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Abstract

BACKGROUND & AIMS—The study of intrinsic fluctuations in the blood oxygen level-

dependent signal of functional magnetic resonance imaging can provide insight into the effect of

physiologic states on brain processes. In an effort to better understand the brain–gut

communication induced by the absorption and metabolism of nutrients in healthy lean and obese

individuals, we investigated whether ingestion of nutritive and non-nutritive sweetened beverages

differentially engages the hypothalamus and brainstem vagal pathways in lean and obese women.

METHODS—In a 2-day, double-blind crossover study, 11 lean and 11 obese healthy women

underwent functional magnetic resonance imaging scans after ingestion of 2 beverages of different

sucrose content, but identical sweetness. During scans, subjects rested with eyes closed.

RESULTS—Blood oxygen level-dependent fluctuations demonstrated significantly greater power

in the highest frequency band (slow-3: 0.073–0.198 Hz) after ingestion of high-sucrose compared

with low-sucrose beverages in the nucleus tractus solitarius for both groups. Obese women had

greater connectivity between the right lateral hypothalamus and a reward-related brain region and

weaker connectivity with homeostasis and gustatory-related brain regions than lean women.

CONCLUSIONS—In a functional magnetic resonance imaging study, we observed sucrose-

related changes in oscillatory dynamics of blood oxygen level-dependent fluctuations in brainstem
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and hypothalamus in lean and obese women. The observed frequency changes are consistent with

a rapid vagally mediated mechanism due to nutrient absorption, rather than sweet taste receptor

activation. These findings provide support for altered interaction between homeostatic and reward

networks in obese individuals.

Keywords

Resting State; Obesity; Satiety; Food Intake

Increased engagement of the reward-based brain networks and reduced reliance on

interoceptive input has been suggested in the pathophysiology of some forms of obesity

(“food addiction”).1 Functional neuroimaging studies of obesity and food intake regulation

have typically compared brain activity to visual food cues after ingestion of a meal with

brain activity in a fasting state, or compared ingestion of a glucose solution with ingestion of

water.2 Although the glucose solution and water share similar oral somatosensory features

and distension volume (unlike meal and fasting), the comparison of glucose and water does

not allow specific statements regarding the brain’s response to the absorption of nutrients in

the gut. Glucose compared with water differentially activates lingual and intestinal sweet

taste receptors, as well as pathways that depend on absorption and metabolism of

glucose.3–6

In an effort to better understand brain–gut communication driven by the absorption and

metabolism of nutrients in healthy and obese individuals, we used a paradigm involving

ingestion of 2 beverages designed to be similar in sweetness but different in sucrose content.

We compared ingestion of a high-sucrose beverage with a control condition of a low-sucrose

beverage containing a non-nutritive sweetener to make the 2 drinks indistinguishable in

terms of sweetness. These beverages should both activate sweet taste receptors but differ in

vagal stimulation due to the absorption and metabolism of sucrose within the gut.

A novel aspect of this study concerns the type of functional neuroimaging and analysis

performed. The dominant design of functional magnetic resonance imaging (fMRI) studies

to date has involved an active task condition. For the study of food intake regulation, food

images are often presented as an external cue to activate the brain. However, it is now

appreciated that a wealth of information can be extracted from the fluctuations in the blood-

oxygen level–dependent (BOLD) signal that are seen in the brain even when the subject is at

rest and not actively engaged in discrete tasks, ushering new approaches to fMRI design and

analysis. Although several analysis approaches have been proposed to analyze changes in

intrinsic brain oscillations, one approach focuses on frequency power in specific frequency

bands within the range detectable in the BOLD signal thought to represent different neuronal

oscillation classes.7,8 Although the precise relationship between oscillatory brain dynamics

and behavior remains to be established, this approach has been applied to resting-state fMRI

by a growing number of researchers.9–12

By measuring sucrose-related intrinsic BOLD activity compared with a control condition of

non-nutritive sweetener ingestion, we sought to monitor brain activity related to vagal

stimulation triggered by various peripheral glucose-sensing mechanisms dependent on the

metabolism and absorption of sugar, and to identify obesity-related changes in brain–gut
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communication. We used the novel tool of measuring oscillatory brain dynamics in multiple

frequency bands to test 2 specific hypotheses, that ingestion of sucrose is associated with

engagement of hypothalamus and brainstem vagal pathways, as reflected in changes in

specific frequency bands; and obese and lean subjects differ in their central response to

sucrose ingestion. The results confirmed both hypotheses.

Methods

Subjects

Eleven lean healthy women (body mass index 19–25) and 11 obese healthy women (body

mass index 30–37) were recruited by advertisement. All subjects were right-handed.

Subjects were interviewed by a nurse practitioner for absence of significant health or

psychiatric conditions. Subjects diagnosed with diabetes were excluded. All subjects were

regularly menstruating and were scanned 4–12 days after the first day of last menstrual

period. Study protocols were performed after approval by the review committee at

University of California, Los Angeles’s Office of Protection for Research Subjects and

informed consent was obtained from all subjects.

Behavioral Measures

All subjects completed the Hospital Anxiety and Depression Scale, a measure of current

anxiety and depression symptoms validated for nonpsychiatric samples.13 Subjects also

completed visual analog scales (VAS) to rate the taste of the beverages and assess hunger

(How hungry do you feel?), satisfaction (How satisfied do you feel?), and desire to eat

something sweet (Would you like to eat something sweet?).14 Subjects were asked to make

a mark across a 10-cm line representing the magnitude of their response. Qualifying

statements were provided on the extreme left and right side of the 10-cm line. VAS scores

were quantified by measuring the distance of the mark (in cm; range, 0–10) relative to the

end of the line associated with a low/poor response; a high score reflected a high/good

response for all VAS items.

Procedures

Procedures are summarized in Figure 1. Subjects underwent 2 separate days of fMRI (1.5T)

scanning. Subjects fasted, drinking only water, for 6 hours before the scan appointment.

Scans occurred during the morning, between 9:00 AM and 11:00 AM. Ten minutes before

functional scanning, subjects consumed 296 mL of a beverage consisting of a low-calorie

carbohydrate drink (Diet Ocean Spray Cranberry Juice with 50 g of Truvia; <10 calories;

low sucrose) or a high-calorie carbohydrate drink (Ocean Spray Cranberry Juice with 50 g

of sugar; 300 calories; high sucrose). The beverages were designed to be similar in taste and

sweetness. Pilot testing in 5 healthy individuals confirmed that the drinks could not be

differentiated on the basis of taste. Subjects completed the VAS questionnaires immediately

before beverage consumption. Subjects consumed a different beverage on each scan day and

drink order was counterbalanced with subject and investigators blinded to drink order. The

beverage was presented in a nondescriptive container. Subjects drank through a straw and

were fitted with a nose clip during consumption to minimize the flavor of the juice. Also, 1

oz of water was used to cleanse the palate. After beverage consumption, subjects again
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completed the VAS questionnaires and were encouraged to use the bathroom. Ten minutes

after beverage consumption, subjects completed a 10-minute functional scan while resting

with eyes closed.

fMRI Acquisition

MRI scanning was performed using a 1.5T MRI scanner (Siemens Sonata; Siemens,

Erlangen, Germany). A high-resolution structural image was acquired from each subject

with a magnetization-prepared rapid gradient-echo sequence, repetition time = 2200 ms,

echo time = 4.38 ms, slice thickness = 1 mm, 176 slices, 256 × 256 voxel matrices, and 13

mm voxel size. Subjects rested with eyes closed while functional BOLD images were

acquired for 10 minutes in 24-slice whole brain volumes, slice thickness = 5 mm, repetition

time = 2000 ms, echo time = 45 ms, flip angle = 77 degrees. After the resting scan, subjects

completed additional fMRI scans involving food-related images; these data are not included

in the current report, and is reported elsewhere.15

fMRI Preprocessing

Using Data Processing Assistant for Resting-State fMRI16 (http://www.restfmri.net/forum/

DPARSF), which is based on SPM8 (Welcome Department of Cognitive Neurology,

London, UK) and Resting-State fMRI Data Analysis Toolkit,17 data were slice-time and

motion corrected. Nuisance covariate regression was then performed to minimize

physiological noise using 6 head-motion parameters, white matter signal, and cerebral spinal

fluid signal. Data were spatially normalized to the Montreal Neurological Institute template

using structural scans. Spatial smoothing with a 3 mm3 Gaussian kernel occurred after

calculation of frequency and functional connectivity maps (see Statistical Analyses).

Statistical Analyses

Frequency analysis—Using the framework developed by Buzsaki and colleagues,7,8 the

BOLD signal was subdivided into 3 frequency bands, referred to in the literature as slow-5

(0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), and slow-3 (0.073–0.198 Hz). For convenience,

we will refer to these 3 frequency bands as low frequency (LF), medium frequency (MF),

and high frequency (HF), respectively. A gray-matter mask was applied to restrict analyses

to gray-matter regions. Relative power within each of the 3 frequency bands was computed

for each voxel in the brain using fractional amplitude of low-frequency fluctuations

modified for our frequency ranges.18 A Group (Lean; Obese) × Condition (High Sucrose;

Low Sucrose) flexible factorial analysis was performed for each band in SPM8 with age and

depression entered as covariates to identify sucrose-related and group-related differences in

the distribution of frequency power. Region of interest analyses were performed using

hypothalamus and brainstem templates produced in WFU PickAtlas.19 A cluster-level

familywise error corrected P < .05 was considered significant. The mean value from each

significant cluster was extracted by the marsbar toolkit for SPM for further evaluation.20 As

relative frequency was measured, a post-hoc analysis of variance (ANOVA) was performed

in PASW v17.0 (Chicago, IL) on regions of interest to see if changes in one band were

accompanied by changes in other measured bands. All functional data were overlaid on the
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Montreal Neurological Institute template available in MRIcron (http://www.cabiatl.com/

mricro/mricron/index.html) for presentation purposes.

Seed-based correlation analysis—Seed-based correlation is a widely used approach in

the study of resting state connectivity with advantages over independent components

analysis in terms of investigating functional connectivity of specific regions of interest.21

Functional data was bandpass filtered using LF, MF, and HF bands and band-specific fisher

transformed maps of the bivariate correlation between seed (identified in the frequency

analysis) time-courses and all other voxels were created using Data Processing Assistant for

Resting-State fMRI. Nonrotated behavioral partial least squares analysis (PLS) was applied

to the normalized correlation maps to extract group-related differences in functional

connectivity of the nucleus tractus solitaries (NTS) and hypothalamus identified in the

frequency analysis. PLS is a multivariate statistical technique similar to principal

components analysis with the solutions restricted to the part of the covariance structure that

is attributable to experimental design and is more sensitive than SPM.22 PLS was

implemented with freely available code (www.rotman-baycrest.on.ca/pls/). The PLS

analysis produced 2 spatial maps, 1 associated with group differences across sucrose

condition and 1 associated with group differences exaggerated during the high-sucrose

condition. Voxel reliability on each of the maps was determined using bootstrap estimation

(500 samples). The ratio of the observed weight to the bootstrap standard error was

calculated and voxels were considered reliable if the absolute value of the bootstrap ratio

exceeded 3.30 (P < .001).

Behavioral analyses—Behavioral analyses were performed in PASW v17.0. Group

differences in Hospital Anxiety and Depression Scale anxiety and depression ratings were

evaluated by independent samples t tests. Taste ratings were evaluated in a Group (Lean;

Obese) × Condition (High Sucrose; Low Sucrose) ANOVA. Appetite ratings were evaluated

in Group (Lean; Obese) × Condition (High Sucrose; Low Sucrose) × Time (Before

Consumption; After Consumption) repeated measure ANOVA.

A linear mixed model approach was implemented in SAS 9.2 software (SAS Institute, Cary,

NC) to estimate the correlation, adjusted for repeated measures, between appetite/taste

ratings and frequency power in hypothalamus and NTS clusters identified in the frequency

analysis.23

Results

Behavioral and Subject Data

Mean age, body mass index, and ratings are provided in Table 1. Obese subjects had

significantly higher depression symptom ratings (all within the normal range of the Hospital

Anxiety and Depression Scale) compared with lean subjects (t[20] = 2.242; P = .036), but

did not differ in anxiety ratings (P > .05). Obese subjects rated the taste of both beverages

significantly lower than lean subjects (F[1] = 8.617; P = .005). Beverage consumption

significantly reduced hunger ratings (F[1] = 8.681; P = .005), increased satisfaction ratings

(F[1] = 52.376; P < .001) and reduced desire for sweetness (F[1] = 40.159; P < .001) across

all subjects, without any significant group or calorie condition differences.
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Sucrose and group effects on temporal dynamics of BOLD oscillations—A

change in the frequency distribution during the high-sucrose condition (300-calorie

beverage) compared with the low-sucrose condition (<10-calorie beverage) in both lean and

obese subjects was demonstrated in several regions of the brainstem encompassing the NTS,

the periaqueductal gray, locus coeruleus, as well as other pontine and medullary regions.

The NTS region demonstrated significantly greater HF power (slow-3) during the high-

sucrose condition compared with the low-sucrose condition in both lean and obese subjects,

and the other brainstem regions demonstrated significantly less LF power (slow-5) during

the high-sucrose condition compared with the low-sucrose condition in both lean and obese

subjects (Figure 2; Table 2).

An interaction was demonstrated for a small cluster in the right hypothalamus (Figure 2;

Table 2). Although lean women had decreased hypothalamus LF power during the high-

sucrose condition compared with the low-sucrose condition, obese women had increased

hypothalamus LF power during the high-sucrose condition. However, the interaction was

only a trend once multiple comparison correction was applied.

A significant interaction was demonstrated for the hypothalamus (Figure 3, Table 2).

Although lean women had increased slow-5 frequency power during the low-sucrose

condition compared with obese women, obese women had increased slow-5 frequency

power during the high-sucrose condition compared with lean women. In addition, a

significant group difference in frequency power was demonstrated for a cluster within the

periaqueductal gray (Figure 3; Table 2). Lean women demonstrated significantly greater

slow-5 power than obese women, regardless of drink condition. Examination of the cluster

means revealed that this region is more clearly dominated by slow-3

Given their prominent role in central regulation of ingestive behavior, the NTS and

hypothalamus were selected as region of interests for additional analyses. Examination of

the mean power in each band for NTS and hypothalamus revealed a redistribution of

frequency power for NTS. The increased HF during high sucrose compared with low

sucrose was accompanied by decreased LF/MF power (Figure 3A), while sucrose-related

changes in frequency power for the right hypothalamus were seen only in the LF band

(Figure 3B). Sucrose and group-related differences in functional connectivity, as well as the

relationship between temporal dynamics and subjective ratings, were examined for NTS and

right hypothalamus. In addition, NTS and hypothalamus frequency power during the first

half of the imaging session (10–15 minutes postprandially) were compared with the second

half (15–20 minutes postprandially) of the imaging session to gain a slightly more fine-tuned

temporal profile of oscillatory dynamics in these brain regions.

Temporal profile of NTS and hypothalamus oscillatory dynamics—Mixed model

ANOVAs revealed no significant differences in NTS and hypothalamus frequency power in

the first half of the imaging session compared with the second half (P > .05). NTS HF power

was significantly increased during the high-sucrose condition compared with the low-

sucrose condition in both the first and second half of the imaging session (F[1,20] = 15.85;

P = .001 and F[1,20] = 9.14; P = .007; respectively). Likewise, hypothalamus LF power

demonstrated significant Group × Sucrose condition interactions in both the first and second
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half of the imaging session (F[1,20] = 10.71; P = .004 and F(1, 20) = 4.55; P = .045;

respectively).

Relationship between NTS and hypothalamus frequency power and subjective
ratings—Obese women, but not lean women, demonstrated significant negative

correlations between hypothalamus LF power and taste ratings (r = −0.44; P = .04) and

between NTS HF power and taste ratings (r = −0.51; P = .02). No other correlations reached

significance (P > .05).

Functional connectivity of the NTS and hypothalamus—The functional

connectivity of the right hypothalamus with posterior insula, the primary interoceptive

cortex, and parietal cortex (BA43) was more positive in lean women compared with obese

across both sucrose conditions (Table 3). In contrast, the functional connectivity of the

hypothalamus with the putamen, a reward-related regions, as well as the cerebellum, was

more positive in obese women compared with lean. During high sucrose, the differences

between the groups increased with greater, more positive hypothalamus functional

connectivity with posterior insula, parietal cortices (BA43, BA 40, BA41, BA7) and

posterior cingulate cortex (PCC) in lean women and greater hypothalamus connectivity with

putamen, BA10, and cerebellum in obese women. Functional connectivity of the NTS also

demonstrated group differences with more positive connectivity with the PCC, BA22, and

cerebellum in lean women compared with obese across sucrose conditions (Table 3). The

differences in connectivity of the NTS with PCC did not become exaggerated during high-

sucrose ingestion; however, group differences in NTS connectivity with BA7 and BA8

emerged with lean women demonstrating greater, more positive connectivity compared with

obese women.

Discussion

The current study examined differences in intrinsic brain activity related to sucrose ingestion

occurring 10–20 minutes after consumption of 2 test drinks. Ingestion of a high-sucrose,

compared with a low-sucrose drink of similar taste and sweetness was associated with

differences in the oscillatory dynamics in brainstem regions, including an area

encompassing the NTS and to some extent in the right hypothalamus. The NTS is the main

recipient of vagal afferents from the gut and forms the main neural conduit through which

visceral afferent input affects homeostasis.24 This effect was seen in the first 5 minutes of

the imaging session (10–15 minutes after beverage consumption) as well as in the second 5

minutes of the imaging session (15–20 minutes after beverage consumption). Although

high-sucrose ingestion increased power in the highest frequency band in the NTS in both

lean and obese women, the groups differed in NTS functional connectivity patterns with

obese subjects displaying significantly weaker NTS functional connectivity with a number

of brain regions.

Some evidence for differential effects of sucrose ingestion on hypothalamus oscillatory

dynamics were observed; in lean subjects, high-sucrose ingestion decreased power in the

lowest frequency band for the hypothalamus, although it increased hypothalamus LF power

in obese subjects. Although these changes in frequency power in the hypothalamus were
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statistically a trend, group differences in right lateral hypothalamic functional connectivity

were clearly significant with differential connectivity to reward and gustatory-related

regions (discussed in the section on “Evidence for Altered Homeostatic and Reward

Systems in Obese”). Finally, obese women, but not lean women, demonstrated a relationship

between subjective taste ratings of the beverages and subsequent oscillatory dynamics of the

hypothalamus and NTS, suggesting altered hedonic–homeostatic relationships in obese

women. To our knowledge, this is the first study demonstrating the effect of sucrose

ingestion on the intrinsic oscillation dynamics in several brain regions, playing a central role

in the control of sucrose intake. In addition, the study suggests possible differences in brain

mechanisms regulating subjective measures related to ingestive behavior.

Physiological Relevance of Changes in Frequency Spectrum of Intrinsic Brain Oscillations

In the current study, we examined region-selective changes in frequency power of intrinsic

brain oscillations within multiple frequency bands as a way to monitor responses of the

brain to nutrient ingestion. Intrinsic oscillations are known to arise at least in part from

intrinsic neuronal activity.25 Change in frequency power toward high frequencies is a

finding that has been noted in several studies examining influences on the temporal

dynamics of intrinsic BOLD activity using similar frequency bands to the current study,

even though the neurophysiologic correlates of these frequency bands remain incompletely

understood. For example, acute tryptophan depletion increases HF power in brainstem raphe

nuclei and performance of a task has been shown to increase HF power in task-relevant

regions, suggesting increased high frequency might represent increased neural activity.26,27

Greater Engagement of NTS After High-Sucrose Ingestion

The increase in NTS HF power after ingestion of sucrose could result from an increase in

intrinsic neural activity due to vagal stimulation associated with activation of different

glucose sensors at multiple levels of the gut–brain axis. Glucose-sensing mechanisms have

been described in the tongue, intestine, pancreas, portal vein, hypothalamus, and NTS.28

Glucose in the intestine results in the activation of enteroendocrine cells, release of incretin

hormones and serotonin, and subsequent activation of vagal afferents.29,30 Sugar and other

sweeteners can activate lingual and intestinal sweet taste receptors without glucose

absorption.3,4,31 Activation of lingual G-protein–coupled receptors of the T1R family that

mediate sweet taste in the mouth will increase neuronal activity in the rostral NTS via

activation of sensory neurons in the chorda tympani. In contrast, evidence for the activation

of the vagal afferent pathways by ligands of intestinal sweet taste receptors on

enteroendocrine cells has not been reported, and such activation can only produce local

changes in gastrointestinal function.32 In contrast to lingual and intestinal sweet taste

receptors, other glucose-sensing pathways, such as adenosine triphosphate–activated K

channels in the endocrine pancreas and intestine, depend on absorption and metabolism of

glucose, and will be differentially activated by nutritive and non-nutritive sweeteners.5,6 As

we compared brain responses between 2 drinks of similar sweetness but significantly

different sucrose content, one might speculate that the greater HF power in the NTS after the

high-sucrose drink was related primarily to differences in the activation of intestinal vagal

afferents by mechanisms other than sweet taste receptor activation. However, alternative
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explanations, including greater gastric vagal stimulation by a slower emptying of the high-

sucrose drink cannot be ruled out.33

In addition to the hypothesized greater activation of intestinal vagal afferents by absorbed

glucose, it is also possible that an increase in plasma glucose associated with the high-

sucrose drink might stimulate glucose sensors in the portal vein,34 or on central neurons,

including those in the NTS. However, the fact that the increase in HF power during the high-

sucrose condition was seen as early as 10–15 minutes after beverage consumption, when

peripheral blood glucose and GLP-1 levels are most likely just beginning to rise,35 suggests

that this effect does not depend on near-maximal levels of peripheral blood glucose or

GLP-1 and might reflect more direct enteric-central nervous system communication.

Activation of vagal afferents after oral glucose has been shown in rats to occur relatively

quickly, within 5–6 minutes.36

Evidence for Altered Homeostatic and Reward Systems in Obese

Although the low- and high-sucrose beverages did not differ in terms of subjective taste,

obese women rated the taste of both beverages lower than lean women, consistent with a

reduced hedonic response. For obese women, but not lean women, these taste ratings were

negatively associated with subsequent intrinsic oscillatory dynamics of 2 homeostatic

regions (NTS and hypothalamus), eg, more positive taste ratings correlated with less HF

power in the NTS, and with less LF power in the right lateral hypothalamus, suggesting a

connection between reduced hedonic experience and homeostatic activity not seen in lean

women.

Although HF power in the NTS increased after high-sucrose ingestion for both lean and

obese women, the functional connectivity of the NTS with other brain regions at the same

oscillation frequency differed between the groups. Lean subjects demonstrated greater

connectivity of the NTS and PCC, a major node of the default mode network involved in

self-related processes.37 Engagement of the PCC has been observed during the cognitive

reappraisal of food.38 Although the precise behavioral correlate of synchronized oscillation

within different brain regions remains to be determined, one may speculate that the greater

synchrony of HF oscillations in a homeostatic input region (NTS) and the PCC reflect

greater incorporation of homeostatic input signals in the perception of food relevance to self,

in lean women compared with obese women.

The functional connectivity of the right lateral hypothalamus within the LF domain differed

between the groups, especially after high-sucrose ingestion. The lateral hypothalamus is

involved in the coordination of homeostatic and reward systems.1 Lean women showed

greater positive functional connectivity between the lateral hypothalamus and the posterior

insula, which is the primary viscerosensory cortex and part of the homeostatic afferent brain

network.39 In addition, greater lateral hypothalamus functional connectivity in lean women

was observed with BA43, a region associated with processing oral somatosensory aspects of

gustatory stimuli.40 In contrast, obese women demonstrated greater functional connectivity

of the right lateral hypothalamus with the putamen. The putamen is part of the dorsal

striatum and is involved in reward-related functions, including those related to ingestive

behavior, such as approach or avoidance of food.41 These results suggest differential
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coordination between lateral hypothalamus LF oscillations and oscillations within the

homeostatic and reward systems, such that obese women have enhanced coordination with a

reward region and weaker coordination with homeostatic and gustatory regions compared

with lean women.

Limitations of the study

The separation of frequency bands used in this analysis was based on the observation that

behaviorally relevant brain oscillations have linearly distributed center frequencies on the

natural logarithmic scale.8 However, little is known about the functional relevance of these

bands. Given that activation of brain regions through a task has been shown to shift

frequency distribution toward higher frequencies,42 one possible interpretation of the

increased HF power in the NTS is that neural activity in this brain region is increased;

however, other possibilities exist. The BOLD signal within a brain voxel combines signals

from multiple neuronal populations, and it is possible that the contribution of the signal from

a particular population is enhanced during sucrose ingestion. Cardiovascular and other

physiological artifacts could potentially be affected by carbohydrate ingestion and also

affect spectral properties. Cardiac-related pulsatile brainstem movements and blood flow

could affect BOLD signals at or in multiples of the heart rate. Even though autonomic

parameters were not collected, the current study minimized the impact of physiological

noise by regression of cerebral spinal fluid and white matter signals before filtering and

calculation of frequency power.43 Also, physiological noise is minimal in slow-4 and slow-5

frequency bands, and is strongest in slow-2, a band not used in this study.7

The current study was not designed to define the relative roles of various mechanisms

underlying glucose-induced gut to brain signaling, including the role of blood glucose,

incretins, and insulin. For example, as we only examined brain activity occurring 10–20

minutes after beverage consumption, future studies are needed to provide a greater temporal

profile of brain activity during nutrient metabolism and correlations of these profiles with

endocrine and neurocrine mechanisms. In addition, the sample size of the current study (and

of the pilot test of beverage similarity) was small, and the results need to be replicated in a

larger sample. Finally, the hypothalamus demonstrated changes in a very small spatial

extent. As the hypothalamus is a small structure consisting of multiple nuclei, it is possible

that the results reflect alterations in a particular nucleus. The robustness of the results will

need to be demonstrated with future studies.

Previous investigations of the impact of food intake on brain processes have typically

employed task fMRI, in which the brain’s response to visual food cues in the context of

different physiological states are compared. In contrast, examination of intrinsic fluctuations

in the BOLD signal provides an opportunity to study neurobiologic features associated with

the physiologic state itself without the use of external cues. Also, the most popular designs

compare ingestion of a meal with fasting or compare ingestion of glucose with water. These

conditions differ in terms of sweet taste receptor activation, as well as vagal stimulation, due

to the absorption of nutrients within the gut. The current study employed a design that better

isolates the effect of vagal stimulation due to nutrient absorption on intrinsic brain activity.

This study demonstrates effects of a high-calorie sucrose drink on key regions involved in
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food homeostasis (NTS and other brain stem regions). In addition, it revealed differences in

functional connectivity between lean and obese subjects providing support for altered

interaction between homeostatic and reward networks in obese individuals.

To our knowledge, this is the first use of this approach to identify brain-circuit abnormalities

related to ingestive behavior in obese subjects. The findings demonstrate the feasibility of

examining intrinsic BOLD activity to study central effects of food intake and to identify

differences between normal-weight and obese individuals. Frequency-based analysis of

intrinsic activity and connectivity appears to be a sensitive, simple measure of the brain’s

response to nutrient ingestion, and might be useful as a biomarker in the study of obesity.
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Figure 1.
Summary of procedures is given. On each scanning day, subjects completed hunger ratings

immediately before and after beverage consumption (high or low sucrose). Commencing 10

minutes after consumption, subjects were scanned while resting for an additional 10

minutes.
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Figure 2.
Activity in brainstem regions demonstrated sucrose-related redistribution of frequency

power. Red: reduced LF/MF frequency power after ingestion of a high-sucrose beverage

compared with a low-sucrose beverage in both lean and obese women. Blue: greater HF

frequency power after ingestion of a high-sucrose beverage compared with a low-sucrose

beverage in both lean and obese women. Green: greater HF frequency power in lean

compared with obese women regardless of drink condition. NTS is shown circled. frequency

for lean women compared with obese women (Figure 2).
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Figure 3.
Power within each frequency band is graphed for NTS (A) and hypothalamus (B).

Kilpatrick et al. Page 16

Gastroenterology. Author manuscript; available in PMC 2014 July 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Kilpatrick et al. Page 17

T
ab

le
 1

M
ea

ns
 a

nd
 S

ta
nd

ar
d 

E
rr

or
s 

fo
r 

A
ge

, B
od

y 
M

as
s 

In
de

x,
 S

ym
pt

om
, T

as
te

, a
nd

 A
pp

et
ite

 R
at

in
gs

 (
B

ef
or

e 
an

d 
A

ft
er

 B
ev

er
ag

e 
C

on
su

m
pt

io
n)

L
ea

n
O

be
se

A
ge

24
.9

1 
(1

.2
4)

27
.6

4 
(1

.8
7)

B
M

I
22

.3
9 

(0
.4

5)
32

.8
2 

(0
.6

8)
a

D
ep

re
ss

io
n

1.
09

 (
.3

7)
2.

36
 (

.4
3)

a

A
nx

ie
ty

5.
45

 (
1.

16
)

4.
76

 (
.9

8)

L
ow

 s
uc

ro
se

H
ig

h 
su

cr
os

e
L

ow
 s

uc
ro

se
H

ig
h 

su
cr

os
e

T
as

te
8.

18
 (

.3
9)

7.
73

 (
.5

0)
6.

86
(.

61
)a

5.
73

 (
.7

1)
a

H
un

ge
r

 
B

ef
or

e
5.

46
 (

.5
5)

5.
59

 (
.8

1)
5.

50
(.

54
)

5.
68

 (
.4

4)

 
A

ft
er

4.
59

 (
.7

7)
4.

09
 (

.7
2)

b
4.

91
(.

50
)

5.
27

 (
.4

9)

Sa
tis

fa
ct

io
n

 
B

ef
or

e
1.

46
 (

.3
7)

1.
46

 (
.3

1)
2.

46
(.

52
)

2.
09

 (
.4

9)

 
A

ft
er

3.
41

 (
.6

0)
b

3.
41

(.
58

)b
3.

50
(.

42
)b

4.
14

 (
.5

0)
b

D
es

ir
e 

fo
r 

sw
ee

tn
es

s

 
B

ef
or

e
5.

32
 (

.6
6)

6.
82

 (
.9

6)
4.

59
(.

59
)

5.
41

 (
.6

9)

 
A

ft
er

4.
14

 (
.7

4)
3.

14
 (

.6
5)

b
2.

64
(.

32
)b

3.
32

 (
.7

4)
b

N
O

T
E

. V
al

ue
s 

ar
e 

m
ea

n 
(S

E
).

B
M

I,
 b

od
y 

m
as

s 
in

de
x 

(c
al

cu
la

te
d 

as
 k

g/
m

2 )
.

a P
 <

 .0
5 

be
tw

ee
n 

gr
ou

p 
co

m
pa

ri
so

n.

b P
 <

 .0
5 

w
ith

in
 g

ro
up

 c
om

pa
ri

so
n.

Gastroenterology. Author manuscript; available in PMC 2014 July 28.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Kilpatrick et al. Page 18

T
ab

le
 2

Pe
ak

 C
oo

rd
in

at
es

 (
M

on
tr

ea
l N

eu
ro

lo
gi

ca
l I

ns
tit

ut
e)

 o
f 

B
ra

in
 R

eg
io

ns
 D

em
on

st
ra

tin
g 

Si
gn

if
ic

an
t S

uc
ro

se
 o

r 
G

ro
up

-R
el

at
ed

 D
if

fe
re

nc
es

 in
 T

em
po

ra
l

D
yn

am
ic

s

R
eg

io
n

C
on

tr
as

t
H

em
is

ph
er

e
X

Y
Z

T
P

 v
al

ue
a

P
(q

)b
C

lu
st

er
 s

iz
e

Sl
ow

-5

Po
nt

in
e/

tr
ig

em
in

al
 n

uc
le

i
L

ow
>

hi
gh

 s
uc

ro
se

L
ef

t
−

10
−

24
−

28
4.

58
<

.0
01

.0
05

73

 
L

C
C

L
ow

>
hi

gh
 s

uc
ro

se
B

ila
te

ra
l

−
2

−
38

−
20

4.
24

.0
19

.0
32

28

 
PA

G
L

ow
>

hi
gh

 s
uc

ro
se

B
ila

te
ra

l
0

−
30

−
2

4.
53

.0
17

.0
32

29

 
H

yp
ot

ha
la

m
us

In
te

ra
ct

io
n

R
ig

ht
8

−
2

−
4

3.
99

.0
19

.0
57

2

Sl
ow

-4

 
R

et
ic

ul
ar

 n
uc

le
i

L
ow

>
hi

gh
 s

uc
ro

se
B

ila
te

ra
l

0
−

32
−

48
3.

98
.0

41
.0

47
19

Sl
ow

-3

 
N

T
S

H
ig

h>
lo

w
 s

uc
ro

se
B

ila
te

ra
l

−
4

−
38

−
44

4.
85

.0
47

.0
47

19

L
C

C
, l

oc
us

 c
oe

ru
le

us
; P

A
G

, p
er

ia
qu

ed
uc

ta
l g

ra
y.

a P
 v

al
ue

 is
 c

or
re

ct
ed

 f
or

 s
m

al
l v

ol
um

e 
an

d 
fa

m
ily

w
is

e 
er

ro
r.

b P
(q

) 
is

 f
ur

th
er

 c
or

re
ct

ed
 b

y 
fa

ls
e 

di
sc

ov
er

y 
ra

te
 (

FD
R

) 
du

e 
to

 m
ul

tip
le

 c
om

pa
ri

so
ns

 f
or

 th
e 

3 
ba

nd
s.

Gastroenterology. Author manuscript; available in PMC 2014 July 28.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Kilpatrick et al. Page 19

T
ab

le
 3

Pe
ak

 C
oo

rd
in

at
es

 (
M

on
tr

ea
l N

eu
ro

lo
gi

ca
l I

ns
tit

ut
e)

 o
f 

B
ra

in
 R

eg
io

ns
 D

em
on

st
ra

tin
g 

Si
gn

if
ic

an
t G

ro
up

-R
el

at
ed

 D
if

fe
re

nc
es

 in
 F

un
ct

io
na

l C
on

ne
ct

iv
ity

 o
f

th
e 

H
yp

ot
ha

la
m

us
 a

nd
 N

T
S

R
eg

io
n

C
on

tr
as

t
H

em
is

ph
er

e
X

Y
Z

B
SR

P
 v

al
ue

C
lu

st
er

 s
iz

e

Sl
ow

-5
 H

Y
P 

fu
nc

tio
na

l c
on

ne
ct

iv
ity

 a
cr

os
s 

dr
in

k 
co

nd
iti

on
s

pI
N

S
L

ea
n 

>
 o

be
se

R
ig

ht
38

−
20

10
4.

89
<

.0
01

39

B
A

43
L

ea
n 

>
 o

be
se

R
ig

ht
58

−
6

16
4.

32
<

.0
01

74

Pu
ta

m
en

O
be

se
 >

 le
an

R
ig

ht
16

4
−

4
5.

26
<

.0
01

85

C
er

eb
el

lu
m

O
be

se
 >

 le
an

R
ig

ht
20

−
76

−
38

4.
74

<
.0

01
33

Sl
ow

-5
 H

Y
P 

fu
nc

tio
na

l c
on

ne
ct

iv
ity

 d
ur

in
g 

hi
gh

 s
uc

ro
se

pI
N

S
L

ea
n 

>
 o

be
se

R
ig

ht
38

−
18

10
5.

99
<

.0
01

31

B
A

7
L

ea
n 

>
 o

be
se

R
ig

ht
24

−
72

38
5.

84
<

.0
01

62

B
A

43
L

ea
n 

>
 o

be
se

R
ig

ht
56

−
8

12
5.

23
<

.0
01

48

B
A

31
L

ea
n 

>
 o

be
se

L
ef

t
−

20
−

72
20

4.
81

<
.0

01
38

aI
N

S
L

ea
n 

>
 o

be
se

R
ig

ht
34

−
14

20
4.

72
<

.0
01

33

B
A

40
L

ea
n 

>
 o

be
se

L
ef

t
−

60
−

28
28

4.
58

<
.0

01
43

B
A

6
L

ea
n 

>
 o

be
se

L
ef

t
−

16
−

24
80

4.
23

<
.0

01
33

Pu
ta

m
en

O
be

se
 >

 le
an

R
ig

ht
16

4
−

2
6.

31
<

.0
01

32

B
A

10
O

be
se

 >
 le

an
R

ig
ht

16
54

22
5.

98
<

.0
01

44

C
er

eb
el

lu
m

O
be

se
 >

 le
an

R
ig

ht
36

−
46

−
36

5.
39

<
.0

01
48

C
er

eb
el

lu
m

O
be

se
 >

 le
an

R
ig

ht
32

−
90

−
30

5.
35

<
.0

01
69

Sl
ow

-3
 N

T
S 

fu
nc

tio
na

l c
on

ne
ct

iv
ity

 a
cr

os
s 

dr
in

k 
co

nd
iti

on
s

PC
C

 (
B

A
23

)
L

ea
n 

>
 o

be
se

R
ig

ht
8

−
46

24
5.

64
<

.0
01

78

C
er

eb
el

lu
m

L
ea

n 
>

 o
be

se
L

ef
t

−
28

−
70

−
28

5.
31

<
.0

01
65

C
er

eb
el

lu
m

L
ea

n 
>

 o
be

se
R

ig
ht

16
−

74
−

22
4.

56
<

.0
01

40

PC
C

 (
B

A
30

)
L

ea
n 

>
 o

be
se

L
ef

t
−

12
−

66
8

4.
45

<
.0

01
58

B
A

22
L

ea
n 

>
 o

be
se

R
ig

ht
58

−
10

−
6

4.
31

<
.0

01
42

B
A

31
L

ea
n 

>
 o

be
se

R
ig

ht
26

−
64

22
4.

28
<

.0
01

32

PC
C

 (
B

A
30

)
L

ea
n 

>
 o

be
se

R
ig

ht
12

−
58

6
3.

82
.0

01
38

Sl
ow

-3
 N

T
S 

fu
nc

tio
na

l c
on

ne
ct

iv
ity

 d
ur

in
g 

hi
gh

 s
uc

ro
se

B
A

7
L

ea
n 

>
 o

be
se

L
ef

t
−

28
−

54
66

4.
96

<
.0

01
39

Gastroenterology. Author manuscript; available in PMC 2014 July 28.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Kilpatrick et al. Page 20

R
eg

io
n

C
on

tr
as

t
H

em
is

ph
er

e
X

Y
Z

B
SR

P
 v

al
ue

C
lu

st
er

 s
iz

e

B
A

8
L

ea
n 

>
 o

be
se

B
ila

te
ra

l
0

26
50

4.
91

<
.0

01
32

A
C

C
 (

B
A

32
)

L
ea

n 
>

 o
be

se
R

ig
ht

24
2

44
4.

52
<

.0
01

30

A
C

C
, a

nt
er

io
r 

ci
ng

ul
at

e 
co

rt
ex

; a
IN

S,
 a

nt
er

io
r 

in
su

la
; B

SR
, b

oo
ts

tr
ap

 r
at

io
; H

Y
P,

 h
yp

ot
ha

la
m

us
; p

IN
S,

 p
os

te
ri

or
 in

su
la

.

Gastroenterology. Author manuscript; available in PMC 2014 July 28.




