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Objective: The purpose of this study was to compare the results of the three food-cue paradigms most
commonly used for functional neuroimaging studies to determine: i) commonalities and differences in the
neural response patterns by paradigm and ii) the relative robustness and reliability of responses to each
paradigm.

Methods: Functional magnetic resonance imaging studies using standardized stereotactic coordinates to
report brain responses to food cues were identified using online databases. Studies were grouped by
food-cue modality as: i) tastes (8 studies); ii) odors (8 studies); and, iii) images (11 studies). Activation
likelihood estimation was used to identify statistically reliable regional responses within each stimulation
paradigm.

Results: Brain response distributions were distinctly different for the three stimulation modalities, corre-
sponding to known differences in location of the respective primary and associative cortices. Visual stim-
ulation induced the most robust and extensive responses. The left anterior insula was the only brain
region reliably responding to all three stimulus categories.

Conclusions: These findings suggest visual food-cue paradigm as promising candidate for imaging stud-

ies addressing the neural substrate of therapeutic interventions.

Obesity (2014) 22, 1439-1446. doi:10.1002/0by.20659

Introduction

Obesity affects one-third of American adults and 17% of American
children according to data from the National Health and Examina-
tion Survey (NHANES, 2009-2010). Obesity increases the risk of
developing cardiovascular diseases, diabetes, hypertension, hyper-
cholesterolemia, asthma, arthritis, chronic renal failure, and certain
types of cancer (1). The underlying cause of obesity, in the vast
majority of afflicted persons, is inadequate regulation of food intake.
Functional neuroimaging can identify brain structures involved in
food craving, food perception, and food intake.

Experimental strategies most commonly used for functional neuroi-
maging studies of feeding-related neural systems contrast food cues
with non-food cues or high-calorie food cues with low-calorie food
cues (2-5). In-scanner stimulation methods vary, including: oral deliv-
ery of foods or flavored liquids; oro-nasal delivery of food odors;
and, visual presentation of food images. These and other methodolog-
ical variations have contributed to significant between-study variabili-
ty in the neural systems identified by these studies. Structures
implicated in food-intake regulation by functional neuroimaging are

numerous, including: anterior insula, inferior frontal and orbitofrontal
cortex, medial temporal cortex (amygdala and parahippocampus),
nucleus accumbens, and higher-order visual cortex (6). While an
extensive constellation of regions likely is required for the complex
experiences of food craving, food seeking, and food consumption/
enjoyment, the collective neuroimaging literature fails to identify
strong candidates as regional biomarkers for therapeutic trials.

Coordinate-based meta-analysis is a widely used tool for computing
between-study concordance among functional neuroimaging studies,
with activation likelihood estimate (ALE) being the most widely
applied technique (7-9). (For a partial listing of peer-reviewed ALE
meta-analyses, see http://brainmap.org/pubs.) Meta-analysis has been
applied successfully to the food-cue neuroimaging literature by sev-
eral investigative teams. A non-quantitative meta-analytic approach
(employing visual inspection of plotted coordinates) was applied by
Small and Prescott (10) to identify orbitofrontal cortex, insula, and
cingulate as common responses to olfactory and gustatory food cues.
Quantitative meta-analysis (ALE) was used by van der Laan et al.
(11) to assess convergence of neural responses to visual food cues
(contrasted with non-food visual cues) and reported consistent
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activations in the posterior fusiform gyrus, left lateral orbitofrontal
cortex, and insula. Similarly, Tang et al. (12) performed an ALE
meta-analysis of studies presenting visual food cues (contrasted with
non-food items) in healthy normal weight participants. Convergent
activation was identified in the lateral orbitofrontal cortex, anterior
and middle insula, amygdala, parahippocampus, precuneus, postcen-
tral gyrus, and visual cortex (fusiform gyrus and lingual gyri). Veld-
huizen et al. (13) performed an ALE meta-analysis of gustatory food
cues and found significantly convergent activation in anterior and
mid-dorsal insula, parietal operculum, postcentral gyrus, right medial
orbitofrontal cortex and medio-dorsal thalamus, left lateral orbito-
frontal cortex, and pre-genual anterior cinculate cortex. None of
these meta-analyses, however, compared across the three dominant
food-cue-delivery methods nor attempted to prioritize regions as tar-
gets (candidate biomarkers) for subsequent therapeutic trials.

In the present study, we performed three ALE meta-analysis, one
for each of the most widely used food-cue-delivery paradigms. The
primary purpose of this undertaking was to determine which food-
cue paradigms produced the most robust and reliable results and,
within that paradigm, to determine which region or regions held the
most promise as regions of interest for neuroimaging studies of ther-
apeutic interventions.

Methods

Functional magnetic resonance imaging (fMRI) studies of visual,
olfactory, and taste food stimuli were identified using online elec-
tronic databases, including PubMed (http://www.ncbi.nlm.nih.gov/
pubmed/) and the BrainMap® database (http://www.brainmap.org)
(14). For PubMed, keywords searches included: “fMRI”; “food”
AND “pictures”; “odor” AND “food”; “milkshake”; “meal”, and
similar terms in various combinations. Additional studies were found
by examining the bibliographies of retrieved articles. Inclusion crite-
ria were: papers published in peer-reviewed, English-language
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journals; whole-brain, voxel-wise analysis of the primary data (i.e.,
no region-of-interest studies); results reported in standardized stereo-
tactic coordinates; no results filtering other than by statistical signifi-
cance. Retrieved studies fell into three categories, based upon food-
cue delivery method: visual presentation of food images; oral deliv-
ery of foods or flavored liquids; and, oro-nasal delivery of food
odors. In all included studies, healthy, non-obese subjects were
fasted overnight at the time of scanning.

Of fMRI studies using visual food cues, we restricted our sample to
studies in which brain activations were induced by viewing pictures
of high-caloric-content food (e.g., pizza, hamburgers, ice cream) as
contrasted to viewing non-food pictures (e.g., tools, scenery, flowers,
animals) as the control state. Eleven publications reporting 12
experiments were identified, which collectively reported 109 brain-
activation locations across a total of 201 participants (Table 1).

Of fMRI studies of oral/gustatory food stimuli, we restricted our sam-
ple to studies in which brain activations were induced by oral delivery
of flavored foods (milkshake, chocolate, fat) as contrasted with tasting
water or other tasteless solutions. Eight publications reporting 11
experiments were identified which collectively reported 89 brain-
activation locations from a total of 146 participants (Table 2).

Of fMRI studies of olfactory food cues, we restricted our sample to
studies in which brain activations were induced by smelling food or
appetizing odors (e.g., chocolate, vanilla, vegetables) as contrasted
with odorless vapors or unpleasant odors. Eight publications reporting
a total of eight experiments were identified, which collectively reported
79 brain-activation locations from a total of 118 participants (Table 3).

For all experiments, results (peak coordinates) and associated meta-
data (including experimental design) were entered into the BrainMap
database (14) using the Scribe software application (http://www.
brainmap.org) to allow filtering of experimental parameters and

TABLE 1 Studies included in visual food cues meta-analysis

Food vs. non-food Visual food stimuli Hours fasted n Foci Non-food stimuli

Uher et al., 2006 Roasted chicken, hamburger, chocolate 24 18 3 Armchair, brushes, car flower, etc.
cake, strawberries, etc.

Beaver et al., 2006 Chocolate cake, ice cream sundae, rot- 2 14 14 Videocassette, iron, etc.
ten meat, moldy bread, etc.

Cornier et al., 2007 Walffles, chocolate cake, cookies, etc. Overnight 22 7 Animals, trees, books, etc.

Fuhrer et al., 2008 Food 1and 14 h 12 12 Non-food items

Killgore et al., 2003 French fries, ice cream, cheeseburgers, 6 13 18 Rocks, bricks, trees flowers, etc.
cake, etc.

Killgore et al., 2006 French fries, ice cream, cheeseburgers, 6 8 23 Rocks, bricks, trees flowers, etc.
cake, etc.

Malik et al., 2008 Food 3 20 20 Scenery

Rothemund et al., 2007 hamburgers, pancakes, etc. 1.5 13 1 Rocks and flowers

Santel et al., 2006 High-caloric food 12 10 3 Objects

Schienle et al., 2009 French fries, ice cream, cake, chips, >12 17 3 Household items
etc.

Simmons et al., 2005 Cheeseburger, spaghetti cookies, etc. NR 9 6 House, mall, school, etc.

For the contrast between food and non-food stimuli, 14 experiments from 11 studies, with a total of 249 participants and 124 reported coordinates were included.
The abbreviation NR refers to the fact that the information was not reported in the study.
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TABLE 2 Studies included in the taste food cues meta-analysis

Food vs. non-food Taste food stimuli Hours fasted n Foci Non-food stimuli
Smeets et al., 2010 Orangeade 2 10 2 Not reported
Kringelbach et al., 2003 Chocolate milk, tomato juice 6 10 5 Tasteless solution
Smeets et al., 2006 Chocolate milk Overnight 24 18 Water

Araujo et al., 2004 Vegetable oil 3 12 3 Tasteless solution
Araujo et al., 2003 MSGIMP + MSG + IMP NR 10 5 Tasteless solution
Rolls et al., 2007 Chocolate 2,3 16 6 Tasteless solution
Araujo et al., 2003 Sucrose and strawberry NR 11 19 Tasteless solution
Haase et al., 2007 Sucrose NR 18 31 Water

For the contrast between food and non-food pictures, 11 experiments from 8 studies, with a total of 146 participants and 89 reported coordinates were included. The

abbreviation NR refers to the fact that the information was not reported in the study.

meta-analytic pre-processing. Coordinates reported in MNI spaces
were converted to Talairach coordinates using the Lancaster’s trans-
form (15). Meta-analyses were performed using GingerALE 2.1,
which included modifications to the ALE algorithm (8,16) described
by Eickhoff et al. (7) and Turkeltaub et al. (9). Three meta-analysis
were performed, one for each of the above-described groups of data.
Each collection of studies/experiments was used to compute an ALE
map that was statistically contrasted to an ALE null-distribution map.
The null distribution map was derived from a permutation procedure
and computed using the same number of experiments and reported
coordinates as the experimental map. This map represented the null-
hypothesis that there was a random spatial association between the
results of the experiments. The ALE analysis implemented a random
effects inference (i.e., the inference detects the above-chance concur-
rence between experiments, and not on the clustering of coordinates
within experiments). Statistical significance was corrected for multiple
comparisons. ALE maps were thresholded at P < 0.05 using the
option false discovery rate pN with an extent threshold >200 mm?.
All ALE results were reported in Talairach space, and the candidate
anatomical labels for these regions were determined using a validated,
fully automated algorithm (17).

Results

Contrasting food pictures with non-food pictures yielded 11 clusters
of significant convergence (Table 4, Figure 1) with a total volume

of 17,332 mm’ and maximum ALE value of 0.0219. The most
robust activation convergence was in higher-order visual cortex
(right fusiform gyrus), in keeping with the visual nature of the stim-
uli. Additional lateralized convergent activations were observed in
the left insula, right postcentral gyrus, right precuneus, left inferior
frontal gyrus, left middle occipital gyrus, and left hippocampus.
Bilateral convergent activations were observed in the fusiform gyrus,
declive, parahippocampus, and superior temporal gyrus.

Contrasting food tastes with tasteless solutions produced 14 signifi-
cant ALE clusters (Table 5, Figure 1) summing a volume of 13,332
mm® and a maximum ALE value of 0.0193. The most robust activa-
tion convergence was in the insula, bilaterally, in the presumed loca-
tion of primary gustatory cortex. Strong activations were also
observed in the region of the sensorimotor mouth representation,
likely reflecting stimulation of the oral mucosa and manipulation of
the food in the mouth. Additionally, the cingulate gyrus, parahippo-
campal gyrus, postcentral gyrus, caudate, claustrum, insula, medial
frontal gyrus, precentral gyrus, thalamus, and lentiform nucleus were
activated. The majority of ALE clusters showed bilateral activations.

Contrasting food odors or non-food appetizing odors with odorless
stimuli or unpleasant odors produced seven significant ALE clusters
with a total volume of 11,981 mm® and maximum ALE value of
0.0176 (Figure 1 and Table 6). The inferior frontal gyrus and ante-
rior insula were the regions of most extensive and robust activation

TABLE 3 Studies included in the olfactory food cues meta-analysis

Food/pleasant odor vs.

non-food/unpleasant odor Odor food stimuli Hours fasted n Foci Non-food stimuli
McCabe et al., 2007 Vegetable NR 12 1 Odorless solution
Small et al., 2005 Chocolate, lavender, butanol, farnesol NR 10 11 Odorless solution

de Araujo et al., 2003 Strawberry NR 24 11 Odorless solution
Bragula et al., 2010 Fat, sweet 24 10 28 Non-appetizing odors
Gotfried et al., 2003 Pleasant NR 17 Unpleasant odors
Royet et al., 2003 Pleasant NR 14 12 Unpleasant

Reske et al., 2010 Vanilla, rotten yeast NR 15 13 Air

Plailly et al., 2007 Familiar odors NR 16 10 Unfamiliar odors

For the contrast between food/pleasant odor and non-food/unpleasant odor, 8 experiments from 8 studies, with a total of 131 participants and 79 reported coordinates
were included. The abbreviation NR refers to the fact that the information was not reported in the study.
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TABLE 4 Summary of ALE results for visual food cues

Extreme

Cluster # Volume (mm®) value (x107%) X Y V4 Label BA
1 1632 21.9 44 —64 -8 Right fusiform gyrus 37
2 728 1.6 —40 —58 —16 Left cerebellum -

9.4 —34 —58 —26 Left cerebellum -
3 672 11.6 32 —58 —18 Right cerebellum -
4 472 13.5 —26 —24 -8 Left hippocampus -
5 424 13.8 —16 —94 -6 Left lingual gyrus 17
6 416 13.9 60 —28 18 Right postcentral gyrus 40
7 344 11.9 40 6 32 Right precentral gyrus 9
8 320 10.6 —46 —68 -6 Left middle occipital gyrus 37
9 288 10.7 -34 14 12 Left insula 13
10 256 9.9 —36 30 -8 Left inferior frontal gyrus 47
11 240 10.7 —52 -30 4 Left superior temporal gyrus 22

Note that the responses labeled “cerebellar” likely represent mislabeling of responses from the inferior visual cortex, which lies immediately adjacent to the superior
cerebellum.
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0 0 )
Insula
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(BA 24)

1
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Figure 1 Significant ALE clusters are shown for the visual (red), taste (blue) and odor (green) food cues meta-analysis.
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TABLE 5 Summary of ALE results for taste food cues
Extreme

Cluster # Volume (mm?) value (x1079) X Y V4 Label BA
1 1768 19.3 -32 16 6 Left insula 13

9.1 —40 12 12 Left insula 13
2 1176 14.8 38 16 2 Right insula 13
3 1088 20.6 58 -6 22 Right precentral gyrus 4
4 680 12.9 —58 -10 16 Left postcentral gyrus 43
5 384 12.9 6 6 —4 Right caudate head -
6 376 13.5 18 —4 —18 Right amygdala -
7 360 12.8 -18 0 -18 Left parahippocampal gyrus 34
8 360 1.2 6 2 50 Right medial frontal gyrus 6
9 328 1.3 -8 44 6 Left cingulate 32
10 280 10.9 -6 20 40 Left cingulate gyrus 32
11 272 10.7 —34 —4 4 Left claustrum -
12 248 10.9 -8 22 2 Left caudate head -
13 200 9.2 12 22 0 Right caudate head -
14 200 10.4 —54 12 10 Left frontal gyrus 44

convergence, in the region of primary olfactory cortex. Other strong
activations included amygdala and parahippocampus, regions with
known olfactory projections.

The insula and parahippocampus were activated by both olfactory and
taste food cues (Figure 2a). The insula and inferior frontal gyrus were
commonly activated by olfactory and visual stimulation (Figure 2b).
The insula was activated by both taste and visual presentation of food
cues (Figure 2c). The left anterior insula was the only structure that
was commonly activated by all three modalities (Figure 2d).

Discussion

Quantitative, coordinate-based meta-analysis was used to compare
the collective findings of the three food-cue paradigms most exten-
sively applied in functional neuroimaging studies of the neural sys-

tems engaged in food-intake regulation. Brain-response distributions
were distinctly different for each of the three modalities, correspond-
ing to known differences in the locations of the respective primary
and associative cortices. Responses in (and around) primary olfac-
tory and gustatory cortex were observed for odor and taste stimuli,
respectively. The most extensive and statistically reliable food-cue-
specific responses, however, were observed in higher-order visual
cortex (fusiform gyrus), rather than in brain regions more commonly
associated with the hedonic properties of food or appetite regulation.
The anterior insula—in the region of primary gustatory cortex—was
the only brain region to demonstrate significant responses to all
three stimulus—delivery modalities.

Responses to visual food cues
Meta-analysis of neural responses to visual food cues gave the most
robustly convergent responses as determined both by peak statistical

TABLE 6 Summary of ALE results for odor food cues

Extreme

Cluster # Volume (mm?) value (x1079) X Y z Label BA
1 4088 17.6 34 24 0 Right inferior frontal gyrus 47
14.2 26 32 -6 Right inferior frontal gyrus 47

141 24 30 -10 Right inferior frontal gyrus 47

13.2 42 14 -2 Right insula 13

11.8 32 8 —12 Right inferior frontal gyrus 13

2 976 129 —-38 14 4 Left insula 13
3 536 135 —36 6 -8 Left extra-nuclear 13
4 496 12.6 -30 32 -10 Left inferior frontal gyrus 47
5 360 10.4 —-12 10 46 Left medial frontal gyrus 32
6 296 8.7 —22 -2 —16 Left amygdala -
7.0 -30 4 -14 Left parahippocampal gyrus 34

7 280 9.0 48 0 42 Right precentral gyrus 6
www.obesityjournal.org Obesity | VOLUME 22 | NUMBER 6 | JUNE 2014 1443
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Figure 2 (a) Overlay of ALE results for olfactory and taste food cues and their overlaps. Insula and parahippocampus are commonly activated. (b)
Overlay of ALE results for visual and odor food cues and their overlaps. Insula and inferior frontal gyrus are commonly activated. (¢) Overlay of ALE
results for visual and taste food cues and their overlaps. Insula is the only common area.

significant (ALE value) and by the volume of brain exhibiting a sig-
nificant response (Table 4). When using visual food cues as stimuli,
the regions showing the most reliable and significant activation lay
within the visual system proper (occipital lobe), rather than in
regions more traditionally regarded as involved in food-appetite reg-
ulation. Specifically, the region most strongly activated was the fusi-
form gyrus, which is a component of a non-retinotopic, high-level
object-representation network. What is particularly striking about
this activation is that all included studies used familiar, visually
complex, non-food objects as control stimuli, so the intense activa-
tion cannot be attributed to differential stimulus complexity or other
irrelevant attributes. Rather, this finding argues strong that food
images are “pop-out” stimuli, that reliably evoke significantly more
intense and spatially extensive, obligatory processing than non-food
images (11). A similar effect is observed, for example, with familiar
faces (18).

From an evolutionary perspective, a species’ survival depends on its
ability to find food and to rapidly and reliably identify potentially
edible items. Evolutionarily early species (e.g., aquatic species) rely
almost entirely on chemosensation (taste) to detect and localize
food. On land, olfaction rapidly evolved into the dominant modality
for food detection and remains so for most species. Many primate
species, including humans, have highly evolved visual systems. For
most primates, visual search is a far more effective means of discov-
ering food than olfaction or taste (19,20). Thus, it is not surprising

that the visual system proved so effective at producing food-specific
responses, i.e., at discriminating food from non-food items, in
human subjects. What is, perhaps, more surprising is that the strong-
est visually induced food-specific responses were within higher-
order visual cortex (object-recognition regions), rather than in
regions more specific to eating. The robustness of the responses of
visual regions to food cues, however, should not be construed as
indicting that the visual system is solely involved in food detection.

The sight of food evokes physiological, emotional, and cognitive
responses (11). Visual perception of food cues prepares the body for
food ingestion, an anticipatory physiological response called the
“cephalic phase” of eating (21). The consequent emotional responses
enhance the desire to ingest food (22), and triggers pleasure, which
has been proposed as a biological mechanism evolved to encourage
survival behaviors (23). In addition, food cues evoke cognitive proc-
esses, such as memory retrieval and hedonic evaluation, based on
previous experiences with food (23). Exposure to food cues can trig-
ger cognitive processes such as self-regulation (24) or overeating
due to the override of satiety signals (25) by the food cues.

Responses to taste and odor food cues

Oral stimulation with foods or flavored liquids also gave very robust
and extensive convergent activations across experiments (Table 5).
The most robust responses were in the anterior insula, bilaterally,

1444 Obesity | VOLUME 22 | NUMBER 6 | JUNE 2014
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that is, in the primary gustatory cortex. Strong responses were also
observed in sensorimotor cortices (in regions representing the
mouth), as well as in subcortical motor-control regions (caudate
head). These likely reflect both the stimulation of oral mucosa by
food/liquid contact and manipulation of the food substances by the
tongue, and oropharynx. Emotional, mnemonic, and attention-related
regions (amygdala, parahippocampus, anterior cingulate) were also
activated, likely reflecting hedonic aspects of food ingestion.

Odors also induced highly significant and extensive convergent acti-
vations (Table 6), including the inferior frontal gyrus (prepiriform
cortex), amydala and parahippocampus (piriform cortex), and ante-
rior insula bilaterally. The role of these regions in olfaction is well
established. By comparison to visual food cues, it should be noted
that the most commonly used control stimuli for taste and odor stim-
uli are the absence of an effective stimulus (i.e., tasteless or odorless
substances), while visual control stimuli were highly effective stim-
uli (i.e., non-food pictures.)

Convergent responses across food-cue

modalities

Anatomical convergence of gustatory and olfactory food-cue
responses (Figure 2a) in insula, parahippocampus, and orbitofrontal
cortex is not surprising. Primary gustatory cortex (anterior insula
and frontal operculum) and primary olfactory cortex (amygdala,
uncus, parahippocampus) are adjacent to one another and are mutu-
ally connected functionally and anatomically. The co-activation of
the anterior insula by olfactory and gustatory food cues stimuli is
consistent with the presence of projections from the olfactory neu-
rons from oral cavity and afferents from the gut to the anterior
insula (26). However, gustatory and olfactory stimulus paradigms
likely do not recruit fully independent brain networks because of the
retronasal olfaction pathway by which there is a perception of odors
emanating from the oral cavity during food ingestion. A previous
meta-analysis of uni-modal gustatory stimulation studies was per-
formed by Veldhuizen et al. (13) demonstrating the engagement of
insula on pure gustatory stimulation, indicating that true insular acti-
vation was induced by all three types of food cues.

Anatomical convergence of visual responses with olfactory response
in orbitofrontal cortex (Figure 2b) and with both olfactory and gus-
tatory (Figure 2c,d) in anterior insula is more striking and pragmati-
cally promising. Although anatomical projections from the fusiform
gyrus to the anterior insula has not yet been reported, reliable co-
activation (as observed here) implies at least indirect connectivity
(27,28). This suggests that anterior insula likely is a hub region via
which visual stimuli (and other modalities) induce physiological and
psychological responses to food.

The anterior insula is known to engage in a wide range of tasks,
including attention, memory, interoception, emotion, olfaction, and
gustation (29). Functional connectivity studies (30) showed that the
anterior insula is part of a neural network of reward circuitry that
included the thalamus, caudate, among others (31). Moreover, the
left anterior insula is involved in different types of craving types,
such as smoking, cocaine, sexual arousal, drug use, and gambling
(32-37). In addition, it has been published that lesion of the insular
cortex leads to recovery of nicotine addiction (38), suggesting that
the insula is a key brain structure implicated in (food) craving-
reward, processing, and modulation of hedonic response, beyond

food sensory stimuli integration. Furthermore, our findings identified
the left anterior insula as opposed to the whole insula. Taken
together, we speculate that overeating and obesity may be a result
of dysfunction of craving-reward circuitry, sharing a common path-
way with addiction.

Visual food-cue paradigm: Strengths and

opportunities

Of the three most widely used food-cue paradigms, visual presentation
is by far the simplest to implement. MRI-compatible visual-display
hardware and software for stimulus delivery and experiment manage-
ment are commercially available from numerous vendors. Picture stim-
uli are readily created and can be digitally stored and shared. Digital
pictures can be presented for durations as brief and at repetition rates
as rapid as desired, without being impeded by stimulus—delivery
mechanics. These characteristics allow picture-based food-cue experi-
ments to be readily implemented for clinical trials and to exploit
ongoing advances in fMRI experimental design and analysis strategies,
including event-related designs. Further, the occipital lobe (lingual
gyrus) is far less prone to susceptibility artifacts than the medial tem-
poral lobe and inferior frontal brain regions recruited by taste and odor
stimuli, simplifying fMRI data acquisition and analysis.

Delivery of taste stimuli is far more complex, requiring calibrated
solutions to be compounded and delivered into the mouth of the
subject, typically through flexible tubes held between the lips. Tast-
ing the solution, swallowing, rinsing the mouth, and repeating with
an alternate taste or control substance is an inherently slow process,
which limits the rate of data acquisition and the range of
experimental-design possibilities. Oral delivery of foods and fla-
vored liquids also introduces the possibility of in-scanner aspiration,
a risk not entailed with other food-cue stimulus modalities. While
imaging studies using oral delivery of food cues were certainly
required to map the neural populations recruited by food intake, it is
less clear that this delivery modality is well suited for the transition
to therapeutic trials using functional imaging to study mechanisms
of action and as potential neural predictors of therapeutic outcome.

Odor stimulus delivery is yet more complicated, requiring a ventila-
tion system capable of delivering odor-bearing gases rapidly and at
calibrated concentrations and of equally rapidly removing the odor-
ants without detectible residue. Such systems are not commercially
available and must be constructed in-house. This makes them poorly
suited for therapeutic trials.

Collectively, present results and the practicalities of stimulus deliv-
ery and experimental design argue strongly for the use of visual
food-cue paradigms when studying neural responses to potential
therapies. This would apply both to studies exploring the neural
mechanisms of action of pharmacologic, behavioral or surgical
therapies and to studies using imaging as a rapid neural biomarker
to predict longer term therapeutic outcomes. Visual-food-cue-
responsive regions in lingual/fusiform gyrus, anterior insula and
orbitofrontal cortex all offer promising candidate regions of interest.

There are a number of limitations associated with the data and meth-
odology of this study, which should be considered when interpreting
our results. First, the available number of publications included in
these meta-analyses is relatively small, which necessitated inclusion
of heterogeneous stimulation paradigms (such as type of food and
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duration of exposure), image-acquisition protocols and image-
analysis methods, among others. Second, the ALE analysis algo-
rithm did not account for the statistical significance or spatial extent
of the included responses. Finally, to our surprise, none of the three
meta-analyses revealed activation in the hypothalamus, which has
been strongly implicated in satiety. Further, only one of the studies
included in these three meta-analyses reported hypothalamic activa-
tion. Duration of pre-imaging fasting proved not to be an explanatory
factor. The most likely explanation is that the hypothalamus is a small
structure located in a region of high magnetic susceptibility, limiting
the detectability of neural responses when using fMRI. Studies that
have reported robust hypothalamic responses (39,40) have generally
used acquisition protocols customized for this purpose.

Conclusions

The results of the visual food cues meta-analysis suggested that this
paradigm is a simple and robust tool to probe the neural mecha-
nisms involved in eating behavior. Our results support the notion
that the anterior insula plays an important role in craving-reward
processing and modulation of hedonic response, likely beyond food
stimuli integration. Future fMRI studies could probe the left anterior
insula and fusiform gyrus to determine whether it plays a role in
eating behavior, eating disorders, obesity, and diabetes. O
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