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a b s t r a c t

Objectives: Calorie restriction via total meal replacement (TMR) results in greater reduction of food
cravings compared to reduced-calorie typical diet (TD). Direct evidence of the impact of these in-
terventions on human brain fMRI food-cue reactivity (fMRI-FCR) and functional connectivity is absent.
We examined the effects of a 3-week 1120 kcal/d TMR intervention as compared to an iso-caloric TD
intervention using an fMRI-FCR paradigm.
Methods: Thirty-two male and female subjects with obesity (19e60 years; 30e39.9 kg/m2) participated
in a randomized two-group repeated measures dietary intervention study consisting of 1120 kcal/d from
either 1) TMR (shakes), 2) TD (portion control). Pre-intervention and following the 3-week diet fMRI-
FCR, functional connectivity, food cravings (Food Craving Inventory) and weight were considered.
Results: Compared to TD, TMR showed increased fMRI-FCR of the bilateral dorsolateral prefrontal
(dlPFC), orbitofrontal, anterior cingulate, primary motor and left insular cortices and bilateral nucleus
accumbens regions in the post-intervention state relative to the pre-intervention state. Compared to TD,
TMR was also associated with negative modulation of fMRI-FCR of the nucleus accumbens, orbitofrontal
cortex and amygdala by dlPFC. Reduced body weight (4.87 kg, P < 0.001), body fat (2.19 kg, P ¼ 0.004)
and overall food cravings (0.41, P ¼ 0.047) were seen in the TMR group. In the TD group reduced body
weight (2.37 kg, P ¼ 0.004) and body fat (1.64 kg, P ¼ 0.002) were noted. Weight loss was significantly
greater in TMR versus TD (2.50 kg, P ¼ 0.007).
Conclusions: Greater weight loss and reduced cravings, coupled with stronger activations and potential
negative modulation of the food reward related regions by the dlPFC during exposure to visual food cues
is consistent with increased executive control in TMR vs. TD.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Prevalence of over-weight and obesity are rising worldwide (Ng
et al., 2014). Extended calorie restriction (ECR) is often used for
weight loss (Finer, 2001; Franz et al., 2007). Several studies have
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described reduced food cravings and food-related reward expec-
tancy following ECR (Harvey, Wing, &Mullen, 1993; Martin, O'Neil,
& Pawlow, 2006, 2011). Moreover, it has been demonstrated that
ECR via liquid formula-based total meal replacement (TMR) very
low-calorie diet suppresses food cravings to a greater extent
compared to ECR via a typical food-based low-calorie diet (TD)
(Martin et al., 2006).

Our recent review (Kahathuduwa, Boyd, Davis, O'Boyle,& Binks,
2016), noted there is little research directly examining human brain
functional magnetic resonance imaging food-cue reactivity (fMRI-
FCR) involving ECR, as most studies focus on total fasting (typically
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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List of abbreviations

ACC anterior cingulate cortex
BF body fat
BL baseline of fMRI signal
COPEs contrasts of parameter estimates
dlPFC dorsolateral prefrontal cortex
ECR extended calorie restriction
FCI Food Craving Inventory
fMRI functional magnetic resonance imaging
FSL FMRIB Software Library
NAcc nucleus accumbens
NS not significant
OFC orbitofrontal cortex
PCG precentral gyrus
ROIs regions of interest
TMR total meal replacement
TD typical diet
VAS visual analogue scales
vmPFC ventromedial prefrontal cortex
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24e48 h). Evidence suggests that ECR may be associated with
decreased food-cue reactivity in brain regions regulating energy
balance (e.g. hypothalamus (Rosenbaum, Sy, Pavlovich, Leibel, &
Hirsch, 2008)), some regions of the dopaminergic reward system
(e.g. orbitofrontal cortex (Bruce et al., 2014; Rosenbaum et al.,
2008), anterior cingulate cortex (Murdaugh, Cox, Cook, & Weller,
2012; Rosenbaum et al., 2008) amygdala (Rosenbaum et al.,
2008)), nucleus accumbens (Avena, Murray, & Gold, 2013) and re-
gions that execute ingestive behavior (e.g. precentral gyrus
(Rosenbaum et al., 2008)). This decrease in reactivity in the dopa-
minergic reward system, homeostatic regions, and regions associ-
ated with ingestion from ECR is frequently accompanied by
increased activation in the middle frontal gyrus (i.e. dorsolateral
prefrontal cortex) (Rosenbaum et al., 2008). This has been inter-
preted as indicating greater executive control over ingestion and
food cravings.

However, several gaps in understanding of the neurophysio-
logical and behavioral effects of ECR remain. First, changes in fMRI-
FCR in the context of ECR have not been prospectively examined in
a randomized controlled trial (Kahathuduwa et al., 2016). Second,
even though evidence suggests that ECR suppresses food cravings
and fMRI-FCR in several brain regions that process food-related
stimuli and reward, the precise nature of the neurophysiological
mechanisms involved are unknown. Third, exploring functional
connectivity using psychophysiological interaction (PPI) analysis
could lead to the identification of potential mechanisms linking
brain regions that are associated with decreased food cravings
observed in relation to ECR. While the dorsolateral prefrontal cor-
tex has often been assumed to be exerting executive control over
ingestion, the effects of ECR-associated suppressive relationships
between the dorsolateral prefrontal cortex and the reward-related
brain regions have not been studied to-date. Finally, even though
previous evidence suggested that a very low-calorie diet imple-
mented via liquid formula-based TMR seems to be superior to a
low-calorie diet implemented via TD in suppressing food cravings,
effects of these interventions on food cravings, fMRI-FCR and
functional connectivity between the dorsolateral prefrontal cortex
and the food reward-related regions of the brain have not been
delineated in a randomized controlled trial.

Therefore, we examined whether participation by subjects with
obesity (BMI 30e39.9 kg/m2) in a 3-week isocaloric, low calorie
(1120 kcal/day) diet derived from TMR versus TD will have differ-
ential effects on functional activations (i.e. BOLD responses) in brain
regions that influence ingestive behavior. We hypothesized that a
significant group (i.e. TMR versus TD) X time (i.e. pre- vs. post-
intervention) interaction and a significant main effect for time
would be seen in the fMRI-FCR of the brain regions that are thought
to regulate executive control over ingestion (i.e. dorsolateral pre-
frontal cortex) and brain regions that have been associated with
food reward (i.e. orbitofrontal cortex, anterior cingulate cortex,
amygdala, precentral gyrus and the nucleus accumbens). While
direct evidence was not available regarding the possible role of the
insula in fMRI-FCR, considering that one of its functions includes
regulating pleasure associated with ingestion (Berridge, 2009), we
anticipated that the fMRI-FCR of the insula would also decrease
with ECR as would other food reward and pleasure-related regions
(Kahathuduwa et al., 2016). We specifically hypothesized a priori,
an increase in fMRI-FCR compared to pre-intervention state in the
dorsolateral prefrontal cortex in both groups, with fMRI-FCR of the
TMR group being greater than the TD group. We also predicted a
decline in fMRI-FCR in all hypothesized food reward, and pleasure-
related regions and brain regions that regulate motor readiness to
ingest, with a greater decline in TMR versus TD. In relation to the
functional connectivity analyses, we hypothesized that in a post-
vs. pre-intervention comparison, the fMRI-FCR of bilateral dorso-
lateral prefrontal cortices will be negatively associated with fMRI-
FCR of the brain regions that regulate food reward (i.e. bilateral
nucleus accumbens, orbitofrontal cortex, insula, amygdala and
anterior cingulate cortex) and motor responses in relation to
ingestion (i.e. the precentral gyrus) 1) in the TMR group when
compared with the TD group; and 2) in a pooled analysis of TMR
and TD groups (i.e. independent influence of ECR). Finally, with
regard to self-reported food cravings, we hypothesized that
compared to TD, TMR would be associated with a significant
reduction of overall food cravings as well as cravings for sweet food,
high-fat food, starchy food and fast food as measured by the Food
Craving Inventory (White, Whisenhunt, Williamson, Greenway, &
Netemeyer, 2002).

2. Methods

2.1. Ethics

The TTU Human Research Protection Program approved the
study (TTU IRB #505380). All procedures were conducted in
accordance with the Helsinki Declaration amended in 2000 (WHO,
2001). Informed written consent was obtained from all subjects
who met eligibility criteria.

2.2. Subjects

Thirty-two adult men and women with obesity (age 19e60
years; BMI 30e39.9 kg/m2) were enrolled from January through
June 2016. Potential subjects were screened to determine eligibility
via telephone. Subjects were excluded based on the following:
contraindications for magnetic resonance imaging; gross visual,
auditory or motor impairments; medical contraindications (e.g.
diabetes mellitus, uncontrolled hypertension), neurological or se-
vere psychiatric conditions; recent (3 months) weight loss program
or ever had bariatric surgery; diagnosed eating disorders; taking
medications that may affect fMRI-FCR; current smokers; and un-
willing to undergo a 3-week diet. Eligible subjects attended an in-
person assessment (visit 1). Pre-menopausal women were sched-
uled for visit 2 during the second half of the follicular phase of their
menstrual cycle (i.e. day 10e14). This allowed for scheduling visit 5
within the follicular phase of the subsequent menstrual cycle (i.e.
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approximately day 3e7) to avoid menstrual influences on fMRI-FCR
(Berridge, 2009).

2.3. Design

We employed a two-group repeated-measures design. During
visit 1, subjects’ eligibility was confirmed using a self-report
questionnaire. Height and weight were measured and BMI calcu-
lated. Body fat mass (BF) was obtained via bio-electrical impedance
analysis (TANITA Corporation of America Inc., IL, USA BC-418
segmental body composition analyzer); and blood pressure
measured (Omron Healthcare Inc., IL, USA Digital BP Monitor HEM-
907XL). Once eligibility was verified, visits 2e5 were scheduled
[see Supplemental Fig. 1].

2.3.1. fMRI and check-in visits
In preparation for each scanning visit (visit 2 and 5), subjects

were instructed to refrain from alcohol, caffeine, and tobacco for
24 h and to avoid intake of food or beverages (except water) for
8 hours. Upon arrival for scanning visits, subjects completed self-
report measures including the Food Craving Inventory (White
et al., 2002) and Visual Analogue Scales [Fig. 1]. The Food Craving
Inventory is validated 28-item self-report questionnaire that
measures overall food cravings and cravings for sweet food, high-
fat food, starchy food and fast food. The inventory requires sub-
jects to rate the frequency of development of cravings to each item
of food within the past 3 months on a 1e5 Likert scale. Validation
studies report that the Food Craving Inventory has reasonable in-
ternal consistency (Cronbach's a ¼ 0.76e0.93) and test-re-test
reliability of 0.79e0.91. Cronbach's a for this study is reported in
Supplemental Table 1. The Visual Analogue Scales required the
subjects to rate hunger, satiety, thirst, fullness and emptiness on a
0e100 mm scale. The Visual Analogue Scales were administered
twice at each scanning session (i.e. once before and once immedi-
ately after the scanning session). Within each scanning session, the
mean of the two administrations was tabulated.

Upon completion of the self-report measures, subjects were
oriented to the fMRI stimulus presentation paradigm using a laptop
Fig. 1. Protocol followed during scanning sessions.
The protocol was followed during visit 2 and visit 5. Only a sample food image and the match
Inventory; PFS, Power of Food Scale; YFAS, Yale Food Addiction Scale; VAS, visual analogue
computer prior to undergoing a 45-min fMRI scan. After comple-
tion of the scan, the 5 Visual Analogue Scales were re-administered.
Following the pre-intervention scan, subjects were randomly
assigned to diet condition (TMR n ¼ 16 or TD n ¼ 16) using a
random number generator (Team, 2016). The TMR group was
instructed tomaintain calorie intake at 1120 kcal/day by consuming
provided Optifast™ 800 (Nestl�e HealthCare Nutrition Inc., NJ, USA)
TMR shakes and non-caloric beverages for 3 weeks. Each subject
was provided with 49 sachets (170 kcal/sachet) of TMR formula per
week; were instructed to consume 7 sachets per day at regularly
spaced times of their own discretion (per typical clinical recom-
mendations they were instructed they could double up shakes if
desired). Subjects were instructed to record the times of con-
sumption and the number of sachets consumed at each time. The
TD groupwas instructed to maintain calorie intake at 1120 kcal/day
for 3 weeks by controlling portion sizes and calorie monitoring
(2016 Calorie Fat & Carbohydrate Counter, The Calorie King®; CA,
USA) foods they typically eat. No specific dietary recommendations
were made. The TD group also recorded the times of intake of food
and the number of calories that were consumed at each occasion in
order to improve adherence. Both TMR and TD groups were
instructed to maintain their physical activity at a constant level
throughout the 3-week intervention.

Subjects in both groups wereweighed, blood pressuremeasured
and adherence encouraged by providing constructive feedback
related to adherence of the prior week at weekly check-in visits. An
identical protocol to visit 2 was used for visit 5 scan at completion
of the 3-week intervention. Measured height, body weight, BF and
BMI were also obtained (see visit 1).
2.4. Imaging paradigm

Scanning sessions were conducted using a 3.0 T S Skyra scanner
(with a 20-channel head coil). Subjects underwent event-related
stimulus paradigm (PsychoPy 2.0) fMRI scans followed by a diffu-
sion tensor imaging (dTI) scan (data reported elsewhere) and a T1-
weighted structural scan. We used pairs of high-resolution (food/
object) images that were matched for visual properties (color,
ed control image are shown. TFEQ, Three-factor Eating Questionnaire; FCI, Food Craving
scales; DTI, diffusion tensor imaging; TMR, total meal replacement.
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shape visual complexity, orientation and size) by 3 independent
raters to create the image bank. The images of food included images
ranging from high to low energy density and both food and
matched object images ranged from high to low appeal (confirmed
via independent online validation survey of 110 subjects who rated
each image on a 0e100 visual analogue scale). Each fMRI trial
included a black fixation cross displayed on a white background for
a jittered duration between 2000 and 4000 ms and subsequently a
target image (i.e. food or object) displayed for 5000 ms. Subjects
were asked to rate the image on a 1e7 Likert scale by answering
‘How appealing is this to you?’ during image presentation using a
two-button fiber-optic device held in the right hand. Each run
consisted of repeating this sequence 60 times (i.e. 30 images of food
and 30 images of matched objects). Each functional scanning ses-
sion was made up of 4 runs, thus presenting 120 images from each
of the food and object categories. Both the order of presentation of
images within each pre-determined 60-image run and the order of
presentation of the runs were randomized.

fMRI datawere acquired using an echo planar imaging sequence
with the following parameter settings: repetition time ¼ 2140 ms;
echo time¼ 25; flip angle¼ 70; field of view¼ 192 mm� 192 mm;
acquisition matrix ¼ 64 � 64; slice thickness ¼ 2.5 mm; and 42
ascending axial slices. Slices were tilted approximately 30� from the
anterior commissure e posterior commissure line to minimize
orbitofrontal cortical signal dropout (Deichmann, Gottfried, Hutton,
& Turner, 2003). A T1-weighted MPRAGE scan was also collected
using the following parameters: repetition time ¼ 1900 ms; echo
time ¼ 2.49; flip angle ¼ 9; field of view ¼ 240 � 240; acquisition
matrix¼ 256� 256; slice thickness¼ 0.9 mm; and 192 slices in the
sagittal plane. Each scanning session was completed within
45 minutes.

2.5. Statistical analysis

2.5.1. Behavioral data analyses
All behavioral data analyses were conducted using R statistical

software (version 3.2.4). All continuous variables were summarized
using means and standard deviations. Student's t-test with
WelcheSatterthwaite correction and Yates continuity corrected
chi-square test were used to compare the behavioral measure-
ments across groups at the pre-intervention state. Pre- and post-
intervention differences were calculated for each behavioral mea-
sure within groups. Change scores for groups were compared using
Student's t-tests with WelcheSatterthwaite correction. P-value
of < 0.05 was considered significant.

2.5.2. Functional MRI data analyses
All structural and functional raw data images were converted to

NIfTI format using the dcm2nii converter (Rorden & Brett, 2000).
Freesurfer (autorecon1) (Dale, Fischl, & Sereno, 1999; Fischl et al.,
2004) was used for structural image preprocessing and FMRIB
Software Library (FSL; Version 6.00, Oxford, UK) for functional
image preprocessing and analysis. Preprocessing of functional im-
ages included: motion correction by aligning each functional vol-
ume to the center volume within each functional run with 6-DOF
sinc interpolation using FSL's MCFLIRT tool (Jenkinson, Bannister,
Brady, & Smith, 2002); skull-stripping using FSL's BET tool
(Smith, 2002); registration to high resolution structural space by
the BBR algorithm and subsequently to the standard space by 12-
DOF using FSL's FLIRT tool (Jenkinson & Smith, 2001); spatial
smoothing using a Gaussian kernel of FWHM 8.0 mm; grand-mean
intensity normalization of the entire 4D dataset by a single multi-
plicative factor; high-pass temporal filtering (Gaussian-weighted
least-squares straight line fitting, with sigma ¼ 50.0 s); and FILM
pre-whitening (Woolrich, Ripley, Brady, & Smith, 2001).
Standard 3-level analysis in the FEAT tool in FSL was used to
analyze fMRI data. In level-1 models, single run functional time
series were modeled with task-based regressors for food and object
stimuli, and trials where subjects did not make a motor response.
Task-based regressors were convolved using a canonical double
gamma hemodynamic response function. Confound variables to
control for motion effects included 6 motion parameters, their
temporal derivatives, and regressors to scrub (i.e. censor) volumes
that exceeded a frame-wise displacement of 0.9 mm. An autocor-
relation correction was included to account for serial dependencies
between samples not accounted for by the task and confound
variables. In the level-2 analyses, the level-1 experimental variables
of all functional runs of each subject were averaged using a fixed
effects model (Beckmann, Jenkinson, & Smith, 2003; Woolrich,
2008; Woolrich, Behrens, Beckmann, Jenkinson, & Smith, 2004),
including a variable accounting for pre- versus post-intervention
effects. In the third level analysis, level-2 averages and contrasts
were regressed on the grouping variable (TMR vs. TD) and two
covariates determined a priori: 1) standardized difference in
duration of fasting pre-scan (to control for known influences of
duration of fasting (Kahathuduwa et al., 2016)); 2) standardized
change in fat mass (BF) relative to the pre-intervention state to
control for potential systematic bias caused by between group
differences in response and or adherence to diet, using a mixed
effects model with subject as a random effect for population
inference (FLAME 1). The final statistical maps were corrected for
multiple comparisons at P < 0.05 using FSL's permutation-based
cluster thresholding (randomise; 10,000 permutations; 2.0555 t-
threshold corresponding to the two-tailed t-threshold of 26 de-
grees of freedom at the significance level of 0.05). Harvard-Oxford
cortical and subcortical structural atlases and FSL's atlasquery tool
were used to identify the brain regions showing statistical signifi-
cance. In addition to whole-brain thresholds, small-volume cor-
rected analyses were conducted using probability masks derived
from the Harvard-Oxford cortical and subcortical structural atlases
for the following a priori regions of interest (ROIs): bilateral
dorsolateral prefrontal cortex, orbitofrontal cortex, anterior cingu-
late cortex, nucleus accumbens, insula, amygdala, and precentral
gyrus. A separate level 3 analysis, including the same covariates and
pooling the TMR and TD groups, at the whole brain level and using
the probability masks of the pre-hypothesized ROIs to examine for
the main effect of time (i.e. pre- vs. post-intervention) was also
conducted. Each statistical image of ROI analysis was corrected for
multiple comparisons at P < 0.05 using FSL's permutation-based
cluster thresholding as described above.

2.5.3. Functional connectivity analyses
Probability masks of each of left and right dorsolateral pre-

frontal cortices (i.e. seed regions), defined using the left and right
middle frontal gyrus masks of the Harvard-Oxford cortical struc-
tural atlas in FSL, were converted to the functional space of each
functional run of each subject using the FNIRT tool in FSL
(Andersson, Jenkinson, & Smith, 2007). Time-course of each seed
region was extracted from the pre-processed data using the
fslmeants command in FSL.

Two standard 3-level analyses in the FEAT tool in FSL were used
to analyze the functional connectivity data for the two seed regions
(i.e. the left and right dorsolateral prefrontal cortex) using the PPI
approach as per FSL's standard PPI analysis pipeline (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/PPI). In level-1 models, single run func-
tional time series were modeled with a 3-column (i.e. time of onset
of each trial, duration of each trial and weight of each trial) task-
based regressor with weights coded to depict the food e object
image contrast were high-pass filtered and were convolved using a
canonical double gamma hemodynamic response function (i.e. the

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PPI
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PPI
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psychological regressor). The non-convolved time course of the
seed region (i.e. the physiological regressor) was also included in
the model. The interaction of the centered psychological and the
mean centered physiological regressors (i.e. the PPI) was also
modeled. A 3-column high-pass filtered and convolved (using a
canonical double gamma hemodynamic response function) task-
based regressor that depicted the food þ object image contrast
(i.e. all images having the same weights) was also included in the
models as a covariate. The trials in which subjects did not make a
motor response were included in the model as confounding vari-
ables. Additional confound variables to control for motion effects
included the 6 motion parameters, their temporal derivatives, and
regressors to scrub (i.e. censor) volumes that exceeded a frame-
wise displacement of 0.9 mm (Siegel et al., 2014). Level 2 and
level 3 analyses, subsequent thresholding, localizing and ROI ana-
lyses were conducted as described above.
3. Results

Fifteen subjects in the TMR group and 13 subjects in the TD
group completed the study [see Supplemental Fig. 2: CONSORT
diagram] andwere included in the analyses. The two groups did not
differ by age, sex, proportion of pre- versus post-menopausal
women, weight, height, BMI, BF or food cravings [Table 1]. Non-
completers did not differ statistically from completers at the pre-
intervention state.

The 3-week TMR intervention resulted in a significant reduction
in overall food cravings (0.41, t ¼ 2.18, P ¼ 0.047, Cohen's d ¼ 0.56),
cravings for sweets (0.68, t ¼ 2.56, P ¼ 0.023, Cohen's d ¼ 0.66) and
for starchy food (0.44, t ¼ 2.15, P ¼ 0.049, Cohen's d ¼ 0.55). The TD
intervention also resulted in a significant reduction in cravings for
sweets (0.37, t ¼ 2.26, P ¼ 0.043, Cohen's d ¼ 0.62) and cravings for
starchy food (0.38, t ¼ 2.52, P ¼ 0.027, Cohen's d ¼ 0.70) [Table 2].

In the fMRI-FCR analyses, TMR and TD groups were compared
for post- versus pre-intervention differences in responses to images
of food versus objects both at the whole brain level and in pre-
hypothesized ROIs. Whole brain level analysis comparing the TD
group, to the TMR group showed increased fMRI-FCR in a cluster
that included the bilateral orbitofrontal, dorsolateral prefrontal,
anterior cingulate and the left insular cortices and the bilateral
Table 1
Pre-intervention characteristics of completers of the study.

Parameter TMR (n ¼ 15) a

Age (years) 31.27 ± 11.85
Gender (M/F) 8/7
Reproductive status of women (pre-/post-menopausal) 4/3
Weight (kg) 97.97 ± 16.72
Height (cm) 166.67 ± 9.74
BMI (kg/m2) 35.14 ± 3.75
BF (kg) 38.03 ± 13.32
BF % 38.65 ± 11.48
Food cravings e Overall 2.44 ± 0.57
Food cravings e Sweet 2.83 ± 0.74
Food cravings e High Fat 2.02 ± 0.61
Food cravings - Starchy 2.53 ± 0.62
Food cravings e Fast Food 2.98 ± 1.01
Fasting (hours) b 13.51 ± 3.96
VAS-Hunger 44.37 ± 18.96
VAS-Satiety 46.15 ± 23.41
VAS-Thirst 55.15 ± 26.10
VAS-Fullness 30.03 ± 16.29
VAS-Hunger 56.15 ± 16.03

Data were analyzed with Student's t-tests with WelcheSatterthwaite correction and chi
Total Meal Replacement; TD, Typical Diet.

a Values are means ± SDs or ratios as appropriate.
b Time since the last intake of food/calorie containing beverage prior to the pre-interv
precentral gyri in the post-intervention state relative to the pre-
intervention state, as evidenced by a significant TMR > TD X
post- > pre-intervention X food > object stimulus interaction
observed after cluster-based correction for multiple comparisons
(P ¼ 0.043) [Fig. 2; Supplemental Table 2]. Breaking down this
three-way interaction revealed increased fMRI-FCR of the above
brain regions in the TMR group compared to the TD group post-
intervention relative to baseline of fMRI signal (P ¼ 0.010) (i.e. a
significant TMR > TD X post-intervention > baseline of fMRI signal
X food > object contrast). The TMR versus TD contrast however, was
not significant in baseline of fMRI signal versus pre-intervention
contrast. Examination of main effect for time (post- versus pre-
intervention) did not reveal significant results at the whole brain
level. This may be due to the mean of increased post-intervention
fMRI-FCR in the TMR group and the decreased post-intervention
fMRI-FCR of the TD group, approximating the pre-intervention
fMRI-FCR of the two groups. Taken together, the whole brain-
level analyses indicated that compared to the TD group, the TMR
group had increased fMRI-FCR in the bilateral dorsolateral pre-
frontal cortices, which are thought to exert executive inhibitory
control over ingestion (Berthoud, 2002, 2004, 2011), and also in the
food-reward-related bilateral orbitofrontal, anterior cingulate and
left insular regions (Berridge, 2009; Berthoud, 2002, 2011) and
bilateral precentral gyri, which regulates motor readiness to ingest
(Kahathuduwa et al., 2016).

ROI analyses revealed that compared to the TD group, the TMR
group had increased fMRI-FCR post-intervention relative to pre-
intervention in the right and left dorsolateral prefrontal
(P ¼ 0.017 and 0.042), orbitofrontal (P ¼ 0.027 and 0.017) and
anterior cingulate (P ¼ 0.014) cortices and the bilateral nucleus
accumbens (P ¼ 0.038 and 0.035) (i.e. TMR > TD X post- > pre-
intervention X food > object stimulus interactions in each ROI) after
cluster-based correction for multiple comparisons [Table 3]. On
subsequent analyses, compared to the TD group, in the TMR group,
significantly increased fMRI-FCR was observed post-intervention
relative to baseline of the fMRI signal in all of the above ROIs. Vi-
sual examination of contrasts of parameter estimates (COPEs)
derived from each brain ROI for the TMR and TD groups in the pre-
and post-intervention states [Supplemental Fig. 3] revealed that
TMR was associated with increased fMRI-FCR in the bilateral
TD (n ¼ 13) a t/c2 Cohen's d P

32.15 ± 14.67 �0.188 0.067 0.861
4/9 0.673 0.412
6/3 0.000 >0.999
100.06 ± 16.70 �0.355 0.125 0.725
169.11 ± 12.66 �0.611 0.216 0.546
34.82 ± 2.63 0.283 0.1 0.779
40.28 ± 6.18 �0.613 0.217 0.545
40.95 ± 7.19 �0.679 0.24 0.502
2.36 ± 0.61 0.399 0.141 0.692
2.76 ± 0.99 0.238 0.084 0.813
1.93 ± 0.50 0.427 0.151 0.673
2.48 ± 0.78 0.210 0.074 0.835
2.3 ± 0.86 0.760 0.269 0.453
14.37 ± 5.16 �0.527 0.186 0.602
50.65 ± 25.88 �0.724 0.193 0.477
49.15 ± 22.24 �0.348 0.093 0.731
56.75 ± 27.06 �0.159 0.042 0.875
34.73 ± 23.33 �0.609 0.163 0.549
58.46 ± 21.60 �0.317 0.085 0.754

-square test with Yates continuity correction where appropriate. BF, body fat; TMR,

ention scanning session.



Table 2
Comparison of the changes in body weight, BMI, BF, BF percentage and food cravings in the TMR and TD groups during the 3-week intervention.

Parameter TMR (n ¼ 15) [95%CI] TD (n ¼ 13)
[95%CI]

TMR vs. TD
[95% CI]

t Cohen's d P

Pre- vs. Post- Pre- vs. Post- Pre- vs. Post-

Weight (kg) 4.87 [3.71, 6.02]a 2.37 [0.93, 3.81]a 2.50 [0.74, 2.92]b 2.924 1.120 0.007
BMI (kg/m2) 1.68 [1.28, 2.08]a 0.44 [�0.45, 1.33] 1.24 [0.30, 2.19]b 2.774 1.100 0.010
BF (kg) 2.18 [0.83, 3.54]a 1.64 [0.75, 2.53]a 0.54 [�1.01, 2.10] 0.723 0.265 0.477
BF % 0.60 [�0.53, 1.74] 0.68 [�0.22, 1.59] �0.08 [�1.48, 1.31] �0.125 0.046 0.901
FCI e Overall 0.41 [0.01, 0.80]a 0.21 [�0.06,0.49] 0.19 [�0.27, 0.65] 0.851 0.312 0.403
FCI e Sweet 0.68 [0.11, 1.26]a 0.37 [0.01,0.72]a 0.32 [�0.33, 0.96] 1.018 0.371 0.319
FCI e High Fat 0.11 [�0.33, 0.54] 0.09 [�0.12,0.30] 0.02 [�0.45, 0.49] 0.097 0.035 0.924
FCI - Starchy 0.44 [0.00, 0.88]a 0.38 [0.05, 0.72]a 0.06 [�0.47, 0.59] 0.223 0.082 0.826
FCI e Fast Food 0.58 [�0.02, 1.19] 0.02 [�0.46, 0.50] 0.56 [�0.17, 1.30] 1.580 0.585 0.126
Fasting (hours) �0.43 [�2.82, 1.97] 0.67 [�2.04, 3.39] �1.10 [�0.43, 0.67] �0.658 0.250 0.516
VAS-Hunger �8.27 [�19.98, 3.45] 1.77 [�9.51, 13.05] �10.04 [�25.51, 5.43] �1.333 0.356 0.194
VAS-Satiety 1.48 [�9.15, 12.12] �3.15 [�14.71, 8.41] 4.64 [�10.31, 19.58] 0.638 0.171 0.529
VAS-Thirst 2.08 [�15.38, 19.55] 2.17 [�14.64, 18.98] �0.09 [�23.15, 22.97] �0.008 0.002 0.994
VAS-Fullness 10.13 [�2.07, 22.34] �2.42 [�12.58, 7.74] 12.56 [�2.58, 27.69] 1.706 0.456 0.100
VAS-Emptiness �9.08 [�24.60, 6.43] 3.77 [�5.39, 12.93] �12.85 [�30.20, 4.49] �1.536 0.411 0.139

Pre- versus Post-intervention comparisons were conducted using paired t-tests. TMR versus TD comparisons were conducted using Student's t-tests with
WelcheSatterthwaite correction. BF, body fat; TMR, Total Meal Replacement; TD, Typical Diet.

a Significant pre- versus post-difference.
b Significant TMR versus TD difference.

Fig. 2. Brain regions showing significant TMR > TD X post- > pre-intervention X food > object stimulus interaction on whole brain level analysis.
a) Coronal slice of the brain showing significant clusters involving bilateral dlPFC and left insular cortical regions.
b) Transverse slice of the brain showing significant clusters involving bilateral orbitofrontal and anterior cingulate cortical regions.
c) Sagittal slice of the brain showing significant clusters involving medial prefrontal, orbitofrontal and anterior cingulate cortical regions.
Analyses were conducted using FSL. Third level random effects models were constructed using the FLAME-1 algorithm in FSL. Cluster thresholding was performed via the randomise
tool in FSL (t > 2.0555, 10000 permutations; the cluster forming threshold was the t-score corresponding to a FWER of 0.05 at 26 degrees of freedom). Only the clusters and the local
maxima that survived the FWE cluster correction (P < 0.05) are shown. The template image is the mean image of the high-resolution anatomical scans of all subjects. TMR, Total
Meal Replacement; TD, Typical Diet; OFC, orbitofrontal cortex; ACC, anterior cingulate cortex; dlPFC, dorsolateral prefrontal cortex; FSL, FMRIB Software Library.
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dorsolateral prefrontal cortex, anterior cingulate cortex, nucleus
accumbens, orbitofrontal cortex and the pre-central gyrus, whereas
the TD intervention was associated with decreased fMRI-FCR in the
above regions. Main effect of time (i.e. post- vs. pre-intervention)
was not significant in any of the examined ROIs. Similar to the
whole brain level analyses, ROI analyses indicated that compared to
TD, TMR was associated with increased fMRI-FCR of brain regions
that regulate executive inhibitory control over ingestion (i.e. the
dorsolateral prefrontal cortex), as well as brain regions that may be
associated with food reward (i.e. the orbitofrontal cortex)
(Berthoud, 2002, 2004, 2011).

In the PPI analysis, the effects of the TMR intervention as
compared to the TD intervention on the associations between ac-
tivity of left and right dorsolateral prefrontal cortices on fMRI-FCR
of the whole brain and in pre-hypothesized ROIs were examined. In
the whole brain level analysis, we found a negative functional
interaction between the time-course of the left dorsolateral pre-
frontal cortex and the fMRI-FCR of a cluster that included the
bilateral orbitofrontal cortex, bilateral amygdala, frontal pole,
bilateral parahippocampal gyri, left hippocampus, left superior
temporal gyrus, left inferior temporal gyrus and the left planum
temporale following the TMR intervention as compared to the TD
group (P ¼ 0.031) [Fig. 3, Supplemental Table 3]. This negative
interaction suggested that increased activity of the left dorsolateral
prefrontal cortex seems to be associated with decreased fMRI-FCR
of the above brain regions following the TMR intervention as
compared to the TD intervention. In similar analyses conducted
using probability masks of pre-hypothesized ROIs, we found
negative functional interactions between the time-course of the left
dorsolateral prefrontal cortex and the fMRI-FCR of the left and right
amygdala (P ¼ 0.004 and P ¼ 0.009 respectively), left nucleus
accumbens (P ¼ 0.018) and left orbitofrontal cortex (P ¼ 0.01)
following the TMR intervention as compared to the TD intervention
[Table 4]. Further exploration of these findings indicated that
observed significant findings in the bilateral amygdala and the left
orbitofrontal cortex were driven by significant differences in TMR
vs. TD groups in the interaction of the left dorsolateral prefrontal
cortex and fMRI-FCR of these target brain regions at the pre-
intervention state (rather than following the intervention). Visual
examination of contrasts of parameter estimates (COPEs) extracted
from the above ROIs using Harvard-Oxford probability masks
confirmed this finding. However, visual examination of the mean
COPEs suggested that following TMR intervention, as the activity of
the left dorsolateral prefrontal cortex increased, fMRI-FCR of the



Table 3
Local maxima within pre-hypothesized ROIs in the fMRI analyses.

Contrast ROIs Cluster Size MNI Coordinates Subregions t P

X Y Z

TMR > TD X Post > Pre X Food > Object OFC 530 �46 30 �8 Left lateral OFC 3.43 0.017
391 40 22 �16 Right lateral OFC 3.83 0.027

MFG 1132 36 28 52 Right dlPFC 3.69 0.017
32 20 56 Right dlPFC 3.55
34 10 46 Right dlPFC 3.53
28 18 54 Right dlPFC 3.48
32 16 58 Right dlPFC 3.47

622 �44 22 48 Left dlPFC 3.64 0.042
�50 10 50 Left dlPFC 3.4
�28 34 50 Left dlPFC 3.37
�50 24 40 Left dlPFC 3.31
�38 34 46 Left dlPFC 3.22

ACC 618 0 38 �2 Pregenual ACC 4.29 0.014
�4 40 �2 Pregenual ACC 4.14
0 46 6 Pregenual ACC 3.65
0 30 18 Pregenual ACC 3.55
�8 40 18 Pregenual ACC 2.5

NAcc 38 �8 14 �4 Left NAcc 2.79 0.035
35 8 8 �4 Right NAcc 2.68 0.038

Insula 128 34 20 �8 Right anterior insula 2.75 0.083
31 �28 16 �12 Left anterior insula 3.47 0.206

PCG 63 54 2 46 Right primary motor cortex 2.52 0.246
47 �60 12 34 Left primary motor cortex 2.54 0.278

Amygdala NS
TD > TMR X Post > Pre X Food > Object NS
TMR > TD X Post > BL X Food > Objects OFC 671 �24 18 �14 Left medial OFC 4.13 0.007

�20 18 �22 Left medial OFC 3.71
�40 28 �18 Left lateral OFC 3.5
�42 34 �14 Left lateral OFC 3.49
�46 28 �10 Left lateral OFC 3.45

350 22 18 �20 Right medial OFC 3.65 0.032
36 20 �24 Right lateral OFC 3.31
20 10 �28 Right medial OFC 2.22

MFG 970 �36 34 46 Left dlPFC 4.07 0.011
�48 10 54 Left dlPFC 4.03
�32 34 50 Left dlPFC 3.91
�42 26 44 Left dlPFC 3.9
�42 12 56 Left dlPFC 3.88

606 36 6 54 Right dlPFC 4.23 0.029
36 26 52 Right dlPFC 2.14
30 34 46 Right dlPFC 3.58
34 14 40 Right dlPFC 2.81
38 20 34 Right dlPFC 2.48

ACC 780 0 36 2 Pregenual ACC 4.17 0.005
0 46 6 Pregenual ACC 3.67
0 22 18 Mid-ACC 3.47
�12 34 20 Left Mid-ACC 3.35
�4 34 20 Pregenual ACC 3.25

NAcc 79 �8 16 �6 Left NAcc 3.81 0.007
60 8 6 �4 Right NAcc 3.98 0.016

Insula 93 38 0 �18 Right NAcc 2.64 0.103
60 �38 �12 �8 Left NAcc 2.64 0.14

PCG 146 �60 12 34 Left primary motor cortex 3.03 0.134
90 48 4 16 Right primary motor cortex 2.58 0.18

Amygdala 12 32 �4 �24 Right amygdala 2.39 0.157
6 �22 �14 �12 Left primary motor cortex 2.41 0.198

TMR > TD X BL > Pre X Food > Objects NS
TMR > BL X Post > BL X Food > Objects NS
BL > TD X Post > BL X Food > Objects NS

Fifteen TMR and 13 TD subjects were included in the analyses. Analyses were conducted using FSL. Third level random effects models were constructed using the FLAME-1
algorithm in FSL. Cluster thresholding was performed via the randomise tool in FSL (t > 2.0555, 10000 permutations; the cluster forming threshold was the t-score corre-
sponding to a FWER of 0.05 at 26 degrees of freedom) using probability masks derived from the Harvard-Oxford cortical and subcortical structural atlases. Local maxima are
reported only for clusters larger than 600 voxels. ROIs, regions of interest; TMR, Total Meal Replacement; TD, Typical Diet; BL, baseline of fMRI signal; OFC, orbitofrontal cortex;
ACC, anterior cingulate cortex; MFG, middle frontal gyrus; dlPFC, dorsolateral prefrontal cortex; NAcc, nucleus accumbens; PCG, precentral gyrus; NS, not significant; FSL,
FMRIB Software Library.
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left nucleus accumbens appeared to decrease. This finding suggests
that TMR may be enhancing the inhibitory influences of the left
dorsolateral frontal cortex (which is known to regulate executive
control over ingestion) on fMRI-FCR of the food reward and
pleasure-regulating left nucleus accumbens (Berridge, 1996).
The analysis conducted to examine the effects of the two dietary

interventions on functional interactions between the right dorso-
lateral prefrontal cortex and the whole brain did not yield



Fig. 3. Brain regions that were negatively modulated post- vs. pre-intervention by the
left dlPFC in the TMR group compared to the TD group.
a) Coronal slice of the brain showing significant clusters involving the left NAcc, left
subcallosal cortex, left hippocampus and bilateral orbitofrontal cortex.
b) Sagittal slice of the brain showing a significant clusters involving the left nucleus
accumbens.
Analyses were conducted using FSL via the PPI approach. Third level random effects
models were constructed using the FLAME-1 algorithm in FSL. Cluster thresholding
was performed via the randomise tool in FSL (t > 2.0555, 10000 permutations). Only
the clusters and the local maxima that survived the FWE cluster correction (P < 0.05)
are shown. The template image is the mean image of the high-resolution anatomical
scans of all subjects. TMR, Total Meal Replacement; TD, Typical Diet; dlPFC, dorsolat-
eral prefrontal cortex; NAcc, nucleus accumbens; FSL, FMRIB Software Library; PPI,
psychophysiological interaction.
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significant findings. In the analyses conducted using probability
masks of pre-hypothesized ROIs, significant negative functional
interactions were noted between the activity of the right dorso-
lateral prefrontal cortex and the fMRI-FCR of the left and right
amygdala (P ¼ 0.005 and P ¼ 0.01 respectively), right insula
(P ¼ 0.045), left nucleus accumbens (P ¼ 0.005) and left orbito-
frontal cortex (P¼ 0.046) following the TMR condition compared to
the TD condition [Table 4]. Further exploration of these findings
indicated that observed significant findings in the bilateral amyg-
dala were driven by significant differences in TMR vs. TD groups in
the interaction of the left dorsolateral prefrontal cortex and fMRI-
FCR of these target brain regions at the pre-intervention state.
However, on visual examination of COPEs [Supplemental Fig. 4],
TMR intervention was associated with a greater reduction of fMRI-
FCR in the left nucleus accumbens along with increased activity of
the right dorsolateral prefrontal cortex. Thus, TMR seems to
enhance the inhibitory influences of the left as well as right
dorsolateral prefrontal cortices on the nucleus accumbens’ food
reward regulating response (Berridge, 1996).

Pooled analysis of TMR and TD groups to examine the main
effect of time (i.e. post- vs. pre-intervention differences in func-
tional connectivity between the seed regions and the whole brain
or pre-hypothesized regions of interest), did not reveal any signif-
icant clusters.

The TMR group had significant reductions in mean body weight
(4.87 kg, t ¼ 9.03, P < 0.001, Cohen's d ¼ 2.33), BMI (1.68 kg/m2,
t ¼ 9.06, P < 0.001, Cohen's d ¼ 2.34) and BF (2.19 kg, t ¼ 3.47,
P ¼ 0.004, Cohen's d ¼ 0.90). The TD also had reductions in mean
body weight (2.37 kg, t ¼ 3.58, P ¼ 0.004, Cohen's d ¼ 0.99) and BF
(1.64 kg, t ¼ 4.01, P ¼ 0.002, Cohen's d ¼ 1.11). Weight loss and BMI
reduction in the TMR groupwas significantly greater than in the TD
group (2.50 kg, t¼ 2.92, P¼ 0.007, Cohen's d¼ 1.12; and 1.24 kg/m2,
t ¼ 2.78, P ¼ 0.013, Cohen's d ¼ 1.10 respectively) [Table 2].

4. Discussion

In this prospective 3-week randomized controlled clinical trial,
we examined the effects of isocaloric TMR- and TD-based ECR in-
terventions on fMRI-FCR and food cravings. Our findings showed
that fMRI-FCR in the dorsolateral prefrontal cortex was increased in
the TMR compared to the TD intervention. This is consistent with
previous studies (Rosenbaum et al., 2008) indicating that ECR may
be increasing overall executive control over ingestion
(Kahathuduwa et al., 2016). Given that the dorsolateral prefrontal
cortex is involved in exerting executive control over ingestion
(Berthoud, 2002, 2004, 2011), a likely explanation for this finding
lies in the fundamental difference in the nature of the in-
terventions. TMR participants had to exert executive control over
food stimuli to eliminate all foods to a much greater extent
compared with the TD group who ate typical foods. The increased
fMRI-FCR in the dorsolateral prefrontal cortex may be reflective of
this process. This is supported by the fact that restrained eaters,
who are believed to show a persistent pattern of exerting cognitive
control over ingestion, also have a high level of dorsolateral pre-
frontal cortical activity (Burger & Stice, 2011; DelParigi et al., 2007;
McCaffery et al., 2009; Sweet et al., 2012).

This was further supported by the results of our functional
connectivity analyses. Our results indicate that following the TMR
intervention, fMRI-FCR of the left nucleus accumbens appears to
negatively interact with the left and right dorsolateral prefrontal
cortex, potentially indicating that the activity of the dorsolateral
prefrontal cortex is negatively modulating (i.e. suppressing) the
fMRI-FCR of the left nucleus accumbens (Friston et al., 1997). Pre-
vious studies that utilized PPI to examine neural processing of
highly rewarding non-food stimuli have interpreted negative in-
teractions between the dorsolateral prefrontal cortex and fMRI-FCR
of the nucleus accumbens as possible inhibitory influences of the
dorsolateral prefrontal cortex on the nucleus accumbens (Diekhof
& Gruber, 2010). The nucleus accumbens is involved in deter-
mining the pleasure, reward, and ultimate motivational salience to
ingest (Berridge, 1996). Therefore, in the context of the available
literature (Harvey et al., 1993; Martin et al., 2006), and our findings
in fMRI data analyses, our results in the functional connectivity
analyses suggest that TMR may be suppressing both pleasure and
motivational salience of food by supporting increases in executive
inhibitory control over the brain regions that regulate pleasure and



Table 4
Local maxima within pre-hypothesized ROIs in the functional connectivity analyses.

Seed Region Negative PPI ROI Cluster Size MNI Coordinates Subregions t P

X Y Z

L/dlPFC (MFG) TMR > TD X Post > Pre L/Amygdala 216 �24 �2 �22 Left amygdala 3.93 0.004
�14 �8 �18 Left amygdala 3.31

R/Amygdala 134 28 �6 �14 Right amygdala 3.36 0.009
26 2 �18 Right amygdala 2.83
28 2 �24 Right amygdala 2.67
26 �14 �12 Right amygdala 2.3

L/NAcc 47 �6 14 �2 Left NAcc 3.01 0.018
�12 12 �12 Left NAcc 2.94

L/OFC 448 �16 14 �16 Left medial OFC 5.17 0.01
�22 28 �16 Left medial OFC 3.65
�40 24 �20 Left lateral OFC 3.63
�20 22 �16 Left medial OFC 3.62
�26 24 �22 Left medial OFC 3.34
�30 18 �24 Left lateral OFC 3.12
�16 34 �22 Left medial OFC 2.1
�34 32 �22 Left lateral OFC 2.1

TMR > TD X BL > Pre L/Amygdala 200 �28 �4 �26 Left amygdala 3.57 0.006
�12 �6 �20 Left amygdala 2.38
�16 �4 �12 Left amygdala 2.37

R/Amygdala 109 14 �6 �20 Right amygdala 2.89 0.003
30 2 �22 Right amygdala 2.89
26 2 �22 Right amygdala 2.88

L/OFC 277 �16 14 �16 Left medial OFC 3.58 0.01
�30 18 �24 Left lateral OFC 3.54
�42 22 �18 Left lateral OFC 3.4
�22 22 �16 Left medial OFC 3.32

R/dlPFC (MFG) TMR > TD X Post > Pre L/Amygdala 187 �24 �4 �18 Left amygdala 3.41 0.005
�14 �8 �18 Left amygdala 3.35

R/Amygdala 127 28 �4 �14 Right amygdala 3.07 0.01
30 2 �16 Right amygdala 2.75
12 �4 �20 Right amygdala 2.45
18 �4 �22 Right amygdala 2.32
28 2 �26 Right amygdala 2.2

R/Insula 154 42 14 �10 Right anterior insula 3.18 0.045
34 10 �14 Right anterior insula 2.77
40 20 �2 Right anterior insula 2.45
46 4 �2 Right anterior insula 2.29

L/NAcc 69 �6 14 �2 Left NAcc 3.35 0.005
�12 12 �10 Left NAcc 3.14

L/OFC 171 �16 14 �18 Left medial OFC 4.12 0.046
�18 10 �22 Left medial OFC 3.65
�20 32 �14 Left medial OFC 2.88

TMR > TD X BL > Pre L/Amygdala 141 �24 0 �16 Left amygdala 2.79 0.012
�28 �2 �24 Left amygdala 2.5
�18 �4 �12 Left amygdala 2.49
�14 �8 �18 Left amygdala 2.35

R/Amygdala 79 16 �4 �20 Right amygdala 2.78 0.029
18 2 �18 Right amygdala 2.65
30 2 �18 Right amygdala 2.6

L/OFC 200 �30 18 �28 Left lateral OFC 3.59 0.028
�18 14 �16 Left medial OFC 3.29
�14 12 �16 Left medial OFC 3.27
�40 20 �18 Left lateral OFC 2.66
�20 20 �16 Left medial OFC 2.58
�38 20 �10 Left lateral OFC 2.27

Fifteen TMR and 13 TD subjects were included in the analyses. Analyses were conducted using FSL. Third level random effects models were constructed using the FLAME-1
algorithm in FSL. Cluster thresholding was performed via the randomise tool in FSL (t > 2.0555, 10000 permutations; the cluster forming threshold was the t-score corre-
sponding to a FWER of 0.05 at 26 degrees of freedom) using probability masks derived from the Harvard-Oxford cortical and subcortical structural atlases. ROIs, regions of
interest; TMR, Total Meal Replacement; TD, Typical Diet; BL, baseline of fMRI signal; OFC, orbitofrontal cortex; dlPFC, dorsolateral prefrontal cortex; MFG, middle frontal gyrus;
NAcc, nucleus accumbens; FSL, FMRIB Software Library.
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reward of food. In addition to increasing suppressive influences of
the dorsolateral prefrontal cortex on fMRI-FCR of the nucleus
accumbens, our findings also indicated that TMRmay be associated
with enhancing the negative modulatory effects of the dorsolateral
prefrontal cortex on the left orbitofrontal cortex, right insula and
bilateral amygdala. Given that these brain regions are also regu-
lating food reward and pleasure associated with ingestion
(Berridge, 1996, 2009; Berthoud, 2011), it is reasonable to interpret
the present results as suggesting that TMR has enhanced the
inhibitory influences of the bilateral dorsolateral prefrontal cortex
on hedonic motivational influences to ingest. Further research is
needed however to delineate precisely what aspects of the TMR
intervention are contributing to these observed outcomes.

For the analysis of fMRI data, we hypothesized based on prior
studies (Bruce et al., 2014; Murdaugh et al., 2012; Rosenbaum et al.,
2008) that fMRI-FCR of the nucleus accumbens, insula, orbito-
frontal and anterior cingulate cortices, which process food reward
(Berridge, 2009; Berthoud, 2002, 2011), and the precentral gyrus,
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which may be involved in determining motor readiness to ingest
(Kahathuduwa et al., 2016), would decrease in TMR versus TD.
While the functional connectivity findings were supportive of re-
ductions in fMRI-FCR of at least the nucleus accumbens, insula and
the orbitofrontal cortex, in the fMRI analyses these regions showed
increased activations. It is notable, however, that none of the pre-
vious studies upon which our hypotheses were based directly
compared the neurophysiological effects of TMR versus TD in-
terventions. Thus, our finding provides the first direct evidence of
the differential impact of diet type on brain fMRI-FCR. Specifically,
the observed TMR > TD contrast in the orbitofrontal and anterior
cingulate cortices is likely due to an increase in food reward
expectation with the TMR intervention, based in the complete
absence of typical food ingestion. In other words, when eliminating
food completely, the salience of expected reward associated with
foods may increase. Conversely the participants in the TD group,
who engaged with typical foods throughout the intervention, may
not have experienced a similar heightening of relative food reward
expectation. Further supporting this theory is the finding that the
TD group also showed reductions in at least some constructs that
measure food cravings, possibly as a result of a relative reduction in
food-cue reactivity in the reward-related regions. However, as
suggested by the outcomes of the functional connectivity analyses,
implementation of the TMR intervention for a longer duration may
plausibly lead to a reversal of the increased fMRI-FCR we observed
in the nucleus accumbens and the orbitofrontal cortex via ongoing
executive control and consequent deconditioning of food cues
relative to reward.

Finally, both TMR and TD interventions resulted in weight loss
with the TMR intervention having more than twice the weight loss
compared to TD. By controlling for body fat mass in the primary
fMRI analysis we were able to observe differential brain influences
related to the type of diet somewhat independently of their
respective influences on body fat loss. In effect we could better
understand how typical food versus stimulus narrowed sources of
nutrition (i.e. shakes) may arrive at the observed outcomes. Given
our findings, it is likely that weight losses observed in the TMR
versus TD condition may in part be achieved through increased
executive control over ingestion despite heightened reactivity to
visual food cues. These findings appear to reflect neurocognitive
changes that are distinct from participants' explicit intentions to
regulate food intake.

This study represents the first prospective comparison of the
neurophysiological effects of ECR by TMR versus TD in a prospective
RCT. Furthermore, to the best of our knowledge, our study repre-
sents the first examination of the effects of extended calorie re-
striction and also the first comparison of the effects of different
methods of calorie restriction (i.e. TMR and TD) on task-related
functional connectivity between brain regions that regulate
ingestive behavior. A further strength is that unlike many fMRI-FCR
studies, adequately controlling for the variability introduced by
menstrual cyclical hormonal variations eliminates a significant
confound. Other strengths include using an isocaloric intervention
as the active control and controlling for the duration of pre-scan
fasting. In addition, by including change in BF as a function of
pre-intervention BF in our models, wewere able to draw inferences
related to type of diet (as opposed to a non-specific weight loss
effect). Additionally, our image bank included a full reward spec-
trum for food and object images (high through low appeal) and all
images were matched for color, shape, visual complexity and
overall appearance. This allowed us to experimentally minimize
extraneous neural activations related to visual stimulus processing
and also generalized reward. Finally, we used a permutation-based
non-linear approach, which is robust to the recently outlined lim-
itations (Cornier, Melanson, Salzberg, Bechtell,& Tregellas, 2012) of
the Gaussian random field theory-based fMRI analysis pipelines
(Kessler, Angstadt, & Sripada, 2016).

Caution is warranted when interpreting some interactions in
fMRI and functional connectivity analyses. For instance, differences
in fMRI-FCR were noted between the TMR and TD groups at the
pre-intervention state in several brain regions (e.g. bilateral
dorsolateral prefrontal cortex, right precentral gyrus;
Supplemental Fig. 3). Similarly, TMR versus TD differences were
observed in the pre-intervention state in the functional connec-
tivity between the left dorsolateral prefrontal cortex and several
brain regions (e.g. bilateral amygdala, left orbitofrontal cortex).
While this is an important limitation, given the pre-post nature of
our design, in the analyses subjects act as their own control, which
likely limits the potential for this to substantially influence
interpretation.

Our study had some limitations. First, subjects were scanned
during both mornings and afternoons. This may have introduced
some variability in the fMRI data due to diurnal variations in food-
cue reactivity. Second, we did not include a no-intervention control
group. Including a free living control group would have allowed us
to more directly consider the relative contribution of weight loss to
our findings. However, including body fat change in our modeling
served as a reasonable surrogate. Third, literature indicates that
acute as well as long-term overfeeding and exercise may influence
fMRI-FCR (Cornier, Von Kaenel, Bessesen, & Tregellas, 2007, 2009,
2012); in our study design, we could not fully account for these
potential confounders; as such this is a limitation. Finally, our food-
cue reactivity task required subjects to rate each image using a
hand-held device. While this task ensured that the subjects actively
attended to and processed stimuli, given that the subjects arrived at
a decision and performed a motor response, there may be neuro-
physiological influences related to this that cannot be accounted for
in our design.

In conclusion, following the 3-week intervention, food-cue
reactivity in brain regions that 1) regulate food reward (i.e. orbi-
tofrontal cortex, anterior cingulate cortex, insula and nucleus
accumbens), 2) are likely to determine motor readiness to ingest
(i.e. the primary motor cortex), and 3) exert executive control over
ingestion (i.e. the dorsolateral prefrontal cortex) increased in TMR
as compared toTD. Our findings as awhole suggest that this is most
likely reflective of increased executive control in response to
increased fMRI-FCR in brain regions regulating food reward and
incentive driven salience towards ingestion by the bilateral
dorsolateral prefrontal cortex in the TMR condition as compared to
the TD conditionwhen visual food cues are presented. It is plausible
that this TMR-associated increase in executive control may have
manifested clinically as weight loss and a reduction in overall food
cravings.
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