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Abstract
Background:

Increasing evidence suggests that metabolism affects brain physiol-

2

Diabetes Unit‐Institute of Endocrinology,
Metabolism & Hypertension at The Tel Aviv
Sourasky Medical Center, Tel‐Aviv, Israel

3

Imaging Research Center, University of Texas
Health Science Center at San Antonio, San
Antonio, TX, USA

4

ogy. Here, we examine the effect of GLP‐1 on simple visual‐evoked functional Magnetic Resonance Imaging (fMRI) responses in cortical areas.
Methods:

Lean (n = 10) and nondiabetic obese (n = 10) subjects received exenatide

(a GLP‐1 agonist) or saline infusion, and fMRI responses to visual stimuli (food and
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nonfood images) were recorded. We analysed the effect of exenatide on fMRI signals
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the effects of exenatide on the raw fMRI signal and on the fMRI signal change during

Diabetes and Obesity Clinical Research
Center, Hamad General Hospital, Doha, Qatar

across the cortical surface with special reference to the visual areas. We evaluated
visual stimulation (vs rest).
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Results:

In line with previous studies, we find that exenatide eliminates the

preference for food (over nonfood) images present under saline infusion in high‐
level visual cortex (temporal pole). In addition, we find that exenatide (vs saline) also
modulates the response of early visual areas, enhancing responses to both food and
nonfood images in several extrastriate occipital areas, similarly in obese and lean
participants. Unexpectedly, exenatide increased fMRI raw signals (signal intensity
during rest periods without stimulation) in a large occipital region, which were
negatively correlated to BMI.
Conclusions:

In both lean and obese individuals, exenatide affects neural process-

ing in visual cortex, both in early visual areas and in higher order areas. This effect
may contribute to the known effect of GLP1 analogues on food‐related behaviour.
K E Y W OR D S

exenatide, fMRI, obesity, visual cortex

1

|

I N T RO D U CT I O N

with impaired cognitive functions, anxiety, anhedonic behaviour, and
to higher incidence of emotional disorders.6-9 Obesity10 and type 2

Mounting evidence shows that metabolic state can affect neuronal

diabetes (T2DM)11 are associated with altered food‐reward mecha-

function and plasticity, influencing brain physiology and ultimately

nisms and eating behaviour, involving multiple pathways that include

producing an impact on cognitive processes, emotions, and behav-

signalling from the periphery. Hormones secreted by the adipose tis-

iour.1,2 The interplay between nutrition and brain health has long been

sue and gut convey information on the nutritional status of the body

established by the effect of specific diet alterations on neuropsycho-

to the brain, modulating the central regulation of food intake.12

logical responses.3-5 For example, western diets have been associated

Amongst these signals, GLP‐1 has attracted much attention, mainly
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because of the use of GLP‐1 receptor agonists (GLP‐1RA) in clinical

glucose concentration. Participants received a 75‐g OGTT 5 to 14 days

practice and the associated body weight reduction. GLP‐1 is secreted

before MRI session for appropriate classification of glucose regulation.

after food ingestion by the enteroendocrine L cells located in the distal

Obese subjects had higher BMI and fasting plasma insulin concentra-

13

jejunum and ileum.

Besides stimulating insulin secretion and

tion (Figure 1A).

inhibiting glucagon release, GLP‐1 reduces food intake and enhances

The protocol was approved by the Institutional Review Board of

satiety by modulating brain mechanisms that control eating behav-

the University of Texas, and all study procedures were conducted in

iour.14 We recently tested the influence of exenatide, a GLP‐1 agonist,

accordance with the guidelines of the Declaration of Helsinki. Written

15

on brain metabolism

and observed a marked increase of cerebral

glucose uptake within few minutes after exenatide infusion. More-

informed consent was obtained from all participants before entering
the study.

over, we recently analysed the effect of GLP‐1 on hypothalamic

All data were collected in a single session starting at 8:00 AM after

responses to food cues, measured as functional Magnetic Resonance

overnight fast. MR acquisitions started after cannulation of two

Imaging (fMRI) responses to visual stimuli containing food or nonfood

peripheral veins for blood sample drawing and infusion of dextrose/

images. We found that exenatide reduced the preference for food

saline/exenatide. Two consecutive (saline and exenatide) primed

cues in the hypothalamus, and more so in obese than in lean

(exenatide 0.3 μg) continuous (0.05 μg/min) infusions (60 min each)

observers.16 Consistent with a central satiating effect of GLP‐1, van

were performed and two brain fMRI datasets acquired starting

17

reported a decreased preference for food pictures

30 min after the beginning of each infusion. During exenatide infusion,

in the insula, amygdala, putamen, and orbitofrontal cortex following

plasma glucose levels were measured at 5‐minute interval, and a vari-

short‐term administration of a GLP‐1RA in obese individuals. After

able dextrose (20%) intravenous infusion was administered to three

Roux‐en‐Y gastric bypass (RYGB), obese T2DM subjects show

lean subjects and two obese subjects to maintain plasma glucose con-

increased activation in the fusiform gyrus, somatosensory cortex,

centration constant at the fasting level (Figure 1B). Concomitantly,

and frontal middle gyrus along with a marked increase in plasma

plasma insulin concentration increased to a similar extent in lean and

GLP‐1 level.18,19 Although some of these studies have employed

obese individuals (Figure 1C). During fMRI acquisitions, three types

visual images as food cues, most have focused on brain areas (gusta-

of visual stimuli were presented in blocks of 30 seconds: rest, food

tion, reward, and executive functions), which respond differentially

images, and nonfood images (Figure 1D). During rest blocks, the

to food versus nonfood stimuli,20-22 and no study has examined the

screen was uniformly black with a fixation cross. Food images were

Bloemendaal et al

modulation of the early sensory response to visual images (irrespec-

popular, high‐calorie‐content foods. Nonfood images were outdoor

tive of their food/nonfood content) in cortical visual areas.

landscape scenes. Stimulus presentation time was synchronized with

Vision plays an important role in food selection in humans.23,24 The

image repetition time (TR) at 3 seconds per image (each block was

sight of food elicits a variety of reactions ranging from anticipatory

composed of 10 images); to avoid habituation, individual pictures did

responses to food ingestion—ie, the cephalic phase of insulin release

not repeat within or between acquisition blocks. The order of the

and heart rate changes25,26—to a cascade of cognitive processes,

three blocks was fixed (rest‐food‐nonfood), and the sequence was

27

involving memory and emotion

as well as executive function, eg,

resisting the temptation of palatable food.28,29 Thus, a change of

repeated 10 times, with one rest block added at the end (yielding a
total fMRI duration of 310 time points, about 15 min).

responsivity in early visual areas could trigger a cascade of effect
potentially impacting food appreciation and food‐related behaviours.
To test this hypothesis, here we ask whether exenatide is able to
influence the basic physiology of early visual areas, irrespectively of
the content of visual images (food related or otherwise).

3 | MR IMAGE ACQUISITION AND
ANALYSIS

To address this question, a new analysis based on a novel approach
has been performed on data from a previous study.16 First, rather than

All image data were acquired with a 3‐T, research‐dedicated Siemens

focusing on deep‐brain structures involved in feeding behaviour (eg,

TIM/TRIO (Erlangen, Germany). A T1‐weighted anatomical MRI was

hypothalamus), we examine the effects of exenatide over the entire

obtained at the beginning of each session (TR = 2200 ms, echo

cortical surface. Second, our analysis is not limited to assessing the

time = 2.72 ms, inversion time = 766 ms, flip angle = 138°, and reso-

effects of exenatide on the preference for food cues that many brain

lution of 1 × 1 × 1 mm). Following the infusions (saline and exenatide),

areas display, but it allows us to assess the effects of exenatide on

two whole‐brain T2* blood oxygen level dependent effect (BOLD)

cortical activity, irrespective of stimulus type—an aspect that has not

fMRI volumes were acquired using echo planar imaging (EPI) at

been addressed in the prior study, or any previous work.

TR = 3000 milliseconds, echo time = 30 milliseconds, an in‐plane
spatial resolution of 1.7 × 1.7 mm, as 3‐mm‐thick sagittal slices.
Anatomical data were processed using the FMRIB Software Library

2

|

MATERIALS AND METHODS

(FSL) toolkit (http://www.fmrib.ox.ac.uk/fsl/) to correct for spatial
inhomogeneity and to perform nonlinear noise reduction. Brain

The study population included 10 lean participants and 10 obese non-

surfaces were reconstructed and inflated from the T1 images using

diabetic participants, matched for age, gender, and fasting plasma

the FreeSurfer toolkit (http://surfer.nmr.mgh.harvard.edu/).30-32
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FIGURE 1 A, Anthropometric and metabolic differences between lean and obese subjects (P values computed with a nonparametric Mann‐
Whitney test). Mean plasma glucose (B) and insulin (C) levels during exenatide intravenous infusion; differences across time points and subject
groups (lean and obese) were analysed with an ANOVA for repeated measures. D, Stimulus design

Individual whole‐brain (right and left hemisphere) surface maps

control for this shift, we started by quantifying, for each cortical

were then registered to a common FreeSurfer template surface,

vertex, the raw fMRI signal during the rest blocks (which is unaffected

pseudohemisphere (fsaverage_sym) using the FreeSurfer spherical

by visual stimulation). Next, we normalized the fMRI time course by

31

With minimal metric distortion, this approach

this value to obtain the percentage signal change in the food and non-

matches morphologically homologous cortical areas based on cortical

food blocks, relative to the rest blocks. This yields three parameters

folding patterns, then resamples individual results to a standard

(rest, food, nonfood) per acquisition. Note that standard practice

(fsaverage_sym) surface. The resulting pseudohemisphere surface

would have required using the average fMRI signal across the whole

representation is composed of a network of vertices that align at a

time course as normalization constant, to which no physiological

subvoxel resolution to the volumetric anatomy both across subjects

meaning is attached. In this case, we used the average fMRI in the rest

and between hemispheres. BOLD data were preprocessed using the

blocks alone (because, in our stimulation protocol, visual stimulation

statistical parametric mapping (http://www.fil.ion.ucl.ac.uk/spm/soft-

blocks are twice as frequent as rest blocks, implying that the average

ware/spm8/) toolkit, which consisted of sync interpolation in time to

fMRI signal across the whole time course actually incorporates a

correct for the slice acquisition sequence and motion correction with

component of the visual response). Moreover, while the absolute

a six‐parameter least squares rigid body realignment routine using

fMRI signal is set by the MR settings and specifications, we argue that

the first functional image as a reference. The transformation matrix

the comparison of this value across consecutive acquisitions

required to align each BOLD acquisition to the relevant participant's

(performed without moving the patient in/out the scanner, with

anatomy was computed using FSL‐FLIRT with 6 degrees of freedom.

identical settings) and across brain regions (ie, regional variations of

Individual voxel time courses were analysed with a nonstandard

the parameter) does have a physiological meaning and reflects the

approach, motivated by the preliminary observation that exenatide

modulations of nonvisual factors—eg, exenatide. Volume maps of

affected the raw fMRI signal intensity across a large region of the

the three parameters were obtained for each BOLD acquisition (ie,

cortex (mainly occipital, where our analyses are focused). In order to

separately for the saline and exenatide conditions in each participant).

registration system.
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The results were registered to the participant's anatomy in FreeSurfer

flattened view of the cortical surface (see Figure 2), after

and projected to the individual surface after smoothing with a 5‐mm

thresholding to show values with P < .001 uncorrected. Note that P

full width at half maximum (FWHM) Gaussian kernel. Finally, data

values are not corrected for multiple comparisons, because the

from all subjects and runs were projected to the fsaverage_sym sur-

purpose of these maps is simply to reveal the topographical distribu-

face, and corresponding vertices of the two hemispheres were aver-

tion of signal modulations over the cortical surface—rather than

aged. Thus, after averaging across hemispheres, each vertex of this

testing the statistical significance of the effects, which is addressed

surface has 20 (subjects) × 2 (conditions: saline/exenatide) values of

with a different ROI‐based analysis approach. For the ROI‐based

our three parameters: resting BOLD, food responses, and nonfood

approach, we assessed the statistical effects of the above factors

responses. These were analysed with an ANOVA for repeated

by analysing average data from vertices within preselected regions

measures, with between factor “obesity” (lean/obese) and within fac-

of interest: early visual areas V1‐V2 (from the Van Essen parcellation

tors “condition” (saline/exenatide) and “image type” (food/nonfood),

atlas),33 ventral stream visual areas (fusiform gyrus and temporal pole,

followed by post hoc t tests (two‐sample t tests investigating the dif-

as defined in the Destrieux 2009 Atlas,34 and a large lateral occipital

ferences between obese and lean subjects; paired t tests investigating

region defined manually to include the complex of lateral occipital

the differences between saline and exenatide or between food and

areas encompassing LO and V8 (from Essen33), all shown in

nonfood pictures; one‐sample t tests to identify voxels with signifi-

Figure 2A. The required atlases were fit to the fsaverage_sym

cant visual responses, ie, nonzero percent signal change in response

surface; for each ROI, we averaged values of resting BOLD and

to any image, food, or nonfood; in all cases, P values are two‐tailed).

percent signal change across all fsaverage_sym vertices; finally, we

In this way, each vertex of the fsaverage_sym pseudohemisphere is

run the appropriate statistics on the ROI averages. For all ROI‐based

assigned with a F or t value, which are shown on its inflated and

statistics, we report exact P values.

FIGURE 2 Statistical parametric mapping approach showing the topographical distribution of the effects of image type, exenatide, and obesity
on percent signal change (B‐D) and the raw fMRI signal at rest (E‐F) over the cortical surface. A, Flattened view of cortical template used to
align all subjects and hemispheres, with anatomical markers and coloured areas representing the regions of interest used for Figures 3 and 4. B,
Map of responses to visual stimulation, averaged across all conditions. C, Map of modulation of visual responses to food vs nonfood stimuli. D,
Map of modulation of visual responses during exenatide vs saline infusion. E, Map of modulation of the raw fMRI signal at rest with exenatide.
F, Map of significant modulation of the raw fMRI signal at rest in obese vs lean participants. B to F maps are thresholded at two‐tailed P < .001
uncorrected
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response to visual stimuli with exenatide, whereas the opposite was seen
in several small cortical patches located in extrastriate occipital areas.

4.1 | Effects of exenatide and body weight on visual
stimuli

No cluster of vertices consistently showed an effect of body weight or

We analysed fMRI data from a previous study16 specifically testing the

ceed with a ROI‐based approach (Figure 3), focusing on four

effect of exenatide on visual responses measured over the cortical

predefined ROIs placed at key levels of the visual hierarchy. In early

surface of lean and obese subjects.

and midlevel visual areas (V1‐V2 and fusiform gyrus), there was no sig-

an interaction between body weight and exenatide (maps not shown).
To gain better insight into the trends shown in Figure 2, we pro-

Figure 2A represents the alignment of all participants to a template

nificant effect of either exenatide or obesity image type (all main

cortical map with predefined regions of interest that allows for

effects and interaction terms: F (1, 18) < 0.3, P > .24). In V1‐V2, there

morphing the pattern of sulci and gyri to match a standard atlas

was a (nonsignificant) trend towards stronger responses to nonfood

and achieve an excellent interindividual alignment of all the main

images; the opposite preference (for food images) was observed

cortical areas.

in the fusiform gyrus (main effect of within subject factor

In Figure 2B, the map is colour‐coded to show visual responses by

food/nonfood image: F (1, 18) = 7.26, P = .015). Exenatide had a strong

averaging the percent signal change in response to food and nonfood

and selective effect on responses to food images in the temporal pole—

pictures, with or without exenatide and pooling obese and lean sub-

the preferred stimulus for this area—leaving responses to nonfood

jects. As expected, responses (defined using a threshold two‐tailed P

images unaffected (ANOVA for repeated measures, main effect of

value of .001, uncorrected) were primarily located in the occipital cor-

within subject factor exenatide: F (1, 18) = 6.95, P = .017, main effect

tex and in the portion of the temporal lobe hosting the ventral visual

of within subject factor stimulus type: F (1, 18) = 18.70, P < .001,

pathway. Figure 2C shows the results of paired t tests comparing

interaction of exenatide × stimulus type: F (1, 18) = 4.80, P = .042; all

activity in response to food vs nonfood pictures (averaged across

other main effects and interaction terms: F (1, 18) < 2.24, P > .15). In

exenatide and saline experiments and pooled for subject groups). Fusi-

contrast, exenatide increased responses in the lateral‐occipital ROI,

form, temporal, and limbic areas displayed preference for food pic-

irrespectively of stimulus type (ANOVA for repeated measures, main

tures over nonfood images (at the same threshold of two‐tailed

effect of within subject factor exenatide: F (1, 18) = 6.26, P = .022,

P < .001). The opposite was seen in early visual cortex V1 and V2,

all other main effects and interaction terms: F (1, 18) < 1.62, P > .28).

where a preference for nonfood pictures was apparent, likely related
to differences in the low‐level visual statistics of the two image sets.
Having established these basic patterns of responses, we
determined the effects of the variables of interest: ie, exenatide

4.2 | Effects of exenatide and body weight on BOLD
signal at rest

infusion, obesity, and their interactions. Figure 2D shows the results
of paired t tests comparing visual responses during exenatide vs saline

The standard approach in fMRI limits analyses to BOLD responses,

(irrespective of image type). The temporal pole showed a decrease of

defined as percent signal changes relative to rest periods, with no

FIGURE 3 ROI‐based approach showing the effects of image type, exenatide, and obesity on percent signal change in the four regions of
interest defined in Figure 2A
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consideration for the average BOLD signal at rest. This signal depends

infusion (R > 0.5 and P < .05 in both cases); only the intercepts differ

primarily on the MR acquisition settings; however, EPI contrast (ie, MR

markedly (1209 a.u. for saline and 1273 a.u. for exenatide) accounting

contrast used for fMRI) has been reported to be affected by physiolog-

for an increase of about 6% of raw fMRI signal at rest with exenatide,

35

We

independent of BMI. Open circles show the average BOLD signal for

reasoned that these physiological parameters might well covary with

the lean and obese group (different abscissa), following saline or

obesity and exenatide, and we adopted the same statistical approach

exenatide infusion (grey and black, respectively). BOLD signal under

used for Figures 2B to 2D and 3 to analyse the effects of obesity and

saline is lower in obese than in lean subjects (post hoc two‐sample t

exenatide on the raw fMRI signal during periods of rest (no visual stim-

test: t(18) = 3.2804, P < .01). This is still true if we compare BOLD signals

ulus). Figure 2E shows that resting BOLD was higher during exenatide

in obese individuals under exenatide with BOLD signals in lean individ-

infusion than during saline infusion (each vertex in the map reports a t

uals under saline (post hoc two‐sample t test: t(18) = 4.4187, P < .001).

ical parameters such as vasodilation and cerebral blood flow.

value obtained with a paired t test comparing resting BOLD with
exenatide and saline in all 20 participants; threshold for significance is
set to P < .001 uncorrected). Although the difference is significant

5
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across a large cortical territory, it may still be regarded as regional as
it clearly spares large territories in the frontal cortex. Figure 2F shows

This study goes beyond our previous work, which showed that

that resting BOLD was also lower in obese compared with lean subjects

exenatide affects the preference for food over nonfood pictures in

(the map shows two‐sample t test comparing the resting BOLD at each

deep brain structures including the hypothalamus16 and demonstrates

vertex between obese and lean subjects, at two‐tailed P < .001 uncor-

regionally specific effects of exenatide on cortical BOLD signals.

rected). This difference was more localized, primarily involving the

We observed a stimulus‐selective effect of exenatide in the tem-

occipital and insular lobes. The two effects, obesity and exenatide,

poral pole, a region involved in high‐level visual processing and seman-

appear to be independent (no vertex showing a significant interaction,

tic interpretation of visual images. During saline infusion, this region

map not shown). Similarly, in the ROI analysis (Figure 4), we found a

showed strong responses to food images and no responses to non-

significant effect of exenatide in all regions of interest (all F (1,

food images. During exenatide infusion, this food response was nearly

18) > 37, all P < .001), a significant effect of obesity in all but temporal

abolished. This interaction is not explained by differences in the low‐

pole region (V1‐V2: F (1, 18) = 9.5, P = .006; LOC: F (1, 18), P = .002;

level characteristics of the two image sets as no exenatide and image

fusiform gyrus: F (1, 18) = 5.02, P = .032; temporal pole: F (1,

interaction was detected in areas V1‐V2. Together with earlier find-

18) = 0.09, P = .76), and no interaction between the two (all F < 0.9,

ings of decreased reactivity to food stimuli in subcortical areas after

all P > .3). Moreover, Figure 5 shows that the raw fMRI signal at rest

exenatide infusion,16 our results support the notion that GLP‐1 pro-

was negatively correlated with BMI (hence lower in obese participants,

foundly affects brain function, interfering not only with the homeo-

who have BMI ≥ 30) and increased with exenatide. The slope of the

static regulation of appetite in subcortical regions but also with the

linear fit was similar for data acquired during saline and exenatide

cortical sensory response to food‐related stimuli.

FIGURE 4

ROI‐based approach showing the effects of exenatide and obesity on the raw fMRI signal at rest
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FIGURE 5 Raw fMRI signal at rest plotted against each subject's BMI, separately for the saline and exenatide conditions (implying two data
points per participant, grey and black, respectively). The vertical dashed line shows the cut‐off used to define the dichotomic factor obesity
(BMI ≥ 30). Open circles give the average BOLD signal in lean and obese individuals (different abscissas) in the saline and exenatide conditions
(grey and black, respectively). Text insets give Pearson's correlation coefficients (R) with associated P values, and the parameters of the linear fit
through the data, separately for the two conditions (grey and black text for the saline and exenatide conditions)
In addition, we found a nonselective enhancement of BOLD

Conversely, lean individuals have been shown to have greater activa-

responses to both food and nonfood visual stimuli in several

tion of visual cortex in response to food cues than obese subjects.37

extrastriate occipital areas. This provides preliminary evidence that

However, Cornier et al did not fully explore the cortical pathways

metabolic challenges might affect activity in sensory processing areas,

underlying visual evoked BOLD signal change within the cortex.

at a relatively low level in the hierarchy of the visual areas, and with

It is difficult to determine the physiologic basis of this finding.

an acute and very specific metabolic effect of GLP1 in central systems

Based on the few studies that have analysed the raw fMRI parameter

involved in the regulation of insulin secretion and satiety. Our tech-

in relation to physiological variables, we propose that this change

nique (fMRI) does not allow to determine whether the observed effects

might reflect a modulation of regional cerebral blood flow (rCBF),

have functional, physiological correlates—eg, whether the increased

since this has been linked to the fMRI signal at rest,38 and it is known

BOLD signal is paralleled by enhanced visual evoked potentials, or if,

to covary with BMI.39 In particular, the impaired vasodilation previ-

on the contrary, these response changes reflect changes in the hemo-

ously reported in obese subjects39,40 could explain the reduction of

dynamic coupling that generates fMRI signal. Notably, in these same

CBF. Impaired vasodilation may also be the result of an inflammatory

areas, exenatide also induces a large increase of the raw fMRI signal

state, as it occurs in obesity and associated metabolic perturba-

at rest, a variable that is not commonly analysed in fMRI studies. The

tions.41-43 GLP‐1 could ameliorate this dysfunction by affecting the

absolute value of this parameter has no physiological meaning, as it

inflammatory pathways and by modulating blood flow44 through vaso-

mainly depends on the MR acquisition setting. However, we found

dilation,45 systolic blood pressure, and sympathetic activity.46 In this

regional variations of this value across consecutive acquisitions under

view, obesity would be associated with a decline in CBF that could

identical settings. Specifically, during exenatide infusion, there was an

be rescued by GLP‐1 receptor activation. Moreover, given that CBF

increase of fMRI signal at rest that extends over a large cortical territory

is closely coupled with glucose utilization in resting human brain,47

including the occipital lobe and sparing the frontal cortex. The signal

the effect of exenatide on the raw fMRI BOLD signal could also reflect

covaried with BMI, and it was significantly lower in obese subjects.

increased cerebral glucose uptake induced by exenatide as previously

Previous studies have focused on brain responses to visual food

shown by ourselves.15 Finally, the effect of exenatide on beta‐cell

cues in areas involved in appetite and reward processing (insula, amyg-

function should be taken into account given the profound effect on

dala, orbitofrontal cortex, and striatum) demonstrating that obese indi-

brain metabolism and neural function of insulin.48

vidual, as compared with lean subjects, exhibits increased brain

We recognize that the sample size of our study is small, but, in

activation in bilateral insula, right amygdale, and orbitofrontal cortex.36

spite of that, it was sufficient to reveal strong and reliable effects
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of exenatide. Notably, other recent studies with even smaller groups
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