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Abstract

As many people struggle with maintenance of weight loss, the study of successful weight loss
maintainers (SWLM) can yield important insights into factors contributing to weight loss
maintenance. However, little research has examined how SWLM differ from people who are
obese or normal weight (NW) in brain response to orosensory stimulation. The goal of this study
was to determine if SWLM exhibit different brain responses to orosensory stimulation. Brain
response to one-minute orosensory stimulation with a lemon lollipop was assessed using
functional magnetic resonance imaging (FMRI) among 49 participants, including SWLM (n=17),
NW (n=18) and obese (n=14) controls. Significant brain responses were observed in nine brain
regions, including the bilateral insula, left inferior frontal gyrus, left putamen, and other sensory
regions. All regions also exhibited significant attenuation of this response over one minute. The
SWLM exhibited greater response compared to the other groups in all brain regions. Findings
suggest that the response to orosensory stimulation peaks within 40 seconds and attenuates
significantly between 40-60 seconds in regions associated with sensation, reward, and inhibitory
control. Greater reactivity among the SWLM suggests that greater sensory reactivity to orosensory
stimulation, increased anticipated reward, and subsequently greater inhibitory processing are
associated with weight loss maintenance.
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INTRODUCTION

Long-term weight loss maintenance remains elusive for many overweight and obese
individuals (2). As a result, efforts to better understand factors that contribute to successful
weight loss maintenance are of particular interest. The National Weight Control Registry
(NWCR) was established by members of our research team (Dr. Wing) to study successful
long-term weight loss. To be eligible, individuals must maintain at least a 13 kg (30 Ib)
weight loss for 1 year or longer. On average registry members have lost over 27 kg (60 Ib)
prior to enrolling and have maintained at least the 13 kg weight loss for an average of 6.5 +
8.1 years. NWCR research indicates that successful weight loss maintainers (SWLM) report
low-calorie, low-fat diets, frequent self-weighing, and high levels of physical activity.
SWLM also report higher levels of dietary restraint than obese or always NW controls.
However, little work to date has characterized how SWLM respond to the sensory
characteristics of food.

Recently, our research team has begun to investigate the neural correlates of presentation of
food and food cues in obese and SWLM. Del Parigi and colleagues showed that in response
to the sensory experience of a liquid meal, SWLM exhibited increased neural activity in the
middle insular cortex, a region associated with sensory experiences, food reward, and
craving (4). The increased response in SWLM was similar to an obese group and greater
than normal weight (NW) individuals. In other work, Del Parigi and colleagues reported that
SWLM (i.e., successful dieters) exhibited greater response to meal consumption in the
dorsal prefrontal cortex (DPFC), dorsal striatum and anterior cerebellum compared to non-
dieters (5). More recently, McCaffery and colleagues reported that SWLM show increased
activity in frontal cortical areas in response to food images compared to NW and obese
individuals (6). Thus, relative to obese and NW, SWLM appear to be characterized by
increased responsiveness to food stimulation in brain regions, including the insula, dorsal
striatum and frontal cortex.

To date, none of these investigations have considered the temporal course of these brain
responses. Previous research on salivary response to food cues has shown that slower
across-trial habituation rates are related to greater food intake, and that obese individuals
habituate slower than NW individuals or SWLM (26-27). Here we assess whether SWLM,
obese, and NW individuals differ in regional brain responses to short-term sustained (60 s)
orosensory stimulation. FMRI provides the temporal and spatial resolution needed to
examine the short-term temporal dynamics of the neural response to sustained orosensory
stimulation. Given prior findings on reactivity to food and food cues (4-6), we hypothesized
that SWLM would exhibit greater brain responses to orosensory stimulation in regions
involved in the sensation and perception of food (e.g., insula), motivational/reward
responses (e.g., striatum), and cognitive inhibition (e.g., frontal cortex) compared to the
other groups. We also sought to determine whether this heightened responsivity to sustained
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orosensory stimulation in SWLM would remain elevated over time or whether response
decay would occur more quickly than in obese or NW. Finally, we examined the possibility
that the brain response might change across stimulus presentations as suggested by salivary
habituation literature (26-27).

METHODS AND PROCEDURES

Participants

Orosensory

Procedures

Participants included three groups defined by lifetime weight history. The first group,
labeled “normal weight (NW)”, reported a current and lifetime maximum BMI of >18.5 and
< 25 kg/m2. The second group included obese subjects with a current BMI = 30.0. The third
group, labeled “successful weight loss maintainers (SWLM)”, reported having lost = 13 kg
(30 Ibs) and having maintained = 13 kg (30 Ibs) weight loss from their maximum weight for
a minimum of three years, a lifetime maximum BMI = 30.0 and a current BMI >18.5 and <
27. All reported being weight stable (within 10% for the two previous years). Eighteen NW,
14 obese and 17 SWLM completed the study.

Additional exclusion criteria included weight loss medications, medications that affect
salivation (such as antihistamines or antidepressants), binge eating, standard MRI
contraindications (e.g., metal implants, claustrophobia, pregnancy), left-handedness, food
allergies, and neurological or psychiatric conditions, including but not limited to
schizophrenia, bipolar disorder, epilepsy, stroke and traumatic brain injury with loss of
consciousness.

NW and obese participants were recruited using advertisements and SWLM were recruited
through the National Weight Control Registry (NWCR) and advertisements. The study was
conducted from April 2006 — December 2007. The protocol was approved and monitored by
University and Hospital institutional review boards according to the Helsinki declaration.
All participants provided written informed consent.

paradigm

The orosensory paradigm was presented in 1-min trials averaged across 10 trials during ten
1-min imaging runs. Each participant was instructed to place the lollipop on their tongue and
hold it on their tongue using their right hand for the duration of 1-min. The 1-min imaging
run was then initiated while the participant remained motionless with the lollipop on the
tongue. Participants were trained on this procedure outside of the scanner prior to beginning
the experiment. There were 30-s intervals between consecutive trials.

All participants refrained from food and beverages other than water for 4 hours prior to
scanning. Participants also refrained from more than two alcoholic beverages (29 mL (1 0z)
hard liquor equivalent) or two equivalents of 236 mL (8 0z) of caffeinated coffee in the prior
24 hours. The Eating Inventory (29), a self-report instrument used to assess levels of dietary
restraint and disinhibition, was administered prior to scanning. Items on the restraint
subscale reflect behaviors used to control dietary intake (e.g., “consciously control my
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intake” and “count calories™). Immediately preceding the scans, participants applied
earplugs and MR-compatible vision correction, if applicable, and lay supine on the MR
scanner table. Task instructions were presented visually using E-Prime software
(Psychology Software Tools, Inc., Pittsburgh, PA), back-projected onto a screen positioned
at the participant’s head, and viewed through a mirror attached to the head coil.

MRI data acquisition

Neuroimaging was conducted in a single session using a 3T Siemens Tim Trio MRI scanner
equipped with an eight channel head coil. Functional imaging was performed using a whole
brain blood oxygen level dependent (BOLD) echo-planar imaging (EPI) sequence (TR =
2500 ms, TE = 28 ms, FOV = 192 mm?, 642 matrix, 42 axial slices, 3 mm slice thickness).
To avoid T saturation artifact, the scanner executed two “dummy” repetitions before each
EPI run, which were not saved and therefore, excluded from data acquisition and analyses.
High-resolution Tq-weighted magnetization prepared rapid gradient echo (MP-RAGE) scans
of the entire brain (2562 matrix, FOV = 256 mm?2, 1 mm slice thickness) were acquired in
the sagittal plane for anatomical reference.

FMRI data processing

All images were processed using Analysis of Functional Neurolmages software (AFNI) (7).
Time series were concatenated and spatially registered to reduce the effects of head
movement. This 3-dimensional registration program also yields information on displacement
and rotation for each volume that was later used as a covariate when determining BOLD
response to orosensory stimuli. Within trial change in activation during the food stimulus
was modeled across all the trials of the session using voxel-wise multiple regression
analyses. Specifically, voxel-wise multiple regression analyses contrasted BOLD signal
during the second and third 20-s time segments (i.e., 20-40 and 40-60 s) to the first 20 s time
segment within each min. Only three time segments were used to maximize reliable
sampling per segment, and to provide a within-trial control segment of the same length as
the other segments. BOLD signal was modeled using two predictors and covariates.
Predictors were two boxcar reference waveforms representing the second (20-40 s) and third
(40-60 s) time segments over ten trials. Covariates were observed movement correction
parameters and linear drift. This procedure yields parameter estimates and associated t-
statistics representing the unique contribution of each time segment to the individual’s
BOLD signal time course in each voxel relative to the first time segment. The results from
individual multiple regression analyses were transformed to standard stereotaxic space (8),
resampled to 1 mm3 voxel size, and a 6 mm Gaussian kernel was applied.

Region of interest analyses

Individual datasets were combined across each group for each time segment. For each
group, activation during the 20-to-40 and 40-t0-60 s time segments was quantified
separately using two Student’s one-sample t-tests that compared activity to a hypothetical
mean of zero (i.e., does not differ from BOLD signal during the first time segment). The
resulting activation maps of second and third time segments were combined across groups
into a set of empirically defined regions of interest (i.e., mask) using equally weighted
conjunctive “or” logic, such that a voxel was included in the mask if it exhibited a
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significant effect (two-tail p < 0.10, corrected for multiple comparisons by false discovery
rate) during either time segment in any group (Supplemental Table 1). A cluster threshold of
12 voxels (324 mm3) was used. A relatively lenient alpha level was used to avoid Type Il
Error, which is as important as Type | Error in this procedure (i.e., ROl identification). The
resulting ROI mask was then applied to individual activation maps associated with each time
segment to determine mean task-related activity within each ROI for each individual, which
was the dependent variable in subsequent analyses. This “or” masking procedure was
employed to spatially define meaningful regions of task-related activity within which
hypotheses were tested. It was designed to improve the validity of the measured construct by
including only clusters showing significant response to the orosensory experience in at least
one of the conditions. This was done to avoid bias from either of the time segments or
groups.

Hypothesis testing

The hypothesis that SWLM, obese and NW individuals would differ in their responses to
orosensory stimulation over the course of 1-min was tested using a 3 x 2 repeated measures
analysis of covariance with one between subjects factor (group: SWLM, obese and NW),
one within subjects factor (time: 20-to-40 s and 40-t0-60 s) and one covariate, age. A group
x time interaction term was modeled to determine whether brain response at 20-to-40 s
differed significantly from 40-t0-60 s by group. A 3 x 2 x 3 follow-up repeated measures
ANOVA was also conducted to assess long-term, across trial effects. In this analysis we
quantified the within-trial effects in sets of three trials (i.e., imaging runs) for improved
reliability. Hypothesis testing was conducted using Statistical Package for the Social
Sciences (SPSS version 18, Armonk, New York).

RESULTS

Demographic and weight characteristics are listed in Table 1.

Nine clusters of significant within-trial orosensory stimulation response were observed
across the groups during at least one of the two time segments and therefore constituted the
empirically defined set of task-associated ROIs (see Figure 1 and Table 2). These regions
were bilateral posterior insulae (including the parietal opercula), left inferior frontal gyrus
(IFG; pars opercularis), left putamen, left postcentral gyrus, left superior temporal gyrus
(STG), and bilateral occipital regions.

Group and time effects for the nine ROIs are listed in Table 3, while mean changes within
each ROI by group and time are depicted in Figure 2. Significant group main effects were
seen in eight ROIs with a trend (p = 0.08) in the remaining ROI, the left STG. Significant
main effects for time also emerged for all nine ROIs. As can been seen from Figure 2, the
significant time effects reflected a decline in activity from the 20-40 s epoch to the 40-60 s
epoch. No significant group x time interactions were detected, indicating that this pattern of
brain response was similar across the three groups. No significant across-trial effects were
observed (p > .05).
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As no significant group x time interactions were detected, the significant group main effects
were further probed to specify differences between the SWLM, obese and NW groups
(Table 3). Results indicated that SWLM differed significantly from NW in seven regions.
Similarly, SWLM significantly differed from obese participants or exhibited near-significant
trends in all regions, with the exception of the left middle insula and left temporal gyrus.
There were no significant differences between NW and obese groups (Figure 2).

Interestingly, these effects occurred despite significant increases from the control period in
the obese group in the insular regions, left STG and left post-central gyrus (Figure 2).
SWLM showed significant increases in all regions at 20-40 s, whereas the NW only showed
a significant increase at 20-40 s in one region, the left postcentral gyrus.

A follow-up ANOVA using Tukey correction for post-hoc tests was used to examine
relationships to the construct of restraint. Significant group differences were observed (F (2,
44) = 8.27, p < 0.01), such that the SWLM group scored higher on restraint than either obese
(p =0.01) or NW (p < 0.01) groups, who did not differ from each other (p = 0.62). Zero-
order correlations of restraint scores and brain response in the nine regions revealed
significant positive correlations in the LIFG (r = 0.33, p = 0.03) and left putamen (r = 0.31, p
= 0.04) during the 2" time segment and the LIFG (r = 0.40, p < 0.01), left putamen (r =
0.39, p < 0.01), postcentral gyrus (r = 0.31, p = 0.03), and left (r = 0.32, p = 0.03) and right
(r=0.37, p = 0.01) insula during the 3'd time segment. The remaining correlations were not
significant (p > 0.05).

DISCUSSION

This is the first study to examine the time course of neural responses to 1-min sustained
orosensory presentation. We consistently observed initial increases (20-40 s), followed by
significant response decays (40-60 s) across the insulae, left IFG, left putamen, and other
primary sensory regions, In addition, we found that SWLM exhibited elevated response
during these 1-min sustained food presentations compared to obese and NW control groups
in almost all brain regions examined, including bilateral occipital regions, right middle
insula, and left middle and posterior insula, IFG, postcentral gyrus, and putamen.

Of particular note is the fact that only SWLM exhibited significant reactivity in the left
putamen and IFG. The putamen has been associated with food reward (4,14-19) and the IFG
has been associated with inhibitory control (4,19-23). Together, based on known functions
of these regions, we hypothesize that SWLM may experience greater reward expectations
during sustained orosensory stimulation, but also respond with greater inhibitory restraint.
Therefore, this pattern of brain response to a sweet food stimulus may reflect both
heightened reward expectation (potentially primed by an exaggerated sensory response) and
consequently greater cognitive control (i.e., restraint). It is plausible that this pattern of
responses is associated with their success at long-term adherence to a low-calorie diet. In
fact, we have previously reported that SWLM score higher on measures of cognitive
restraint compared to controls (5,24). In this sample, follow-up analyses revealed
significantly greater restraint scores among the SWLM group relative to each of the other
groups. Higher restraint scores were also significantly associated with greater brain response
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in the LIFG and left putamen during both the 2"d and 3™ time segments among the full
sample. An important unanswered question is whether the brain responses of the SWLM are
learned as part of the process of losing weight or whether this pattern predates and enables
their successful weight loss and maintenance.

It is important to consider these findings in relation to prior studies. Regions demonstrating
increased activation in response to sustained orosensory stimulation in this study are similar
to those associated with orosensory stimulation (9), taste (12-13,18) and food cues (14-15)
in prior studies (i.e., insula, frontoparietal opercula, and striatum)(see reviews 10-11). The
insular and opercular reactivity to food observed herein is consistent with existing literature
that has localized the response to sweet flavor in these regions in both monkeys (9-10) and
humans (11-13). Moreover, our observation of elevated responses for SWLM (i.e., middle
insula and striatum) is also consistent with previous studies investigating neural responses in
this particular group (4-5). In contrast to prior studies which used stimuli such as 2 ml of a
liquid meal to examine the responses of SWLM, our study is unique in utilizing a real-world
orosensory stimulus, namely a lemon lollipop. This stimulus also allows us to examine the
response to a sustained (60 s) experience of food for the first time.

Prior neuroimaging studies have reported greater response to food taste and consumption
among obese compared to NW in regions including the insula and frontoparietal operculum
(4,16,19,28). Although we did not observe significant differences in direct comparisons
between the obese and NW groups in the present study, there were group differences in
patterns of response (Supplementary Table). The obese group exhibited pronounced
reactivity to the sustained food stimulation (i.e., significant activation > control period) in
six of the nine ROIs, whereas the NW group only demonstrated such increased response in
one of the nine ROIs. Our focus on the temporal dynamics of responses to a sustained
orosensory stimulus may also contribute to the lack of significant group differences
observed between the obese and NW groups. While we specifically examined the within-
block factor of time, prior studies collapsed this factor and may have benefited from
additional statistical power. Future studies may be able to compensate for this by increasing
sample sizes.

Many studies have highlighted the role of reward-related regions in response to food cues,
with some suggesting obese individuals may have heightened responsivity to food cues in
striatal regions (e.g., nucleus accumbens, putamen) (19, 28), while others have shown an
inverse relationship between BMI and activity in these areas (16). Here we show an
enhanced response to sustained orosensory stimulation in the putamen for SWLM, but no
difference from the control period in either the obese or NW groups. Further research is
needed in order to more accurately characterize the striatal response to orosensory
stimulation for obese and SWLM.

The effects we observed in brain regions associated with primary visual and auditory
processing were not expected. It is possible that this activity was related to heightened
sensory attention potentiated by orosensory stimulation, and therefore also declined as the
response to the primary stimulation attenuated. Participants were trained to hold the lollipop
on their tongue with their right hand, which may have contributed to the effects noted in the
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left postcentral gyrus. Other interpretations of the temporal lobe response deserve further
study, including emotion factors and episodic memory.

Previous physiological research has examined salivation across trials (habituation) rather
than within-trial changes examined here. They have found slower habituation across trials in
obese compared to NW groups (26-27) and that slower habituation is related to higher
caloric intake (25). One found that SWLM habituation was similar to the NW group and
faster than the obese group, despite similar levels of initial reactivity (27). Although not
directly comparable because measures and designs differ, our results suggest greater initial
reactivity to orosensory stimulation in SWLM, but similar rates of response decay within-
trial and no across-trial differences.

Limitations to this study include the small sample size in each group, which may have
limited our ability to detect effects, especially interaction effects. Homogenous demographic
characteristics also limit generalizeability of our findings. The NCWR, from which the
SWLM group was recruited, is a self-selected sample predominantly composed of females
of European ancestry. Evaluation of randomly selected samples of SWLM including men
and women of other racial groups would be needed to determine whether the findings
observed in the current study reflect the general SWLM population. Follow-up analyses
excluding men attenuated all effects, consistent with decreased statistical power, without
affecting directionality or significance levels in all but one comparison (the group effect in
the Left Middle Insula changed from t = 3.45, p = 0.04 to t = 2.10, p = 0.14). Furthermore,
this cross-sectional study cannot resolve whether group differences preceded, or resulted
from, weight loss. Future studies would be strengthened by including self-report measures of
wanting and liking of the orosensory stimulus (i.e., lemon-flavored lollipop), additional
between-trial resting-baseline imaging, and the use of active control conditions (e.g.,
flavorless lollipop). We did not find evidence of an across-trial effect in this study; however,
additional studies aimed at addressing long term effects with increased across-trial statistical
power are needed to fully address this question. The need to acquire multiple samples of
each condition in functional neuroimaging experiments makes it difficult to balance
adequate statistical power and uncontrolled order effects such as boredom and failure to
capture the activity associated with the construct within the time frame that it occurs.

In sum, we found that a sustained orosensory stimulus after a 4-hour fast is associated with
increased reactivity in brain regions associated with sensory, reward, and inhibitory
processes. The response in SWLM was greater in all regions, suggesting heightened sensory
reactivity, anticipated reward, and increased inhibitory response. These findings contribute
to our understanding of the neural mechanisms underlying successful weight loss
maintenance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This research was supported by the National Institutes of Health (DK066787-02S2).

Obesity (Slver Spring). Author manuscript; available in PMC 2013 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sweet et al. Page 9

References

1. Wing, RR. Behavioral approaches to the treatment of obesity. In: Bray, GA.; Bouchard, C.; James,
WPT., editors. Handbook of obesity. New York, NY: Marcel Dekker Inc; 1998. p. 855-73.

2. Wadden TA, Sternberg JA, Letizia KA, Stunkard AJ, Foster GD. Treatment of obesity by very low
calorie diet, behavior therapy, and their combination: a five-year perspective. Int J Obes. 1989;
13(suppl 2):39-46. [PubMed: 2613427]

3. McGuire MT, Wing RR, Klem ML, Hill JO. Behavioral strategies of individuals who have
maintained long-term weight losses. Obes Res. 1999; 7:334-41. [PubMed: 10440589]

4. DelParigi A, Chen K, Salbe AD, Hill JO, Wing RR, Reiman EM, Tataranni PA. Persistence of
abnormal neural responses to a meal in postobese individuals. Int J Obes Relat Metab Disord. 2004
Mar; 28(3):370-7. [PubMed: 14676847]

5. DelParigi A, Chen K, Salbe AD, Hill JO, Wing RR, Reiman EM, Tataranni PA. Successful dieters
have increased neural activity in cortical areas involved in the control of behavior. Int J Obes
(Lond). 2007; 31(3):440-448. [PubMed: 16819526]

6. McCaffery JM, Haley AP, Sweet LH, Phelan S, Raynor HA, Del Parigi A, Cohen R, Wing RR.
Differential functional magnetic resonance imaging response to food pictures in successful weigh-
loss maintainers relative to normal-weight and obese controls. Am J Clin Nutr. 2009; 90(4):928—
934. [PubMed: 19675107]

7. Cox RW. AFNI: software for analysis and visualization of functional magnetic resonance
neuroimages. Comput Biomed Res. 1996 Jun; 29(3):162-73. [PubMed: 8812068]

8. Talairach, J.; Tournoux, P. Co-planar stereotaxic atlas of the human brain: 3-Dimensional
proportional system: An approach to cerebral imaging. Stuttgart: Thieme Medical Publishers, Inc;
1988.

9. Kobayakawa T, Endo H, Ayabe-Kanamura S, Kumagai T, Yamaguchi Y, Kikuchi Y, Takeda T,
Saito S, Ogawa H. The primary gustatory area in human cerebral cortex studied by
magnetoencephalography. Neurosci Lett. 1996 Jul 19; 212(3):155-8. [PubMed: 8843096]

10. Rolls ET. Smell, taste, texture, and temperature multimodal representations in the brain, and their
relevance to the control of appetite. Nutr Rev. 2004 Nov; 62(11 Pt 2):S193-204. discussion
S224-41. [PubMed: 15630935]

11. Small DM, Zald DH, Jones-Gotman M, Zatorre RJ, Pardo JV, Frey S, Petrides M. Human cortical
gustatory areas: a review of functional neuroimaging data. Neuroreport. 1999 Jan 18; 10(1):7-14.
[PubMed: 10094124]

12. O’Doherty J, Rolls ET, Francis S, Bowtell R, McGlone F. Representation of pleasant and aversive
taste in the human brain. J Neurophysiol. 2001 Mar; 85(3):1315-21. [PubMed: 11248000]

13. Francis S, Rolls ET, Bowtell R, McGlone F, O’Doherty J, Browning A, Clare S, Smith E. The
representation of pleasant touch in the brain and its relationship with taste and olfactory areas.
Neuroreport. 1999 Feb 25; 10(3):453-9. [PubMed: 10208571]

14. Schur EA, Kleinhans NM, Goldberg J, Buchwald D, Schwartz MW, Maravilla K. Activation in
brain energy regulation and reward centers by food cues varies with choice of visual stimulus. Int J
Obes (Lond). 2009 Jun; 33(6):653-61. Epub 2009 Apr 14. [PubMed: 19365394]

15. Siep N, Roefs A, Roebroeck A, Havermans R, Bonte ML, Jansen A. Hunger is the best spice: an
fMRI study of the effects of attention, hunger and calorie content on food reward processing in the
amygdala and orbitofrontal cortex. Behav Brain Res. 2009 Mar 2; 198(1):149-58. Epub 2008 Nov
6. [PubMed: 19028527]

16. Stice E, Spoor S, Bohon C, Small DM. Relation between obesity and blunted striatal response to
food is moderated by TaglA Al allele. Science. 2008 Oct 17; 322(5900):449-52. [PubMed:
18927395]

17. Stoeckel LE, Weller RE, Cook EW 3rd, Twieg DB, Knowlton RC, Cox JE. Widespread reward-
system activation in obese women in response to pictures of high-calorie foods. Neuroimage. 2008
Jun; 41(2):636-47. Epub 2008 Mar 4. [PubMed: 18413289]

18. O’Doherty JP, Buchanan TW, Seymour B, Dolan RJ. Predictive neural coding of reward
preference involves dissociable responses in human ventral midbrain and ventral striatum. Neuron.
2006 Jan 5; 49(1):157-66. [PubMed: 16387647]

Obesity (Slver Spring). Author manuscript; available in PMC 2013 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sweet et al.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 10

DelParigi A, Chen K, Salbe AD, Reiman EM, Tataranni PA. Sensory experience of food and
obesity: a positron emission tomography study of the brain regions affected by tasting a liquid
meal after a prolonged fast. Neuroimage. 2005 Jan 15; 24(2):436—43. [PubMed: 15627585]

Swick D, Ashley V, Turken AU. Left inferior frontal gyrus is critical for response inhibition. BMC
Neurosci. 2008 Oct 21.9:102. [PubMed: 18939997]

Wager TD, Sylvester CY, Lacey SC, Nee DE, Franklin M, Jonides J. Common and unique
components of response inhibition revealed by fMRI. Neuroimage. 2005 Aug 15; 27(2):323-40.
[PubMed: 16019232]

Menon V, Adleman NE, White CD, Glover GH, Reiss AL. Error-related brain activation during a
Go/NoGo response inhibition task. Hum Brain Mapp. 2001 Mar; 12(3):131-43. [PubMed:
11170305]

Rubia K, Russell T, Overmeyer S, Brammer MJ, Bullmore ET, Sharma T, Simmons A, Williams
SC, Giampietro V, Andrew CM, Taylor E. Mapping motor inhibition: conjunctive brain
activations across different versions of go/no-go and stop tasks. Neuroimage. 2001 Feb; 13(2):
250-61. [PubMed: 11162266]

Wing RR, Papandonatos G, Fava JL, Gorin AA, Phelan S, McCaffery J, Tate DF. Maintaining
large weight losses: the role of behavioral and psychological factors. J Consult Clin Psychol. 2008;
76:1015-21. [PubMed: 19045969]

Wisniewski L, Epstein LH, Caggiula AR. Effect of food change on consumption, hedonics and
salivation. Physiol Behav. 1992; 52:21-26. [PubMed: 1529009]

Epstein LH, Paluch R, Coleman KJ. Differences in salivation to repeated food cues in obese and
nonobese women. Psychosom Med. 1996; 58:160-164. [PubMed: 8849634]

Bond DS, Raynor HA, McCaffery JM, Wing RR. Salivary habituation to food stimuli in successful
weight loss maintainers, obese, and normal-weight adults. Int J Obes. 2010; 34:593-596.

Stice E, Spoor S, Bohon C, Veldhuizen MG, Small DM. Relation of reward from food intake and
anticipated food intake to obesity: a functional magnetic resonance imaging study. J Abnorm
Psychol. 2008 Nov; 117(4):924-35. [PubMed: 19025237]

Stunkard AJ, Messick S. The three-factor eating questionnaire to measure dietary restraint,
disinhibition and hunger. J Psychosom Res. 1985; 29:71-83. [PubMed: 3981480]

Obesity (Slver Spring). Author manuscript; available in PMC 2013 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sweet et al.

Page 11

Anterior 18 mm Right 49 mm

Anterior 8 mm Right 54 mm

Figure 1. Brain activity associated with sustained food stimulation among all participants (n =
49)
Voxel-wise multiple regression analyses was used to contrast signal during the second and

third 20-s time segments to the first 20-s time segment within each min. Individual datasets
were combined across each group for each time segment using two Student’s one-sample t-
tests that compared activity to a hypothetical mean of zero. The resulting activation maps of
second and third time segments were combined across groups into a set of empirically
defined regions of interest using equally weighted “or” logic, such that a voxel was included
if it exhibited a significant effect (two-tail p < 0.10, corrected for multiple comparisons)
during either time segment in any group. A cluster threshold of 12 voxels (324 mm3) was
used. Red = left middle insula, Blue = left inferior frontal gyrus, Yellow = left posterior
insula, Purple = left putamen, Orange = left occipital, Green = right insula.
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Figure 2. Mean brain response over timein regions of significant activity
The combined activation map (i.e., ROl mask; Figure 1) was applied to individual activation

maps associated with each time segment to determine mean task-related activity within each
ROI for each individual. These were used in comparisons of group means over time. Groups
included 18 NW, 14 obese and 17 SWLM. Error bars indicate standard error of the measure.
Asterisks indicate significant (two-tailed p < 0.05) differences from the first segment (see
Supplemental Table). None of the group by time interactions was significant (p < 0.05).
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