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Increased sugar-sweetened beverage consumption has
been linked to higher rates of obesity. Using functional
MRI, we assessed brain perfusion responses to drinking
two commonly consumed monosaccharides, glucose and
fructose, in obese and lean adolescents. Marked differ-
ences were observed. In response to drinking glucose,
obese adolescents exhibited decreased brain perfusion in
brain regions involved in executive function (prefrontal
cortex [PFC]) and increased perfusion in homeostatic
appetite regions of the brain (hypothalamus). Conversely,
in response to drinking glucose, lean adolescents demon-
strated increased PFC brain perfusion and no change in
perfusion in the hypothalamus. In addition, obese adoles-
cents demonstrated attenuated suppression of serum
acyl-ghrelin and increased circulating insulin level after
glucose ingestion; furthermore, the change in acyl-ghrelin
and insulin levels after both glucose and fructose
ingestion was associated with increased hypothalamic,
thalamic, and hippocampal blood flow in obese relative
to lean adolescents. Additionally, in all subjects there
was greater perfusion in the ventral striatum with fruc-
tose relative to glucose ingestion. Finally, reduced con-
nectivity between executive, homeostatic, and hedonic
brain regions was observed in obese adolescents.
These data demonstrate that obese adolescents have
impaired prefrontal executive control responses to
drinking glucose and fructose, while their homeostatic
and hedonic responses appear to be heightened. Thus,

obesity-related brain adaptations to glucose and fruc-
tose consumption in obese adolescents may contribute
to excessive consumption of glucose and fructose, thereby
promoting further weight gain.

In the U.S., one-third of adolescents are overweight or
obese (1) and, thus, at increased risk for developing dia-
betes and metabolic syndrome (2-5). Increased consump-
tion of sugar-sweetened beverages (SSBs), such as juice,
flavored drinks, or soda, is postulated to be a contributor
to the obesity epidemic (3). Indeed, adolescents consume
the most added sugars, with ~20% of their caloric intake
accounted for by sugar and nearly half of those added-
sugar calories coming from SSBs (6). In a recent study,
Page et al. (7) reported that glucose, but not fructose,
ingestion in lean adults reduced cerebral blood flow
(CBF) in brain regions implicated in the regulation of
appetite (hypothalamus) and reward-motivation process-
ing (striatum) (7). Although adolescents consume the
most added sugar, no previous research has assessed
how ingestion of glucose and fructose affects the develop-
ing brain or how obesity may affect responses in appetite
or higher-order executive brain pathways that influence
intake of these monosaccharides. Notably, sugar, in the
form of glucose, is the main energy source for the brain,
but when consumed in large quantities, especially during
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periods of critical brain development (8), it may promote
untoward, reward-driven eating behaviors (9,10).

It is known that glucose ingestion induces rapid changes
in plasma glucose, insulin, and gut-derived hormones, such
as the orexigenic hormone ghrelin, sensed by neurons in
the hypothalamus (11) and in other brain regions impli-
cated in reward motivation that regulate eating behavior
(12). Fructose, on the other hand, is not a major fuel for
the brain, and its peripheral metabolism and effects on
insulin, as well as gut-derived hormones, are distinctly dif-
ferent from glucose (13,14). Compared with glucose, fruc-
tose has diminished capacity to increase circulating insulin
as well as suppress ghrelin in lean adults (15,16), both of
which modify food intake (17,18). We recently reported
that obese adolescents have attenuated suppression of
acyl-ghrelin, the active form of ghrelin, after fructose drink
consumption (19). Ghrelin plays a role in energy balance,
meal initiation, and appetite, and its dopaminergic and
cholinergic effects have been implicated in promoting re-
ward behavior (18). Thus, it is possible that acute changes
in circulating hormones may influence the activation of
reward and motivation-related brain regions after glucose
or fructose consumption.

In the current study, we used pulsed arterial spin
labeling (PASL) functional MRI (fMRI) to investigate
regional CBF (brain perfusion) to assess response to
drinking 75 g glucose and 75 g fructose (each dissolved
in 300 mL cherry-flavored water, consumed in <5 min) in
lean and obese adolescents. Additionally, we examined
how time-dependent changes in peripheral hormones (in-
cluding acyl-ghrelin and insulin) that occurred after drink-
ing these monosaccharides were related to the observed
neural responses. We hypothesized that obese adolescents
would demonstrate a different perfusion response to
drinking glucose and fructose, particularly in cortical (ex-
ecutive function), striatal (hedonic, reward motivation),
and hypothalamic (homeostatic, hunger-satiety) regions
of the brain, and that obesity-related metabolic responses
would influence the observed perfusion responses.

RESEARCH DESIGN AND METHODS

Research Subjects, Anthropometric Measures,

and Oral Glucose Tolerance Test

We studied 14 lean (BMI >25th to <75th percentile) and
24 obese (BMI >95th percentile) and otherwise healthy ado-
lescents (13-19 years old), matched for age, sex, ethnicity,
and pubertal stage (Tanner stage 4-4.5). The adoles-
cents were not taking any medications that could affect
glucose metabolism and were excluded for pregnancy,
endocrinopathies, or psychiatric disorders. Evaluation of di-
etary intake was assessed for each participant using a 3-day
food record, which included 2 weekdays and 1 weekend day.
The 3-day food diary was analyzed using the Nutrition Data
System for Research (version 4.02; University of Minnesota).
Twenty-four-hour recall, while retrospective and self-
reported, offers the opportunity to quantify intake over
multiple meals in a free-living environment. Analysis of
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the 3-day food record revealed that the percent of added
sugar, which was for the most part represented by SSBs,
was similar in the lean (17.8%) and obese (16.4%) groups.
These data are consistent with the National Health and
Nutrition Examination Survey 2007-2008 data of 17.3%
in 12- to 17-year-old children (20).

Body composition was assessed by DEXA scan, weight,
and height as previously described (21). On a day separate
from the fMRI sessions, an oral glucose tolerance test
(OGTT) was performed to assess glucose tolerance status
and insulin sensitivity using the whole-body insulin
sensitivity index (WBISI), calculated using the formula
WBISI = 10,000/+/([fasting plasma glucose X fasting
plasma insulin] X [mean OGTT glucose concentration X
mean OGTT insulin concentration]) as previously de-
scribed (19). The study was approved by the Yale Human
Investigation Committee. Participants provided assent
and parents provided written informed consent to partic-
ipate in the study.

fMRI Session: Glucose and Fructose Drink Ingestion
All subjects arrived at the Yale Magnetic Resonance
Research Center at 7:00 aM. after an overnight fast. An
intravenous catheter was placed, and two baseline (—20
and 0 min) serum samples were obtained for insulin,
glucose, leptin, and adiponectin. The scanning procedure
was started at 8:00 aM. (illustrated in Supplementary
Fig. 7). A baseline perfusion (CBF) scan was performed in
a 3-Tesla Trio scanner with imaging parameters as previ-
ously described (22). In a blinded, crossover design, each
adolescent drank on two separate random-order days
either a 75-g glucose drink or a 75-g fructose drink,
dissolved in 300 mL cherry-flavored water with <1 g cherry
flavoring made from citric acid and maltodextrin (to control
for flavoring) within 5 min. After consuming the glucose or
fructose drink, each adolescent underwent a series of perfu-
sion scans for 60 min to measure the temporal brain re-
sponse to the drink consumed. Throughout each perfusion
scan, glucose and insulin were sampled at 10-min intervals.
Samples were also obtained for measurement of plasma
fructose levels before and at 20, 40, and 60 min after glu-
cose and fructose ingestion. Hunger, satiety, and fullness
ratings were assessed using a visual analog scale (higher
number on the rating scale indicated stronger feeling) before
each of the two drinks and after study completion.

Analytical Methods

Plasma glucose was assessed by glucose analyzer (YSI
2700 STAT Analyzer; Yellow Springs Instruments, Yellow
Springs, OH), and plasma fructose levels were determined
by use of gas chromatography-tandem mass spectrome-
try. Measurements of leptin, acyl-ghrelin, and adiponectin
were determined with radioimmunoassays from Millipore.
Blood samples obtained for acyl-ghrelin were prepared as
previously described (19) in EDTA tubes immediately after
collection at the bedside. Specifically, the whole blood
was promptly treated with Pefabloc SC (Sigma-Aldrich,
St. Louis, MO) to a final concentration of 1 mg/mlL and
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then centrifuged for 10 min at 4°C, 4,000 rpm. The plasma
obtained was acidified by adding HCl to a final concentra-
tion of 0.05 normal and stored at —80°C until analysis
using the Millipore kit. All hormone measurements were
performed in duplicate, and studies for each individual
were analyzed with the same assay to eliminate potential
effects from interassay variation.

fMRI Imaging Procedures and Acquisition

Imaging was performed on a 3-Tesla Siemens Trio scanner
(Siemens Medical Systems, Erlangen, Germany) using a
12-channel head coil. Each adolescent was positioned in
the coil, and head movements were minimized using foam
pillows. After a three-plane localizer, a high-resolution
whole-brain T1-weighted three-dimensional magnetization-
prepared rapid gradient echo volume scan was acquired for
multisubject registration. During the baseline condition, an
oblique axial T1 image parallel to the anterior commissure—
posterior commissure (AC-PC) line was acquired. One 5-min
baseline resting state run was then acquired with the exact
same prescription as the T1 blood oxygen level-dependent
(BOLD) image. An axial T1 image was acquired for perfu-
sion. One 5-min 8-s baseline perfusion run was then ac-
quired with the exact same prescription as the T1 CBF
image. The participant was taken out of the scanner and
then ingested the drink in <5 min. Immediately after
drink ingestion, the participant was placed back in the
scanner, and a prescan localizer, a T1 BOLD image, five
resting-state runs, a T1 CBF image, and five perfusion
runs were acquired. Postdrink resting and perfusion CBF
runs were acquired in an alternating fashion. CBF through-
out the brain was measured by PASL using the EPISTAR
QUIPSS PASL MRI technique as previously described (23).
PASL magnetically tags the arterial blood before entering
the brain and then examines the transit time for the tagged
blood to reach specific tissues, thereby providing a direct
measure of CBF (24). Resting state runs were acquired to
examine functional connectivity. See Supplementary Data
for details of imaging parameters.

Imaging Parameters

The PASL acquisition parameters were as follows: field of
view (FOV) 200 X 200 mm?, matrix 128x64y, bandwidth
1,628, slice thickness 4 mm, and interslice spacing 2 mm.
The repetition time (TR) was 3,000 ms, the echo time (TE)
was 23 ms, and the flip angle (FA) was 90°. For quantifi-
cation of regional CBF, proton density-weighted images
were acquired with the same perfusion sequence, except
for the following changes: TR 8,000 ms and TE 23 ms. T1-
weighted anatomical scan (TR 300 ms, TE 3.69 ms, band-
width 300 Hz/pixel, FA 60°, slice thickness 4 mm, FOV
200 X 200 mm, and matrix 256 X 256) was collected
with 15 oblique axial slices parallel to the AC-PC. Resting
BOLD measurements were acquired with the following
parameters: 24 slices, 5 mm thick, 200 X 200 mm?, matrix
64 X 64; bandwidth 2,004, TR 1,500 ms, TE 30 ms, and
FA 80°. A T1l-weighted anatomical scan (TR 300 ms, TE
2.47 ms, bandwidth 300 Hz/pixel, FA 60°, slice thickness
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5 mm, FOV 200 X 200 mm, and matrix 256 X 256) was
collected with 24 oblique axial slices parallel to the AC-PC.
A high-resolution three-dimensional volume was collected
using a magnetization-prepared rapid gradient echo se-
quence (160 contiguous sagittal slices, TR 1,500 ms, TE
2.83 ms, bandwidth 220 Hz/pixel, FA 15°, slice thickness
1 mm, FOV 256 X 256 mm, and matrix 256 X 256).

All data were converted from Digital Imaging and
Communication in Medicine format to Analyze format
using XMedCon (xmedcon.sourceforge.net) (25). During
the conversion process, six images were discarded to
enable the signal to achieve steady-state equilibrium be-
tween radio frequency pulsing and relaxation. Perfusion-
weighted and the proton density-weighted images were
motion corrected using the Statistical Parametric Mapping
package (SPM5). Resting state images were slice time-
corrected using sinc interpolation and motion corrected
using SPM5 (www.fil.ion.ucl.ac.uk/spm/software/spm5)
for three translational directions (%, y, or z) and three
rotations (pitch, yaw, or roll) (26). Trials with linear
motion that had a displacement in excess of 2 mm or
rotation in excess of 3° were rejected. Perfusion-weighted
images were obtained by pairwise surround subtraction
between interleaved label and control pairs (24,27) while
the subject was at rest, resulting in a difference perfusion
map every 2 TR. A complete perfusion map for each con-
dition was the average of all difference maps for that
condition. Details regarding the method and equation
for calculating absolute CBF (mL/100 g/min) were pre-
viously provided (23).

To take the individual subject data into a common
reference space, we calculated three registrations within
the Yale Biolmage Suite software package (http://www
.bioimagesuite.org/ [28,29]). The first registration per-
formed a linear registration between the individual subject’s
raw functional image and that subject’s two-dimensional
anatomical image. The two-dimensional anatomical
image was then linearly registered to the individual’s
three-dimensional anatomical image. Finally, a nonlin-
ear registration was computed between the individual
three-dimensional anatomical image and a commonly
used three-dimensional reference image (the Colin
Brain [30]) in Montreal Neurological Institute (MNI)
space (31). All three registrations were applied sequen-
tially to the individual maps to bring all data into the
common reference space. A standard whole-brain tem-
plate (MNI 1 mm), as used previously in adolescents
(32-34), was used for spatial normalization of the indi-
vidual data.

Selection of End Points/Outcome Measures

The primary outcome was relative change in CBF in
response to acute glucose and fructose ingestion. Second-
ary outcomes included 1) use of ANCOVA to assess the
effect of dynamic peripheral metabolic hormone changes
on CBF response, 2) whole-brain correlations to assess the
impact of fasting hormone levels on relative increases or
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decreases in regional CBF, and 3) functional connectivity
analysis to investigate brain regions with MRI signal re-
sponses that were correlated with the neural responses in
other brain regions.

fMRI Data Analyses and CBF Group Analyses
First-level analyses of CBF data were performed by
assessing postdrink relative to precedent baseline for
each of the glucose and fructose drink conditions. Second-
level group analyses were conducted using whole-brain
repeated-measures general linear model analyses to
examine main effect of group (lean/obese) and drink
(glucose/fructose) and the interaction between group and
drink. These were followed by paired ¢t test analyses to
explain significant main effects and interactions and to
assess responses to each drink in lean and obese groups.
In addition, secondary ANCOVA analyses also examined
the role of fasting leptin, glucose, insulin, and acyl-ghrelin
as well as hunger ratings on CBF responses to group,
drink, and their interactions. The significance threshold
was set at P < 0.05, family-wise error (FWE) whole-brain
corrected for each of the above comparisons. The AlphaSim
script in Analysis of Functional Neurolmages (AFNI)
(http://afni.nimh.nih.gov [35]) was used to perform the
FWE correction (using a smoothing kernel of 6 mm) for
multiple comparisons for the CBF data (http://afni.nimh
.nih.gov) (35). Finally, whole-brain voxel-based correlation
analyses were also conducted with fasting leptin, insulin,
and acyl-ghrelin and change with drink, implemented via
BioImageSuite with the application of AlphaSim in AENI to
perform FWE correction for multiple comparisons. All anal-
yses were done in AFNI.

Connectivity
Baseline and postdrink connectivity maps for glucose and
fructose were analyzed in the Yale Biolmage Suite soft-
ware. Data were converted to AFNI format (http://afni
.nimh.nih.gov [11]) for group analysis. Within-group con-
nectivity maps were then analyzed by applying the linear
mixed effects model using the linear mixed effects mod-
eling program 3dLME from AFNI (http://afni.nimh.nih
.gov/sscc/gangc/lme.html). Results were converted back
into Analyze format for viewing in Biolmage Suite. AFNI
AlphaSim script (http://afninimh.nih.gov [11]) was used
to perform the FWE correction for multiple comparisons.

Individual seed-based connectivity analyses were per-
formed to assess brain regions that are temporally and
thus functionally related using the Yale Biolmage Suite
software package (http://www.bioimagesuite.org/) (28,29).
Two seeds were defined on the MNI reference brain from the
obese CBF glucose ingestion minus baseline map at P < 0.05,
FWE whole-brain corrected: 1) bilateral hypothalamus and 2)
the left prefrontal cortex (Brodmann area [BA]10). The
resulting images were spatially smoothed with a 6-mm
Gaussian kernel to account for variations in the location
of activation across subjects.

Given that head motion can influence voxel-wise mea-
sures of connectivity (36), motion-based exclusion criteria
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were applied to the mean frame-to-frame displacement
resulting in these analyses being conducted only in a
subgroup of obese (n = 17) and lean (n = 8) adolescents
who were not different in terms of head motion (37).
The mean frame-to-frame displacement was calculated
for both lean and obese groups. Runs having a mean
frame-to-frame displacement between 0.07 and 0.15 mm
were included for further analysis. As a result, the mean
frame-to-frame displacement for the lean group was
0.09 mm (two-tailed t test between glucose postdrink
and baseline P = 0.15) and for the obese group was
0.11 mm (two-tailed t test between glucose postdrink
and baseline P = 0.65).

RESULTS

As shown in Table 1, sex, age, and race were similar in
both groups. As expected, all indices of body fat and lean
body mass were increased in the obese (vs. the lean)
group. The obese group also had increased fasting leptin
(P < 0.0001), insulin (P < 0.0001), and glucose (P = 0.05)
levels and reduced insulin sensitivity (WBISI) (P = 0.004),
fasting acyl-ghrelin (P = 0.02), and adiponectin (P = 0.02)
levels (Table 1).

Table 1—Demographic and metabolic measures

Lean Obese  Significance
N 14 24
Sex, % m (m/f) 71 (10/4) 46 (11/13) 0.181%
Race (B/W/L) 4/5/5 8/8/8 0.955%%
Age (years) 158 16 153 *=1.8 0.401
Height (cm) 169 = 10.5 166 = 11.2 0.466
Weight (kg) 61.7 = 8.7 93.4 =+ 13.7 <0.0001
BMI (kg/m?) 21.8 £ 23 344 +4.7 <0.0001
BMI Z score 03*06 22=*03 <0.0001
Body fat (%) 222 =82 409 £6.9 <0.0001
Fat mass (kg) 140 £ 53 39.1 £89 <0.0001
Lean body
mass (kg) 49.3 = 10.0 56.4 = 10.1 0.043
Metabolic profile
Fasting
glucose (mg/dL) 88 £5.0 91.3 54 0.050
Fasting
insulin (wU/mL) 14.6 = 6.2 33.5+ 16.2 <0.0001
HOMA-IR 3934 96117 0.086
WBISI
(L%/mg x pU) 3716 21=*x14 0.004
Leptin (ng/mL) 83*+94 371 *=17.8 <0.0001
Adiponectin
(ng/mL) 109 £+ 34 8.2 = 31 0.020
Fasting acyl-
ghrelin (pg/mL) 126.5 += 41.8 96.9 = 37.2 0.038

Data are means = SD unless otherwise indicated. Independent
samples t test. Glucose and insulin results are means of —20
and 0 min samples from both study days. WBISI| assessed by
OGTT. B/WV/L, black/white/Latino; f, female; HOMA-IR, HOMA of
insulin resistance; m, male. tFisher test. ¢¢X2-


http://afni.nimh.nih.gov
http://afni.nimh.nih.gov
http://afni.nimh.nih.gov
http://afni.nimh.nih.gov
http://afni.nimh.nih.gov
http://afni.nimh.nih.gov/sscc/gangc/lme.html
http://afni.nimh.nih.gov/sscc/gangc/lme.html
http://afni.nimh.nih.gov
http://www.bioimagesuite.org/

diabetes.diabetesjournals.org

Metabolic Response to Glucose and

Fructose Ingestion

After glucose ingestion, plasma glucose rose similarly in both
groups (P = not significant), whereas insulin was higher in
obese compared with lean participants (group: F[1,36] =
8.76, P = 0.005; effect size: f = 0.48) (Supplementary
Fig. 1). Additionally, in obese relative to lean adoles-
cents the percent suppression of acyl-ghrelin was atten-
uated after glucose consumption (group: F[1,33] = 6.25,
P =0.02, f = 0.41) (Supplementary Fig. 2). After fruc-
tose consumption, a similar, but much smaller, increase
in plasma glucose (P = not significant) occurred in both
groups and plasma fructose also rose similarly (data
not shown). The percent suppression of acyl-ghrelin
was also attenuated after fructose ingestion (F[1,35] =
12.82, P = 0.001, f = 0.58), whereas insulin levels in
the obese group were higher (F[1,36] = 11.81, P = 0.002,
f = 0.57) (Supplementary Fig. 1).

There were no significant differences between the two
groups in predrink baseline hunger, satiety, or fullness
ratings. However, after both glucose and fructose inges-
tion, hunger increased significantly in the obese adoles-
cents (P < 0.001 and P < 0.002, respectively), whereas it
did not change in lean adolescents (Supplementary Fig. 3).
Neither group reported changes in satiety or fullness after
drinking glucose. However, lean adolescents reported in-
creased fullness after drinking fructose (P = 0.034), which
was not reported by the obese group.

Brain Response to Glucose and Fructose Ingestion

ANOVA/ANCOVA Analyses

ANOVA and ANCOVA results for group and drink main
effect and a group X drink interaction were analyzed. A
significant group main effect in the ANOVA revealed
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reduced perfusion in the dorsolateral prefrontal cortex
(PEC) and medial anterior cingulate cortex (ACC) (Fig. 1
and Supplementary Table 1) that was not related to the
acyl-ghrelin or insulin response. We then conducted ANCOVA
to discern whether hormonal responses to glucose and
fructose consumption influenced the observed differ-
ences in cerebral perfusion. Covarying (ANCOVA) for
acyl-ghrelin or insulin resulted in a significant group
main effect that showed increased perfusion in the hy-
pothalamus, thalamus, and hippocampus in the obese
group relative to the lean group (Figs. 1 and 2). Neither
acyl-ghrelin nor insulin responses to drink influenced
the reduced perfusion in the PEC and ACC seen in the
obese versus the lean group. A main effect of drink was
observed in the ventral and dorsal striatum and hypo-
thalamus (Fig. 1 and Supplementary Table 1), with
greater perfusion in the ventral striatum with fructose
relative to glucose (Fig. 2). Covarying main effect of
drink for acyl-ghrelin response revealed additional in-
creased perfusion in the putamen, thalamus, insula,
and hypothalamus while covarying for insulin increased
perfusion in visual regions (Fig. 2 and Supplementary
Table 1). Covarying for leptin in main effect of drink
did not show any significant CBF effects in ANCOVA
models. Additionally, we examined main effect of sex
and found activation in the fusiform gyrus but no sig-
nificant sex X group or sex X drink interactions. Finally,
there were no significant group X drink interactions in
the ANOVA or ANCOVA described above.

Pairwise post hoc analyses of within-group effects in
each drink were conducted secondarily to explore whether
specific effects of each drink were due to responses in
obese or lean groups. In response to glucose ingestion (vs.
baseline), lean adolescents demonstrated increased CBF in
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Figure 1—CBF main effect of group and main effect of drink. The main effect of group (ANOVA) (A) and the main effect of group covaried
(ANCOVA) for change in acyl-ghrelin (B) and insulin (C) levels after drink consumption. D: The main effect of drink and the main effect of
drink covaried (ANCOVA) for change in acyl-ghrelin (E) and insulin (F) levels after drink consumption. There was no significant group-by-

drink interaction.
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Figure 2—CBF in obese vs. lean adolescents and glucose vs. fructose drink. A: A significant group main effect in obese vs. lean (drink vs.
baseline) was observed with reduced blood flow (in blue) in obese relative to lean adolescents in the medial PFC and ACC. Additionally,
drink-related changes in acyl-ghrelin (B) and insulin (C) levels promote increased CBF in the hypothalamus and thalamus in obese vs. lean
adolescents (in yellow-red). D: Comparing response to glucose vs. fructose drink in all adolescents demonstrated a significant CBF main
effect of drink with increased ventral striatum (putamen) activity in response to fructose (in blue) relative to glucose. E: Accounting for the
drink-related acyl-ghrelin changes led to significantly greater hypothalamus and thalamus CBF with glucose relative to fructose drink (in
yellow-red), while greater changes with fructose relative to glucose drink were demonstrated in the left insula and striatum (in blue). F: This

effect was not observed in relation to change in insulin levels.

the PEC (BA10), ACC, insula, and caudate but not the
hypothalamus. In contrast, the obese adolescents demon-
strated decreased CBF in the PFC and ACC and increased
CBF in the hypothalamus, caudate, putamen, insula, and
thalamus. In response to fructose ingestion (vs. baseline),
lean adolescents demonstrated decreased CBF in the
parahippocampus, whereas obese adolescents once again
demonstrated decreased CBF in the PFC and increased
CBF in the ventral striatum (nucleus accumbens [NAcc],
putamen) and thalamus (Supplementary Fig. 4 and Sup-
plementary Table 2).

Whole-Brain Correlation Analyses

Whole-brain correlation analyses to assess the relation-
ship between fasting leptin, as a reflection of fat mass,
and CBF response to oral glucose and fructose ingestion
were also performed. Correlation of fasting leptin was
significantly inversely correlated with perfusion in the
PEC in obese but not lean adolescents (Supplementary
Fig. 5).

Exploratory Functional Brain Connectivity Analyses

To assess the different pattern of perfusion responses in
lean and obese individuals, we conducted follow-up
exploratory functional connectivity analyses with func-
tional seeds in the bilateral hypothalamus region and in
the left PFC (in BA10) for glucose and in the NAcc for
fructose. These seeds were defined on the MNI reference
brain by the differential perfusion response between the
lean and obese adolescents (38) for the glucose ingestion
versus baseline brain image map and for fructose inges-
tion versus baseline brain image maps at P < 0.05, FWE

whole-brain corrected. Given that head motion can influ-
ence voxel-wise measures of connectivity (36), motion-based
exclusion criteria were applied to the mean frame-to-frame
displacement resulting in these analyses being conducted
only in a subgroup of obese and lean adolescents who did
not differ in head motion (37).

Within-Group Functional Brain Connectivity

in Response to Oral Glucose

Within-group connectivity analysis in lean adolescents
revealed no significantly increased connectivity with the
hypothalamic seed before drink consumption, but in
response to glucose ingestion relative to the baseline
condition, greater connectivity was observed between
the hypothalamus seed and the striatum and amygdala
(P < 0.01, FWE) (Fig. 3C). Conversely, obese adolescents
showed significant connectivity in the hypothalamic-
corticolimbic-striatal network (ACC, insula, thalamus,
putamen, caudate) before drink but no subsequent
change/strengthening of connectivity in response to glu-
cose ingestion relative to the baseline condition (P < 0.01,
FWE) (Fig. 30).

Functional connectivity with the BA10 seed in the PFC
region revealed that in lean adolescents, glucose ingestion
strengthened BA10-positive connectivity with the PFC
and ACC and also strengthened BA10-negative connec-
tivity to the hypothalamus (P < 0.05, FWE). In contrast,
no such increased positive or negative connectivity from
the BA10 seed to other PFC regions or the hypothalamus
was observed in obese adolescents after glucose ingestion
(Supplementary Fig. 6).
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Figure 3—Within-group functional connectivity with the hypothalamus as the seed region in response to drinking glucose. A: At baseline
(before drink ingestion), lean adolescents demonstrated no increased connectivity, whereas obese adolescents demonstrated increased
corticolimbic-striatal connectivity with the hypothalamic seed. B: After drink ingestion, obese adolescents continued to demonstrate a
pattern of connectivity similar to what they demonstrated at baseline, whereas now lean adolescents also exhibited increased connectivity
with striatal and limbic regions. C: Interestingly, in examination of the difference between before drink consumption and after drink
consumption, lean adolescents exhibited relatively strengthened connectivity in response to drinking glucose, whereas obese adoles-
cents did not have a relative change in connectivity relative to their state before drinking glucose. SN/VTA, substantia nigra/ventral

tegmental area.

Within-Group Functional Brain Connectivity in
Response to Oral Fructose

Within-group connectivity analysis using the NAcc as a
seed was conducted before and after fructose ingestion.
The analyses revealed that prior to fructose ingestion,
lean adolescents demonstrated increased connectivity
with the NAcc seed with the caudate, putamen, insula,
and ACC, while in response to drinking fructose they
demonstrated increased connectivity with the caudate
and ACC. The change in connectivity after ingestion of
fructose relative to baseline was increased in the dorsal
ACC (BA25) and decreased in the medial temporal gyrus.
Before fructose drink ingestion, the obese adolescents
exhibited increased connectivity with the caudate, hypo-
thalamus, lateral orbitofrontal cortex (OFC), ACC, and
thalamus. In response to fructose drink ingestion, obese
adolescents demonstrated increased connectivity in the
caudate, putamen, thalamus, and ACC. The change in
connectivity after ingestion of fructose relative to baseline
was increased in the posterior insula and putamen.

DISCUSSION

The rise in adolescent obesity has paralleled increases in
added-sugar consumption; thus, a better understanding
of the mechanisms contributing to this phenomenon may

create opportunities for intervention. In this study, we
investigated brain responses to drinking two of the most
widely consumed simple sugars, glucose and fructose, in
obese and lean adolescents. We found strikingly different
brain responses between obese and lean adolescents.
While lean adolescents exhibited increased perfusion in
regions of the brain implicated in executive function,
behavioral choices, and decision making (the PFC) and no
change in a region vital for homeostatic appetite process-
es (the hypothalamus), the obese adolescents exhibited
decreased perfusion in the PFC and increased perfusion in
the hypothalamus and striatum when their altered acyl-
ghrelin and insulin responses to drinking glucose were
accounted for. Furthermore, the perfusion response to
fructose ingestion also differed in the two groups. In
obese, but not lean, adolescents, perfusion was decreased
in the PFC and increased in the striatum, a brain region
implicated in reward and craving as well as increased
neurotransmission in response to food (39,40). Taken
together, these findings suggest that obese adolescents
may have attenuated executive control response to in-
gestion of these two simple sugars and diminished ca-
pacity to downregulate homeostatic and hedonic regions
of the brain, potentially contributing to continued food
consumption.
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To investigate the impact of obesity on the change in
the cerebral perfusion response to glucose ingestion in
adolescents, we used ANOVA models and found a
significant main effect of group in the PFC. This effect
was in large part derived from the obese group, who
demonstrated decreased perfusion in the PFC. This
finding is intriguing, as the PFC exerts higher-order
inhibitory control over homeostatic processes, thereby
regulating energy, food intake, and reward signals via
neural projections to the hypothalamus and striatal-limbic
regions of the brain (41,42). As ingestion of glucose in-
creased PFC perfusion in lean adolescents but decreased
PFC perfusion in obese adolescents in conjunction with
increased hypothalamic and striatal perfusion related to
altered acyl-ghrelin and insulin responses, we speculate that
decreased PFC perfusion in obesity may confer decreased
cognitive control of monosaccharide intake, promoting hy-
pothalamic activity and, in turn, a striatal motivation-
reward pathway response, thereby contributing to the
overconsumption of glucose (Fig. 4). This posit is supported
by a positron emission tomography-fluorodeoxyglucose
study in adults demonstrating that higher BMI is asso-
ciated with lower baseline prefrontal glucose metabolism
(43) as well as previous reports of thinner OFCs (part of
the PFC) and diminished performance on various cogni-
tive tasks (visual working memory tasks and digital vig-
ilance tasks) in obese adolescents (44). In keeping with
these observations, it has been reported that obese ad-
olescents (mean age 17 years) have higher ratings of
disinhibition on the Three Factor Eating Questionnaire,
lower performance on the cognitive tests (Stroop color-
word score), and lower OFC volume (assessed by MRI)
and that disinhibition correlated with BMI, Stroop color-
word score, and OFC volume (45).

It is also noteworthy that animal studies have demon-
strated that intermittent sugar exposure results in the

Lean Adolescents Obese Adolescents

striatum striatum

i

5 hypothalamus
g

)

Figure 4—Schematic diagram to illustrate altered regional CBF re-
sponse to glucose in lean and obese adolescents. When lean ad-
olescents drink glucose they demonstrate increase CBF in the PFC,
which may exert inhibitory signals to the hypothalamus and striatum,
decreasing CBF in these regions. On the other hand, when obese
adolescents drink glucose they exhibit decreased CBF in the PFC,
which then may exert less inhibitory control on the striatum and
hypothalamus, perhaps increasing striatal perfusion.
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binge-drinking of sugar, craving during periods of sugar
abstinence, and cross-sensitization (consuming other
substances when sugar is not available) (46). Thus, inter-
mittent excessive intake of sugar may induce neurochemical
adaptations in the brain that are akin to those observed in
response to other rewarding substances such as psychoactive
drugs (46). Indeed, SSB-associated cues and reward re-
sponses result in learning-related brain changes via processes
such as conditioning, to alter motivation pathways that
could facilitate greater consumption of SSBs. While we do
not have direct evidence that the neural differences we ob-
served in obese adolescents following glucose and fructose
ingestion parallel the rodent studies, it is intriguing that
animal data also show sugar-related adaptations in the re-
ward and motivation brain circuits. Interestingly, in our
study, fructose appeared to induce a greater perfusion in-
crease in a brain reward region (ventral striatum) in obese
adolescents, a finding not seen in the lean adolescents. This
response included the NAcc, a key striatal region implicated
in pleasure, reinforcement, and food reward (40). This
change was associated with decreased perfusion in the
PFC. Taken together, these data suggest that fructose in-
gestion in obese adolescents generates a reduction in PEC
perfusion similar to that with glucose and, additionally,
increases perfusion in the pleasure-reward region (the
NAcc), which may enhance the desire to consume fructose.
In contrast, lean adolescents appear to be less sensitive to
such fructose-related changes in striatal reward regions.
We also observed that circulating serum insulin and
acyl-ghrelin (hormones that are transported across the
blood-brain barrier [47,48]) significantly affected the
brain perfusion response to drinking glucose and fructose.
Covarying (ANCOVA) for insulin or acyl-ghrelin resulted
in increased perfusion in homeostatic regions (hypothal-
amus) as well as the limbic (thalamus and hippocampus)
regions of the brain in the obese versus the lean group
(significant main effect of group) (Figs. 1B and C and 2B
and (), implying that these hormonal differences between
groups in response to each drink might influence the
altered CBF response observed in the obese state. Insulin
is ubiquitous in the central nervous system, particularly in
the hypothalamus (49), and insulin receptors are widely
distributed throughout the brain including in the hippo-
campus, thalamus, striatum, amygdala (50), ventral teg-
mental area (51), and cerebral cortex (including PFC) (50),
as well as the hypothalamus (49). Ghrelin, a gut-derived
orexigenic hormone, is modified posttranslationally to the
active acylated form of ghrelin, which is able to bind
to its receptor, the growth hormone secretagogue re-
ceptor (GHS-R1la) (52,53). Ghrelin receptors are also
expressed in many brain regions including the hippocampus,
hypothalamus (particularly the arcuate nucleus), cortex, and
amygdala (54). Preclinical studies have shown that ghrelin
is expressed in the hypothalamus (55) and that a subset of
neurons coexpress receptors for ghrelin and dopamine
(DRD1), which may form heterodimers in hypothalamic
neurons that regulate appetite (54). Although the group
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difference in perfusion in PFC regions in the obese and
lean groups could not be attributed to either of these
hormonal covariates, the exaggerated rise in insulin as
well as the blunted suppression of acyl-ghrelin in obese
participants influenced greater hippocampal, hypotha-
lamic, and thalamic responses seen in obese relative to
lean adolescents. Thus, it is interesting to speculate that
altered insulin and ghrelin response to both glucose and
fructose ingestion in obese adolescents may be acting
synergistically in the brain to affect motivation for
food and eating behavior.

Whole-brain correlations were used to examine the
potential relationships between fasting leptin levels,
reflective of fat mass, on the observed differences in PFC
perfusion. Higher fasting leptin levels correlated with
reductions in perfusion in the medial PFC of obese
adolescents (Supplementary Fig. 5), suggesting that al-
tered (or dysfunctional) leptin signaling may contribute
to lower PFC perfusion in these individuals. In keeping
with a potential role for leptin in PFC function, leptin
replacement in leptin-deficient adults has been reported
to increase activation in the PFC (56). Thus, obesity-
related leptin resistance might contribute to the diminished
PFC inhibitory control over the hypothalamic response to
glucose ingestion. Future studies will be needed to address
this possibility directly.

The PFC-striatal-hypothalamic circuit was further
explored using within-group functional connectivity
analysis seeding the hypothalamus and BA10 region
of the PFC. Obese adolescents demonstrated heightened
connectivity of the hypothalamus with the corticolimbic-
striatal network even prior to glucose ingestion but
subsequently had negligible change in connectivity in
response to glucose ingestion compared with baseline
(P < 0.05, FWE) (Fig. 3). In striking contrast, lean ado-
lescents before drink consumption demonstrated no evi-
dence of significant hypothalamic connectivity with other
brain regions, but in response to drinking glucose lean
adolescents exhibited hypothalamic connectivity with
striatal-limbic regions, as has been previously reported
in adults (7). It is intriguing to speculate that lean ado-
lescents are able to appropriately sense ingestion of glu-
cose by the hypothalamus and strengthen connectivity to
brain reward and motivation regions, whereas due to
chronic tonic striatal-limbic connectivity at baseline, glu-
cose ingestion failed to provide an adequate reward stim-
ulus in obese adolescents. The increased hunger ratings
found in the obese group are consistent with such an
explanation. Differences in connectivity before and after
glucose ingestion were also observed in the lean and obese
adolescents using the PFC (BA10) as the seed region. In
lean adolescents, the PEC region showed strengthened
negative or inhibitory connectivity with the hypothala-
mus; however, no such increase in inhibitory connectivity
between the PFC and hypothalamus was seen in obese
adolescents (Supplementary Fig. 6). These findings
suggest that the functional capacity of the PFC in the
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adolescent brain to exert an anticorrelated inhibitory
connection with the hypothalamus is diminished in obese
adolescents, which in turn may contribute to dysregulated
glucose intake.

A limitation of this study is that fMRI does not
provide a direct measure of neuronal activity; rather, it
provides information regarding neuronal activity as it
relates to local brain perfusion. Additionally, the appli-
cation of stringent head motion criteria to minimize
contamination of the functional connectivity analyses
rendered the functional connectivity results exploratory
with need for replication. The study data are also cross-
sectional, and eating behavior was not directly measured
in this study. Given the insignificant differences in the
sex distribution between the groups, we examined main
effect of sex and found differences in activation in the
fusiform gyrus but no other significant changes in brain
CBF relating to sex by group or by drink interactions.
Thus, it is unlikely that the observed differences in the
fMRI response to glucose and fructose ingestion seen in
obese and lean adolescents are sex related. Finally,
glucose and fructose (the components of sucrose) are
usually not consumed in isolation, and therefore future
studies will be required to assess the brain response to
ingestion of sucrose.

Nevertheless, these data have important clinical
implications. The results suggest that brain CBF re-
sponse to ingested monosaccharides is altered in obese
adolescents, resulting in a lack of adequate (appropriate)
neural regulation of glucose and fructose consumption,
particularly by executive control areas of the brain.
This change may at least in part be influenced by
dynamic changes in peripheral hormone levels. Inter-
estingly, the decreased PFC response in obesity is
associated with heightened tonic connectivity between
homeostatic (hypothalamus) and hedonic (striatum)
brain regions at baseline, but no significant change in
connectivity after ingestion of glucose, raising the
possibility that the diminished CBF response in brain
executive control regions to ingested glucose in obese
adolescents is linked to a deficient reward response to
glucose ingestion. In adolescent obesity, these alter-
ations in brain responses to ingestion of both glucose
and fructose might contribute to dysfunctional control
of consumption of simple sugars and potentially drive
further weight gain.
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