
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ynns20

Nutritional Neuroscience
An International Journal on Nutrition, Diet and Nervous System

ISSN: 1028-415X (Print) 1476-8305 (Online) Journal homepage: https://www.tandfonline.com/loi/ynns20

Brain activity and connectivity changes in
response to nutritive natural sugars, non-
nutritive natural sugar replacements and artificial
sweeteners

Anna M. Van Opstal, Anne Hafkemeijer, Annette A. van den Berg-Huysmans,
Marco Hoeksma, Theo. P. J. Mulder, Hanno Pijl, Serge A. R. B. Rombouts &
Jeroen van der Grond

To cite this article: Anna M. Van Opstal, Anne Hafkemeijer, Annette A. van den Berg-Huysmans,
Marco Hoeksma, Theo. P. J. Mulder, Hanno Pijl, Serge A. R. B. Rombouts & Jeroen van der
Grond (2019): Brain activity and connectivity changes in response to nutritive natural sugars, non-
nutritive natural sugar replacements and artificial sweeteners, Nutritional Neuroscience, DOI:
10.1080/1028415X.2019.1639306

To link to this article:  https://doi.org/10.1080/1028415X.2019.1639306

© 2019 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Published online: 10 Jul 2019.

Submit your article to this journal Article views: 2727

View related articles View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=ynns20
https://www.tandfonline.com/loi/ynns20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1028415X.2019.1639306
https://doi.org/10.1080/1028415X.2019.1639306
https://www.tandfonline.com/action/authorSubmission?journalCode=ynns20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ynns20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1028415X.2019.1639306
https://www.tandfonline.com/doi/mlt/10.1080/1028415X.2019.1639306
http://crossmark.crossref.org/dialog/?doi=10.1080/1028415X.2019.1639306&domain=pdf&date_stamp=2019-07-10
http://crossmark.crossref.org/dialog/?doi=10.1080/1028415X.2019.1639306&domain=pdf&date_stamp=2019-07-10


Brain activity and connectivity changes in response to nutritive natural sugars,
non-nutritive natural sugar replacements and artificial sweeteners
Anna M. Van Opstala, Anne Hafkemeijera,c,e, Annette A. van den Berg-Huysmansa, Marco Hoeksma b,
Theo. P. J. Mulder b, Hanno Pijld, Serge A. R. B. Romboutsa,c,e and Jeroen van der Gronda

aDepartment of Radiology, Leiden University Medical Center, Leiden, The Netherlands; bUnilever Research & Development, Vlaardingen, The
Netherlands; cDepartment of Methodology and Statistics, Institute of Psychology, Leiden University, Leiden, The Netherlands; dDepartment of
Internal Medicine, Leiden University Medical Center, Section Endocrinology, Leiden, The Netherlands; eLeiden Institute for Brain and Cognition
(LIBC), Leiden, The Netherlands

ABSTRACT
Introduction: The brain plays an important regulatory role in directing energy homeostasis and
eating behavior. The increased ingestion of sugars and sweeteners over the last decades makes
investigating the effects of these substances on the regulatory function of the brain of particular
interest. We investigated whole brain functional response to the ingestion of nutrient shakes
sweetened with either the nutritive natural sugars glucose and fructose, the low- nutritive
natural sugar replacement allulose or the non-nutritive artificial sweetener sucralose.
Methods: Twenty healthy, normal weight, adult males underwent functional MRI on four separate
visits. In a double-blind randomized study setup, participants received shakes sweetened with
glucose, fructose, allulose or sucralose. Resting state functional MRI was performed before and
after ingestion. Changes in Blood Oxygen Level Dependent (BOLD) signal, functional network
connectivity and voxel based connectivity by Eigenvector Centrality Mapping (ECM) weremeasured.
Results:Glucose and fructose led to significant decreased BOLD signal in the cingulate cortex, insula
and the basal ganglia. Glucose led to a significant increase in eigen vector centrality throughout the
brain and a significant decrease in eigen vector centrality in themidbrain. Sucralose and allulose had
no effect on BOLD signal or network connectivity but sucralose did lead to a significant increase in
eigen vector centrality values in the cingulate cortex, central gyri and temporal lobe.
Discussion: Taken together our findings show that even in a shake containing fat and protein, the
type of sweetener can affect brain responses and might thus affect reward and satiety responses
and feeding behavior. The sweet taste without the corresponding energy content of the non-
nutritive sweeteners appeared to have only small effects on the brain. Indicating that the while
ingestion of nutritive sugars could have a strong effect on feeding behavior, both in a satiety
aspect as well as rewarding aspects, non-nutritive sweeteners appear to not have these effects.
Trial registration: This study is registered at clinicaltrials.gov under number NCT02745730.
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Introduction

The brain plays an important regulatory role in
directing energy homeostasis and eating behavior and
is an important area of interest for research in to the
maintenance of a healthy energy balance [1]. Energy
consumption is not only regulated by homeostatic pro-
cesses, it also has hedonic aspects in which the brain has
an important role [2,3]. Fats, proteins and carbo-
hydrates, all have specific effects on the brain, and
ingestion can elicit various functional brain responses
[4,5]. The increased ingestion of sugars and sweeteners
over the last decades increases the particular interest of
investigating the effects of these substances [6–9].

Understanding of the functional brain responses to
sugars or sweeteners could give insight into the effects
of these common dietary substances on satiety signaling
and feeding behavior involved in maintaining energy
homeostasis.

Glucose is a commonly consumed natural sugar. It is
the primary source of energy for the brain and its metab-
olism is kept under tight regulation. The brain consumes
about 20% of glucose derived energy in the human body
[10]. The brain responds readily to ingestion of glucose
because of its quick absorption [10–12], and glucose sen-
sing neurons in the hypothalamus show a homeostatic
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satiety response almost immediately after ingestion [13–
17]. Glucose ingestion has effects on both neuronal
activity and functional connectivity throughout the
brain in areas involved in reward and feeding behavior
[16]. Additionally, circulating blood glucose levels influ-
ence brain responses and activity and the CNS regulation
of glucose homeostasis [18–21]. This indicates that glu-
cose consumption can have strong and widespread
effects on the brain, satiety signaling and feeding behav-
ior. However, many foods and beverages contain other
mono- and di-saccharides, such as fructose, sucrose.
More and more, low or non-nutritive sweeteners are
used to sweeten foods and beverages [6,22]. The meta-
bolic pathways of these sweeteners are all different. For
instance; in contrast to glucose, fructose cannot be used
directly as a source of energy but first has to be metab-
olized by the liver before it can be utilized by the brain
[23–25]. The metabolic effects of non-caloric sweeteners
are not straightforward. Non-caloric sweeteners are
expected to decrease caloric intake and might therefore
be useable to control obesity [26]. However, some epide-
miological studies have found that non-nutritive sweet-
eners might actually increase energy intake [9,27].
Although several studies also show there is no association
between sweeteners and increases in energy intake
[26,28], indicating that the effects of the substances are
not clear-cut. Earlier findings indicate that the homeo-
static and hedonic responses, as measured by BOLD sig-
nal changes, by the hypothalamus and ventral tegmental
area (VTA) are driven by sweet taste coupled with caloric
content. Sweet taste without caloric content, as found in
artificial non-nutritive sweeteners, does not seem to elicit
a lasting response from these brain areas in this study
[17]. Recently, allulose, a novel low-nutritive natural
sugar replacement, has become available and is now
used to sweeten various health products such as protein
bars. Allulose, or D-psicose, is a very low-energy mono-
saccharide sugar that is derived from fructose [29].
Unlike sucralose and other artificial sweeteners, allulose
is very similar in molecular structure, taste and texture
to fructose and glucose. Allulose has a similar relative
sweetness compared to glucose but contains only 0.2
kcal/g instead of 4 kcal/g. Additionally, allulose is trans-
ported from the gut lumen to the blood via glucose trans-
porters, which has been shown to elicit reward signals
[30]. Small doses of allulose have been shown to reduce
the postprandial blood glucose response and seems there-
fore to be able to influence glucose homeostasis [31,32].
Because these types of sweeteners seem to influence glu-
cose metabolism and are more similar in molecular
structure and metabolism to natural sugars than other
artificial sweeteners they could elicit brain response
more similar to natural sugars.

Although, it is obvious that regulation and sensing of
food in the brain is complex, with many parts of the
brain involved, up to now functional MRI studies have
mainly focussed on single areas, mostly hypothalamus,
to study the effect of sugars and sweeteners. However,
because of the complexity and involvement of various
brain areas in the regulation of energy balance [33],
fMRI investigations of whole brain responses might be
more informative for this regulation. Measurements of
local BOLD changes, a measure of neuronal activity
[34], can be used to analyse the immediate effects of
nutrient ingestion on very specific brain areas [13–
15,35,36], but can also be used to determine whole
brain effects on a voxel based level [37]. Analysis of func-
tional connectivity has been used to provide further
insights on the network level [16,38]. In this respect, var-
ious functional networks are involved in feeding behav-
ior and energy balance. Networks of special interest are
the default mode, salience and executive control net-
work. The default mode network reflects a baseline
state of the brain and has been shown to be altered/
involved in a disrupted energy balance in obesity
[39,40]. The salience network has been shown to be
involved in feeding behavior and reward [41,42]. The
executive control network is involved in decision making
and impulse control and is important in maintaining
energy balance [42,43]. A newer method to determine
functional brain connectivity is eigenvector centrality
mapping (ECM). ECM is used to determine the level
and quality of connectivity on a voxel-wise level rather
than on a network level [44,45]. Eigenvector centrality
values have been shown to be correlated with states of
hunger and satiety [44].

In the present study, we aim to investigate the effects
of the ingestion of sweetened nutrient shakes containing
fats and protein. These shakes were sweetened with
either the nutritive natural sugars glucose and fructose,
the low- nutritive natural sugar allulose, or the non-
nutritive artificial sweetener sucralose, on whole brain
neuronal activity and (network) connectivity. Our over-
all hypothesis is that while the natural sugars glucose and
fructose elicit a response from the brain, the non-nutri-
tive sweeteners might lack a similar response due to
the lack of caloric content.

Methods

Subject characteristics

Twenty non-smoking, Caucasian men, aged 18–25 years
were recruited through local advertising. Exclusion cri-
teria were: a history of disturbances in glucose metab-
olism (e.g. diabetes mellitus), any significant chronic
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disease, psychiatric disease, BMI below 20 or above
23 kg/m2, body weight below 70 kg, body height below
170 or above 190 cm, recent weight changes (>3 kg
gain or loss) within the last 3 months, having smoked
within the last 6 months, recent blood donation, alcohol
consumption of more than 21 units per week, recent use
of recreational drugs, and contra-indications to MRI
scanning. The study was approved by the local Medical
Ethical Committee (NL 55440.058.15) and prospectively
registered at clinicaltrials.gov (NCT02745730). All vol-
unteers gave written informed consent before
participation.

Study design

The entire study was performed in a double blinded, 4-
times crossover design. Resting state functional MRI
(rsfMRI) was performed before and after ingestion of
the four different conditions in a randomized sequence,
using a batch wise randomization procedure, based on
a Williams design balanced for first-order carry-over.
The randomization was performed by an independent
statistician who was not involved in the analysis of the
study data. There was a wash out period of at least one
week between each of the four study visits. On all
occasions, rsfMRI was performed before and after inges-
tion of one of the following study conditions; glucose
(23 gram of carbohydrate, 93 kcal), fructose (23 gram),
sucralose (0.05 gram); matched for sweetness with glu-
cose, or allulose (23 gram); matched for sweetness with
glucose. All sugars were dissolved in 165 ml of a sugar
free ‘milkshake’ consisting of water, sodium casseinate
0.20 wt % (0.33 grams of protein, 1 kcal) of protein.
coconut oil 3.0 wt % (5 grams of fat, 45 kcal) and guar
0.40 wt %. Cocoa powder was added as flavoring. The
dosage of the glucose and fructose (and also of the
other macronutrients) is similar to the amount found
in commercially available milkshake in fast food chains
(per 100 gram of product). The dosage of the sweeteners
was matched to glucose to insure that possible differ-
ences in brain response were not caused by differences
in perception of sweet taste. The milkshake solution
was made by Unilever Research & Development Vlaar-
dingen B.V., The Netherlands, and was stored frozen.
A full day before examination the frozen shakes were

stored in a food-grade-refrigerator with a temperature
of 4°C to defrost. All shakes were consumed at 4°C. Sub-
jects were asked to fast overnight, i.e. after 10PM no food
or drinks were allowed; only water. Drinking of the
shakes was performed in the MRI room, sitting in an
upright position on the MRI scanner table, outside the
magnet bore. Subjects were instructed to taste the
shake first with a few nips, then to drink the total amount
in a steady and continuous way within 2 min. RsfMRI
acquisition was continued 15 min after ingestion. Sche-
matic representation and timing of the total fMRI
study procedure is shown in Figure 1.

Prior to the study, we performed power analyses
based on earlier findings showing a 1.9% change in
BOLD after the ingestion of glucose [17]. In that same
study, we found a 1.2% BOLD change after fructose
ingestion, indicating that the BOLD effect between treat-
ments is much smaller than the BOLD effect between pre
and post-ingestion. In this respect, the current study is
not sufficiently powered to draw reliable conclusions
when comparing treatments directly. Still, the current
4-fold cross over design ensures homogeneity of the
study groups across treatments.

Visual analogue score analysis

Subjective feelings of hunger, fullness and wanting a
meal at baseline and wanting to continue ingestion
after first tasting and full ingestion of the shakes were
indicated on a Visual Analogue Scale (VAS) which con-
sisted of a 10 cm line, with ‘not at all’ and ‘extremely’ as
anchors. Subjects were asked to indicate their score on
the line, higher scores indicating a stronger feeling of
hunger/fullness, etc. Differences in VAS scores between
conditions were analyzed using a repeated measure
ANOVA per VAS score using the Statistical Package of
Social Sciences (SPSS, version 23.0; SPSS, Chicago, Ill).
Correlations between VAS scores and quantitative func-
tional MRI measures are calculated using Pearson
correlations.

MRI data acquisition

MRI scanning was performed on a Philips Achieva 3.0 T
scanner using a 32-channel SENSE head coil (Philips

Figure 1. Schematic representation of the fMRI procedure.
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Healthcare, Best, The Netherlands). Anatomical high-
resolution 3DT1- weighted images of the whole brain
were acquired (TR 9.8 ms, TE 4.6 ms, flip angle 8, 140
transverse slices, FOV 224 mm× 177 mm× 168 mm,
reconstructed in-plane resolution 0.88 mm × 0.87 mm,
slice thickness 1.2 mm) along with a high-resolution
T2*-weighted EPI scan (EPI factor 35, TR 2200 ms, TE
30 ms, flip angle 80, 84 axial slices, FOV 220 mm×
220 mm, in-plane resolution 1.96 mm × 1.96 mm, slice
thickness 2.0 mm) for registration purposes. Resting-
state scans were acquired with T2*-weighted gradient
echo-planar imaging (EPI factor 35, 160 dynamics, 37
transverse slices scanned in ascending order, TR
2200 ms, TE 30 ms, flip angle 80, FOV 220 mm×
220 mm, voxel size 2.75 × 2.75 × 2.50 mm with a
0.25 mm slice gap, total acquisition time: 6 min).

MRI data preprocessing

MRI data were preprocessed and analyzed using Func-
tional Magnetic Resonance Imaging of the Brain Soft-
ware Library (FSL) [46], Matlab and Python. Of all
data sets, structural and functional, non-brain structures
were removed using the Brain Extraction Tool (BET)
tool as implemented in FSL. The T1-weighted images
were registered to the 2 mm isotropic MNI-152 standard
space image using non-linear registration with a warp
resolution of 10 mm. The FMRI Expert Analysis Tool
(FEAT) was used for motion correction with MCFLIRT,
spatial smoothing with a full width at half maximum of
3 mm, and high pass temporal filtering with a cut-off fre-
quency of 0.01 Hz. The functional resting state images
were registered non-linearly to the corresponding T1-
weighted images using Boundary-Based Registration
(BBR) affine registration, using the high-resolution
echo planar images as an additional registration step.

MRI data analysis whole brain BOLD changes

Whole brain voxel based BOLD intensities were com-
pared before and after ingestion according to Rombouts
et al [37]. In short, a single volume BOLD signal map
was calculated by averaging the time series data. To
decreases the possibility of including an unwanted sig-
nal of other compartments than CSF an average CSF
signal of the single volume BOLD signal map was deter-
mined by averaging all voxels within the masked CSF.
This CSF mask was determined by selecting voxels
located in the lateral ventricles on the segmented struc-
tural images. Next, in each subject, a normalized BOLD
signal map was calculated by dividing each voxel’s sig-
nal by the average CSF signal. Voxel-wise comparisons
of pre- and post-ingestion normalized BOLD signal

maps were done using the Randomize tool of FSL
with a paired samples approach and using Threshold-
Free Cluster Enhancement (TFCE) [47]. All data were
family wise error (FWE) corrected at a level of p <
0.05. The average quantitative BOLD signals were deter-
mined in the voxels/clusters showing significant
changes per study stimulus by using the thresholded
statistical maps as a mask to determine the mean
BOLD signal per subject.

MRI data analysis network functional
connectivity changes

Functional network analysis was performed on the same
ICA-AROMA preprocessed data using the Beckmann
resting state functional networks templates for the
default mode and executive control network [38]. The
Beckmann auditory network was used as a template for
the salience network as this standard template encom-
passes largely the same brain areas [42]. Brain areas
regarded to compose the default mode network accord-
ing to these templates are; the posterior parietal cortex
at the occipito-parietal junction, the pre-cuneus and pos-
terior cingulate cortex, and the frontal pole. Brain areas
regarded to compose the executive control network;
superior and middle prefrontal cortices, anterior cingu-
late and paracingulate gyri, and ventrolateral prefrontal
cortex, and thalamus. Brain areas regarded to compose
the salience network; the lateral superior temporal
gyrus and posterior insular cortex, and in the anterior
cingulate cortex, anterior supramarginal gyrus and thala-
mus. Functional connectivity of each network of interest
was calculated using the dual regression approach of FSL
[46]. This resulted in 3D images for each individual, with
voxel-wise Z-scores representing the functional connec-
tivity to each network. The average Z-scores per network
were calculated for the pre- and post- ingestion time
point. Differences in Z-scores between pre- and post-
ingestion were analyzed using paired samples t-tests
per functional connectivity network, and uncorrected
p-value of p < 0.05 was deemed significant.

MRI data analysis eigenvector centrality changes

ECM is an assumption- and parameter-free method to
determine the level and quality of connectivity on a
voxel-wise level which has been shown to be modulated
by the physiological state of the subject and could thus be
used to investigate states of hunger satiety and changes in
response to nutrient ingestion [44,45]. For the ECM con-
nectivity analysis, the data-driven ICA-based Automatic
Removal of Motion Artifacts (ICA-AROMA) was used
to identify components in the data related to head
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motion and to remove these using linear regression
[48,49]. Voxel-based connectivity eigenvector centrality
maps were calculated on the ICA-AROMA preprocessed
data for each participant using fast-ECM software, which
estimates voxel-wise eigenvector centralities from fMRI
time series [45]. Pre- and post-ingestion eigenvector cen-
trality maps were compared in a voxel-wise approach in
the masked gray matter using the Randomize tool with a
paired samples approach and using TFCE [47]. Pre- and
post-ingestion scans were compared per condition with
paired two-sided contrasts. The same family wise error
(FWE) correction at p < 0.05 as for the whole brain
BOLD analysis was used. The average Quantitative
Eigenvector centrality value was determined in the vox-
els/clusters showing significant changes per study stimu-
lus by using the thresholded statistical maps as a total
mask to determine the mean Eigenvector values per
subject.

Results

Subject characteristics and VAS scores

Subject characteristics for the study group (n = 20) are
shown in Table 1. No differences were found in sub-
jective scores of satiation at baseline between con-
ditions (Table 2) (VAS hunger p = 0.805, VAS
fullness p = 0.141, VAS wanting meal p = 0.588).
After ingestion the VAS score for ‘wanting to drink
more’ was similar between all conditions both after
first tasting (p = 0.236) and after 20 min after full
ingestion (p = 0.259). All conditions led to a signifi-
cant decrease in VAS score for ‘wanting to continue
consumption’ from the first tasting to 20 min after
full ingestion (glucose p = 0.002, fructose p = 0.004,
sucralose p = 0.014, allulose p = 0.001).

Whole brain BOLD signal changes

Whole brain group average analysis showed significant
decreases in BOLD intensity after ingestion of the glu-
cose and the fructose drink (Figure 2, blue color). The
sucralose and allulose conditions did not lead to any sig-
nificant changes in BOLD intensity. Brain areas with
decreased activity after glucose ingestion included: the
posterior cingulate cortex, brainstem, VTA, insula, lin-
gual and fusiform gyrus. Brain areas that showed
decreased activity after fructose ingestion included the
anterior cingulate cortex, nucleus accumbens, putamen,
and insula. Fructose affected the more frontal parts of
the brain, specifically the anterior division of the cingu-
late cortex instead of the posterior division.

Network connectivity changes

Analysis of network connectivity (Figure 3) showed that
in the salience network, which is associated with feeding
behavior and reward, glucose ingestion led to a signifi-
cant increase in Z-score (p = 0.048). Although none of

Table 1. Subject characteristics.
N = 20

Age (years) 22.2 ± 1.3
Height (m) 1.84 ± 0.04
Weight (kg) 75.6 ± 4.9
BMI (kg/m2) 22.4 ± 1.1

Values in mean ± standard deviation.

Table 2. VAS scores for satiation and wanting.
Glucose Fructose Sucralose Allulose

Hunger pre ingestion 5.2 ± 2.2 5.7 ± 2.3 5.7 ± 2.2 5.2 ± 2.2
Fullness pre ingestion 3.0 ± 1.2 2.2 ± 1.2 3.1 ± 1.5 3.0 ± 1.5
Wanting meal pre ingestion 5.5 ± 2.2 5.9 ± 2.7 6.5 ± 2.0 5.7 ± 2.1
Wanting to continue
consumption after tasting

4.8 ± 1.7 5.4 ± 2.2 4.5 ± 1.8 4.1 ± 2.1

Wanting further consumption
after complete ingestion

3.6 ± 1.9 4.2 ± 1.9 3.4 ± 2.2 2.9 ± 2.0

Values in mean ± standard deviation.

Figure 2. Group average BOLD intensity decreases after inges-
tion of nutrients shakes with the different sweeteners (FWE cor-
rected). Areas with decreases (P < 0.05, TFCE, FWE-corrected) in
BOLD signal are shown in blue scale.
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the effects were significant, the connectivity of the execu-
tive control network, involved in decision making, was
increased by the glucose sweetened shake while the
other shakes led to a decrease in connectivity in this net-
work. The default mode network was not to significantly
affected by any of the shakes.

Eigenvector centrality changes

Figure 4 shows the significant group average brain
changes in eigenvector centrality values, indicative of
voxel based connectivity, after ingestion of the study
stimuli. After ingestion of the glucose sweetened shake,
an increase in eigenvector centrality values (red-yellow
color scale) was found in various brain areas including
the pre- and post-central gyri, posterior cingulate cortex,
central opercular cortex and insula, lingual gyrus and
other gyri in the occipital lobe. A significant decrease
(blue color) in eigenvector centrality values was found
in a small area in the anterior brainstem above the
pons in proximity to the hypothalamus and VTA.
After ingestion of the sucralose stimulus, a significant
increase in eigenvector centrality values was found in
the medial part of the cingulate cortex and in the pre-
and post-central gyrus. A small decrease in eigenvector
centrality values was found in the temporal lobe. The
allulose and fructose stimuli did not lead to any signifi-
cant changes in eigen vector centrality values.

Correlation between quantitative functional MRI
measures and subjective scores of hunger and
satiety and ratings of test products

ThemeanBOLD signal in the voxels showing a significant
response to glucose was significantly correlated with the
VAS score for wanting a meal (r = 0.477, p = 0.034).

The mean BOLD signal in the voxels showing a sig-
nificant response to fructose was significantly correlated
with the VAS score for wanting a meal (r = 0.587, p =
0.006). Additionally, the mean BOLD signal was corre-
lated with the VAS score for hunger before ingestion
(r = 0.493, p = 0.027).

The z-score in the salience network after glucose
ingestion was correlated with the wanting to continue
consumption after tasting (r = 0.493, p = 0.027). The z-
scores in the salience and sensory motor network were
significantly correlated with wanting to continue con-
sumption after tasting fructose (r = 0.527, p = 0.017 and
r = 0.464, p = 0.039 respectively) and the z-score in the
salience network was significantly correlated with the
VAS score for wanting a meal (r =−0.498, p = 0.025).
The z-score in the default mode network after allulose
stimulus ingestion was significantly correlated with the
VAS scores for hunger (r = 0.519, p = 0.019) and wanting
a meal (r = 0.445, p = 0.049) at baseline.

Functional brain measures after sucralose stimulus
were not correlated with any of the subjective VAS scores
given by the participants.

Figure 3. Group average changes in network functional connectivity before and after ingestion of the nutrient shakes. Network con-
nectivity changes (mean Z-score per network) per condition are shown for the salience, default mode and executive control functional
connectivity network. * indicates a significant difference from baseline p < 0.05.
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Discussion

Our results show that consumption of nutrient shakes
sweetened with nutritive sweeteners glucose and fructose
had various effects on functional brain response while
the shakes sweetened with non/low-nutritive sweeteners
sucralose and allulose had little to no effects on func-
tional brain responses. After consumption of the glucose
shake, decreased brain activity (decreased BOLD signal),
and increased neuronal connectivity both on a voxel
based and on a network level was observed. Consump-
tion of the fructose shake led to a decrease in BOLD sig-
nal, whereas no changes in neuronal connectivity were
observed. Consumption of an allulose or sucralose
shake did not lead to any changes in BOLD signal nor
in network connectivity. Consumption of the sucralose
shake did lead to a small decrease in eigenvector
centrality.

Consumption of the glucose sweetened shake results
in a decreased BOLD signal in basal brain regions like
the posterior cingulate cortex, brainstem, VTA and

insula, which is concordant with earlier findings [16].
Our data confirm previous findings that brain activity
is diminished after receiving glucose, whereas in a fasted
state these brain regions were active in seeking reward or
seeking energy [13,14,50]. Additionally, glucose led to a
small decrease in voxel based connectivity in the mid-
brain comprising the hypothalamus and VTA. The
hypothalamus and VTA are both strongly involved in
homeostatic and hedonic regulation of energy balance
[1,3]. Although our data are not fully conclusive, it
might be that a decrease in eigen vector centrality in
specifically these regions are associated with a decreased
state of hunger and increased feeling of satiation [44,51].
More obviously, consumption of the glucose sweetened
shake led to a widespread increase of connectivity,
both on voxel and network level. Glucose was the only
condition which led to a significant increase in connec-
tivity in the salience network. The salience network is
involved in feeding behavior and determining reward
[41,42], but also in emotional arousal and decision mak-
ing [52,53]. The increased voxel based and possibly net-
work connectivity in executive control areas, which is
involved in decision making [42,43], after glucose inges-
tion suggests that executive control processes are sensi-
tive to glucose. Our findings are in line with the
finding that glucose metabolism is a critical signal regu-
lating response to food cues [54].

The fructose sweetened shake led to a decreased
BOLD signal in the anterior cingulate cortex, which is
important in executive control and feeding behavior,
in addition, several areas involved in the reward
response show decreased activity. However, more basal
brain areas like the hypothalamus, VTA and other mid-
brain areas that showed a response to glucose, did not
show a decrease in activity after fructose ingestion.
This indicates that fructose might not have homeostatic
and satiation effects which might affect feeding behavior
[25,55]. We expected that intake of fructose would lead
to similar effects on the voxel based connectivity as glu-
cose since both are natural nutritive sweeteners and both
showed a decrease in the neuronal activity. However, we
found no significant effects of the fructose sweetened
shake on the eigen vector centrality. This might be
explained by the fact that fructose effects on brain con-
nectivity are delayed because fructose is metabolized in
the liver and does not deliver energy directly to the
brain [56]. Therefore, these effects might not be detect-
able at the time point (15 min after ingestion) measured
in the current study. None of the sugars or sweeteners
seemed to have any effect on DMN network connec-
tivity, indicating that the baseline connectivity of the
brain is not immediately effected by ingestion of these
sweeteners [39,40].

Figure 4. Group average eigenvector centrality changes after
ingestion of nutrients shakes with the different sweeteners
Increases in Eigenvector centrality values are shown in red-yellow
scale, decreases are shown in blue scale (P < 0.05 TFCE, FWE-
corrected).
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The sucralose and allulose sweetened shakes both
showed no significant effect on the BOLD signal.
This indicates that these shakes, with very little to no
energy content in the form of carbohydrates, had no
immediate effect on the activity of brain areas involved
in feeding behavior, even though the fat and protein in
the shake delivered a significant amount of energy.
This indicates that sweet taste without the presence of
carbohydrates does not lead to the activity changes as
measured with fMRI that are often associated with sati-
ety. While the addition of sweet taste to energy content
does strengthen the reward response to energy ingestion
[57] earlier findings show that sweet taste without energy
content does not lead to a lasting decrease in hypothala-
mic activity [17], which is in line with our current
findings

In contrast to the changes in activity, voxel based con-
nectivity changes were not limited to the carbohydrate
containing shakes as the sucralose sweetened shake
also demonstrated a significant effect. Increase in voxel
based connectivity after sucralose could be seen as pro-
cessing of the opposing effects in the brain caused by
the registration of sweet taste but without corresponding
energy content [58–61]. This could also explain the
absence of a similar effect in response to the allulose
sweetened shake, as allulose is absorbed and does have
some energy content. Additionally, the changes in
ECM to the sucralose sweetened shake could also indi-
cate a response caused by the fats and protein in the
shake as these are the only source of energy in this stimu-
lus and all the other shakes have at least some carbo-
hydrate content. In addition to glucose sensing
neurons, the brain has nutrient sensing neurons for
fatty acids and amino acids [4,5,62]. Sensing of the differ-
ent macronutrients separately leads to different brain
and downstream peripheral responses [11]. Responses
to ingestion of combinations of macronutrients differ
from the response to individual substances as the body
and the brain responds differently to sugars when
ingested in the context of other nutrients [5]. For
instance the combination of carbohydrates and fats has
been shown to have a stronger effect on the reward sys-
tem then each of the macronutrients separately [63].
Additionally, sugars are metabolized differently in the
context of other nutrients, fructose for example has
been shown to be metabolized differently when ingested
combined with glucose in a mixed meal than when
ingested in isolation [56], which could also alter the
response of the brain to its ingestion. The effects of the
combination of macronutrients could also explain why
we found different changes in connectivity in response
to glucose in the context of a mixed meal then when dis-
solved in water in our earlier study [16].

When looking at the participants subjective rating of
satiety through Visual Analogue Scale scoring we
found that VAS for wanting a meal and those for hunger
correlated with functional brain measures for the glu-
cose, fructose and allulose stimuli but not for the sucra-
lose stimulus. This indicates that the level of satiety can
affect the brain response to energy ingestion. This in
line with earlier findings showing that states of hunger
and satiety have different effects on brain activity [64].
Unfortunately, we did not record feelings of satiety of
the participants after ingestion and can therefore not
correlate changes in satiety with the changes in brain
activity and connectivity.

A limitation of our study is that it was performed only
in a very homogenous group of male volunteers. Since it
is known that there are several sex-specific differences in
energy metabolism [65], it can be expected that sex
differences in the brain responses measured in this
study are present. Additionally, since no bio chemical
data were collected we could not correlate our functional
brain responses to changes in blood levels in response to
energy ingestion, which could be a driving factor of the
response to nutritive sweeteners. Although the cross-
over design of our study would be suitable for a between
treatments comparison, our current study was not pow-
ered sufficiently to detect to expectedly more subtle
changes between treatment as compared to the pre ver-
sus post effects examined here. However, the crossover
design was also a strength of our study as it led to hom-
ogeneity of the study groups across treatments. A further
strength was the hypothesis free approach taking into
account the whole brain changes versus a region of inter-
est approach that makes assumptions beforehand.

Our findings show that even in a mixed meal, differ-
ent types of sweeteners can elicit different brain
responses. Therefore the type of sweetener used might
differentially affect feeding behavior. Glucose had a wide-
spread effect on the brain. Fructose did affect brain func-
tion, but the effect was limited to neuronal activity. Both
sucralose and allulose led to very little functional brain
responses even though allulose is a mono-saccharide,
indicating that sweet taste without the corresponding
energy content in these non-nutritive appears to have
much smaller effects on the brain then nutritive sweet-
eners. Taken together, our results show that the ingestion
of nutritive sugars elicits a reaction from the brain and
could have effects on feeding behavior, both in a satiety
aspects as well as rewarding aspects. Because of the little
to no effects elicited by the ingestion of non-nutritive
sweeteners, these substances might not have effects on
feeding behavior, neither positive or negative. Therefore,
when regarding the regulation of energy balance and
feeding behavior non-nutritive sweeteners could be
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used as neutral replacements for nutritive sugars,
because while they lack a satiety and rewarding effect
they also do not seem to affect other brain responses
related to feeding behavior.
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