11, 0.42)
L mOFC 0.12 (–0.20, 0.37) 0.22 (–0.07, 0.44)
R mOFC 0.35 (0.12, 0.53) 0.17 (–0.13, 0.40)
L NAcc –0.13 (–0.54, 0.19) 0.35 (0.11, 0.53)
R NAcc –0.29 (–0.75, 0.07) 0.34 (0.10, 0.53)
L Putamen 0.07 (–0.27, 0.33) 0.35 (0.11, 0.53)
R Putamen 0.07 (–0.26, 0.34) 0.32 (0.08, 0.51)
L Thalamus 0.10 (–0.23, 0.35) 0.22 (–0.06, 0.44)
R Thalamus –0.05 (–0.43, 0.24) 0.01 (–0.35, 0.29)
Average ICC per contrast

across all regions
0.11 (–0.21, 0.36) 0.29 (0.03, 0.49)

1The intraclass correlation coefficient (ICC) across the 4 time points is reported for each task and for each anatomically defined region of interest (ROI).
A negative ICC is interpreted as indicating a reliability of zero (35). ∗ICC = 0.40–0.750. ACC, anterior cingulate cortex; L, left hemisphere; mOFC, medial
orbitofrontal cortex; NAcc, nucleus accumbens; R, right hemisphere; SPL, superior parietal lobe.

foods >fixation cross (M ICC = 0.71) (Supplementary Table 1).
Similarly, the test-retest reliability for 2 contrasted conditions in
these regions was moderate to good: high-calorie foods >low-
calorie foods M ICC = 0.69 and high-calorie foods >glasses of
water M ICC = 0.72 (Supplementary Table 1). In Study 1, the
ICCs for the contrasts potential winning >fixation cross (M ICC
= –0.09) and winning >fixation cross (M ICC = –0.11) showed
low test-retest reliability in these 2 regions (see Supplementary
Table 1). The test-retest reliability for the 2 contrasted conditions
in these regions was also poor: potential win >reward neutral coin
display M ICC = 0.15 and winning >reward neutral coin display
M ICC = 0.38.

Discussion
The results suggest that reliability of the examined fMRI

tasks was poor on average, converging with findings from past
studies (7, 8, 10), with the extent of reliability varying between
regions and contrasts. In Study 1, we found moderate test-retest
reliability in the insula, putamen, and thalamus in response to
milkshake receipt. We also found moderate test-retest reliability
in the putamen in response to monetary reward anticipation and
in the caudate, NAcc, and putamen in response to monetary
reward. In Study 2, we found moderate test-retest reliability in the
strongest activated reference regions (SPL, lingual gyrus), ACC,
and amygdala in response to appetizing food images. In Study 4,
we found moderate to good test-retest reliability in the strongest
activated reference regions (i.e. visual cortex) in response to

high-calorie foods. However, most of the peak test-retest
reliability estimates did not replicate across the studies that used
similar paradigms. For instance, although several moderate to
good ICC values emerged for the ROIs for the food picture
paradigm used in Study 2, none of these effects replicated in
the food picture paradigms in Study 3 and Study 4. Similarly,
although moderate to good ICC values emerged for 4 ROIs for
the food receipt paradigm in Study 1, none of these effects
replicated in the food receipt paradigm in Study 2. Differences
in the paradigms across the studies may have contributed to
this variability. However, our results are still problematic for the
field even if these differences do account for the variability in
reliability. Results suggest that the low test-retest reliability of
these fMRI tasks may have contributed to the low reproducibility
of activation patterns in these tasks and the lack of associations
between fMRI data and individual difference measures (e.g.
weight gain) reported previously (6, 9).

Exploratory analyses showed that the food picture fMRI
tasks in Studies 3 and 4, but not the monetary reward task
in Study 1, exhibited moderate to good test-retest reliability
in visual processing regions (i.e. MOG, fusiform gyrus) when
comparing brain activity during viewing of individual events to
fixation cross. In Study 4, we also found moderate to good test-
retest reliability in these regions in response to the high-calorie
food >low-calorie food and high-calorie food >glasses of water
contrasts. Past studies have found higher reliability in visual
processing regions compared with regions involved in more
complex cognitive processes (37). Further, it has been posited that
contrasts against a low-level baseline show better reliability than
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12 Yokum et al.

FIGURE 3 Average intraclass correlation coefficient (ICC) across all regions for the food receipt paradigm and food picture paradigm in Study 2 (n = 109)
across 2 (baseline and 1-y follow-up), 3 (baseline, 1-y follow-up, and 2-y follow-up), and 4 timepoints (baseline, 1-y follow-up, 2-y follow-up, and 3-y
follow-up).

contrasts among closely matched conditions because the event
of interest and low-level baseline share fewer neurocognitive
processes, retaining more variance in the BOLD comparison (5).
We see evidence for this in our data. In Study 4, MOG differences
in the high-calorie food >fixation cross contrast (baseline
and posttest Z-values >8) and the high-calorie food >glasses
of water contrast (baseline and posttest Z-values >8) were
indeed stronger than those to the high-calorie food >low-
calorie food contrast (baseline and posttest Z-values <6.44),
which had the lowest reliability among the 3 comparisons.
Results suggest that these fMRI paradigms are not inherently
unreliable, but that temporal stability of contrasts among the
closely matched conditions might be more affected by noise or
occasion-specific factors than the contrasts including a low-level
baseline.

The poor test-retest reliability observed herein, in conjunction
with the poor test-retest reliability for other fMRI paradigms (10),

suggests it is important to determine how to increase the test-
retest reliability of fMRI paradigms used in eating- and obesity-
related studies (38). Design optimization (e.g. optimizing the
order and timing of the stimuli) has shown to maximize detection
power and estimation efficiency within subjects (39), which may
improve test-retest reliability. One study (40) found that block
designs and shorter test-retest intervals have higher reliability
than event-related designs and longer test-retest intervals. Yet,
a recent meta-analysis of the test-retest reliability of fMRI
paradigms did not find that reliability correlated with task design,
task type, task length, test-retest interval, or population studied
(8). Moreover, multiband (the use of multiband excitation pulses
to excite and collect multiple slices simultaneously), which
increases temporal resolution (41), did not appear to result in
higher test-retest reliability in Studies 3 and 4. Friedman and
Glover (42) found that increasing the number of functional
runs improved the interscanner reliability of their paradigms
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Test-retest reliability of taste and picture tasks 13

FIGURE 4 Intraclass correlation coefficient (ICC) frequency distributions across all regions 16 anatomical and 1 functional reference region per contrast)
for (A) the food picture paradigm (N ICC coefficients = 17) and (B) the model picture paradigm (N ICC coefficients = 17) in Study 3 (n = 39). ROI, region
of interest.

from an ICC of 0.26 to 0.58 over a 1-d interval, suggesting
that this may be a promising way of improving the test-retest
reliability of fMRI findings. However, fatigue may increase
over time, reducing reliability in the later runs. Research

should systematically examine the optimal number of runs to
increase reliability of fMRI tasks. Alternative approaches to
data analysis might also increase reliability. Similar to past
studies (8, 10), we used univariate contrast-based analyses to

TABLE 6 Intrasubject reliability statistics for the food picture paradigm and model picture paradigm in Study 3 (n = 39)1

Food picture paradigm Model picture paradigm
High-calorie binge

foods >low-calorie foods
Thin models >average-weight

models
Contrasts ICC (95% CI) ICC (95% CI)

Reference regions (i.e.
peak clusters)

L Cuneus 0.24 (–0.45, 0.60) L Inferior occipital gyrus 0.32
(–0.30, 0.64)

ROIs:
L ACC 0.23 (–0.47, 0.60) 0.33 (–0.27, 0.65)
R ACC –0.04 (–0.99, 0.45) 0.17 (–0.59, 0.56)
L Amygdala –0.14 (–1.18, 0.40) 0.28 (–0.38, 0.62)
R Amygdala –0.03 (–0.97, 0.46) –0.06 (–1.02, 0.44)
L Caudate 0.10 (–0.71, 0.53) 0.07 (–0.78, 0.51)
R Caudate –0.01 (–0.93, 0.47) –0.28 (–1.45, 0.33)
L Insula 0.19 (–0.55, 0.57) 0.21 (–0.51, 0.59)
R Insula –0.02 (–0.95, 0.47) 0.38 (–0.17, 0.68)
L mOFC 0.32 (–0.30, 0.64) 0.29 (–0.36, 0.63)
R mOFC 0.33 (–0.28, 0.65) 0.52 (0.08, 0.75)º
L NAcc –0.08 (–1.05, 0.44) –0.04 (–0.98, 0.46)
R NAcc 0.21 (–0.50, 0.59) –0.11 (–1.11, 0.42)
L Putamen 0.19 (–0.54, 0.58) 0.47 (–0.02, 0.72)º
R Putamen 0.15 (–0.62, 0.56) 0.14 (–0.65, 0.55)
L Thalamus 0.21 (–0.50, 0.59) –0.56 (–1.98, 0.18)
R Thalamus 0.18 (–0.57, 0.57) –0.12 (–1.14, 0.41)
Average ICC per contrast

across all regions
0.12 (–0.68, 0.54) 0.12 (–0.68, 0.54)

1The intraclass correlation coefficient (ICC) across the 2 time points is reported for each task and for each anatomically defined region of interest (ROI).
Between-day reliability is reported averaging across runs. A negative ICC is interpreted as indicating a reliability of zero (35). ACC, anterior cingulate cortex;
L, left hemisphere ; mOFC, medial orbitofrontal cortex; NAcc, nucleus accumbens; R, right hemisphere; º, when excluding 2 influential outliers (parameter
estimates exceeding 3 SDs from the mean parameter estimate), the ICC was <0.4.
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14 Yokum et al.

FIGURE 5 Intraclass correlation coefficient (ICC) frequency distributions across all regions 16 anatomical and 1 functional reference region per contrast)
for (A) the food picture paradigm in Study 4 (n = 62; N ICC coefficients = 34). (B) Distribution of parameter estimates in Study 4 (n = 62) for the right middle
occipital gyrus in response to the contrast appetizing high-calorie food >appetizing low-calorie food (food picture paradigm). ROI, region of interest.

determine reliability of the fMRI tasks. However, prior studies
(8, 43, 44) have shown that other analytic approaches, such as
multivoxel pattern analyses, task-based connectivity, or network-
specific parameters, increase test-retest reliability. Future re-
search should examine effects of these analytic approaches on
reliability of fMRI tasks used in eating and obesity-related
studies.

Limitations and future directions

The current research has strengths, including 4 relatively large
datasets varying in sample demographics and time intervals and
the use of similar paradigms across samples. However, there
are also important limitations. First, we conducted analyses in
data drawn from fMRI studies that were not designed a priori

TABLE 7 Intrasubject reliability statistics for the food picture paradigm in Study 4 (n = 62)1

Contrasts
high-calorie

foods >low-calorie foods
high-calorie foods >glasses of

water

ICC (95% CI) ICC (95% CI)
Reference regions (i.e.

peak clusters)
R Middle occipital gyrus 0.70

(0.50, 0.82)∗
L Lingual gyrus 0.56 (0.27,

0.74)∗
ROIs:
L ACC –0.03 (–0.71, 0.38) –0.05 (–0.74, 0.37)
R ACC 0.07 (–0.55, 0.44) –0.08 (–0.81, 0.35)
L Amygdala 0.00 (–0.65, 0.40) –0.16 (–0.93, 0.30)
R Amygdala 0.08 (–0.53, 0.44) 0.04 (–0.60, 0.42)
L Caudate –0.24 (–1.06, 0.25) –0.06 (–0.76, 0.36)
R Caudate 0.03 (–0.62, 0.41) –0.29 (–1.14, 0.22)
L Insula –0.33 (–1.21, 0.20) –0.15 (–0.91, 0.31)
R Insula 0.04 (–0.59, 0.42) –0.15 (–0.91, 0.31)
L mOFC 0.16 (–0.39, 0.50) 0.29 (–0.19, 0.57)
R mOFC 0.34 (–0.10, 0.60) 0.15 (–0.41, 0.49)
L NAcc 0.29 (–0.18, 0.57) 0.34 (–0.10, 0.60)
R NAcc 0.37 (–0.05, 0.62) –0.17 (–0.95, 0.29)
L Putamen 0.36 (–0.06, 0.61) 0.30 (–0.16, 0.58)
R Putamen –0.14 (–0.88, 0.32) 0.15 (–0.41, 0.49)
L Thalamus 0.26 (–0.22, 0.56) –0.07 (–0.78, 0.36)
R Thalamus –0.23 (–1.05, 0.26) –0.07 (–0.78, 0.35)
Average ICC per contrast

across all regions
0.10 (–0.49, 0.46) 0.03 (–0.60, 0.42)

1The intraclass correlation coefficient (ICC) across the 2 time points is reported for each task and for each anatomically defined region of interest (ROI).
Between-day reliability is reported averaging across runs. A negative ICC is interpreted as indicating a reliability of zero (35). ∗ICC = 0.40–0.75. ACC,
anterior cingulate cortex; L, left hemisphere; mOFC, medial orbitofrontal cortex; NAcc, nucleus accumbens, R, right hemisphere.
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Test-retest reliability of taste and picture tasks 15

to investigate test-retest reliability of the fMRI tasks. Additional
research is needed to systematically investigate test-retest
reliability of the examined fMRI tasks. Second, the test-retest
reliability of our fMRI tasks may have been confounded by
variation in scan time, scan order, and sample characteristics,
such as variation in hunger, motion, cardiac and respiratory
signals, endocrine factors, and female menstrual cycle. However,
hunger was included as a covariate in the food-related fMRI
task analyses, which partially addresses this limitation. Further,
there were no significant differences in hunger and in scan time
between the baseline and follow-up scans in Studies 3 and 4,
suggesting that these variables did not confound those results.
Third, Studies 3 and 4 recruited participants for an eating disorder
treatment trial and an obesity treatment trial, respectively. Despite
the fact that analyses were conducted with participants randomly
assigned to the control conditions, it is possible that participants’
relation with food and thin-ideal changed from pre to posttest
due to regression to the mean because all participants had an
eating disorder or were obese at baseline, respectively. Fourth, the
test-retest reliability of the fMRI paradigms in the 2 longitudinal
adolescent studies (Studies 1 and 2) may have been confounded
by age-related development (4) over the 3-y interval, attenuating
test-retest reliability. Similar to past developmental fMRI studies
(4), we found that reliability of the examined fMRI paradigms
varied among regions and contrasts within the tasks. No study has
examined test-retest reliability of food receipt and food picture
tasks in adolescents over short time intervals. Therefore, it is
unknown if the reliability of these tasks would be higher over
shorter time intervals. Future research should examine test-retest
reliability of fMRI tasks used in eating and obesity-related studies
over short and long time intervals in order to advance knowledge
regarding how length of time between scans affects reliability
of BOLD data. Future research should also compare reliability
of the examined fMRI tasks with reliability of behavioral non-
fMRI tasks, such as the Food Choice Task (45) which has shown
moderate to good test-retest reliability over short time intervals
(M ICC 3 d = 0.75; M ICC 1 mo = 0.64). More broadly,
behavioral measures such as delay discounting, go/no-go tasks,
and stop-signal tasks, have also shown good short- and long-term
reliability (46–48).

Conclusions

Overall, the current results suggest that the examined fMRI
tasks show poor reliability on average and that the extent of
reliability varied strongly between regions and contrasts within
the tasks. These findings highlight the importance of repeated-
measures fMRI studies, particularly those examining longitudinal
effects, to report test-retest reliability of their fMRI paradigms.
Further, our findings call for the development and use of
well-validated standardized fMRI tasks in eating and obesity-
related studies that can provide reliable measures of neural
activation.
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