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Abstract: The hypothalamus is of enormous importance for multiple bodily functions such as energy
homeostasis. Especially, rodent studies have greatly contributed to our understanding how specific
hypothalamic subregions integrate peripheral and central signals into the brain to control food intake.
In humans, however, the neural circuitry of the hypothalamus, with its different subregions, has not
been delineated. Hence, the aim of this study was to map the hypothalamus network using resting-
state functional connectivity (FC) analyses from the medial hypothalamus (MH) and lateral hypothala-
mus (LH) in healthy normal-weight adults (n 5 49). Furthermore, in a separate sample, we examined
differences within the LH and MH networks between healthy normal-weight (n 5 25) versus over-
weight/obese adults (n 5 23). FC patterns from the LH and MH revealed significant connections to the
striatum, thalamus, brainstem, orbitofrontal cortex, middle and posterior cingulum and temporal brain
regions. However, our analysis revealed subtler distinctions within hypothalamic subregions. The LH
was functionally stronger connected to the dorsal striatum, anterior cingulum, and frontal operculum,
while the MH showed stronger functional connections to the nucleus accumbens and medial
orbitofrontal cortex. Furthermore, overweight/obese participants revealed heightened FC in the orbito-
frontal cortex and nucleus accumbens within the MH network. Our results indicate that the MH and
LH network are tapped into different parts of the dopaminergic circuitry of the brain, potentially
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modulating food reward based on the functional connections to the ventral and dorsal striatum,
respectively. In obese adults, FC changes were observed in the MH network. Hum Brain Mapp
35:6088–6096, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

The hypothalamus is a small but functionally diverse
region of the brain [Saper, 1990] controlling vital bodily
functions, such as sleep, thermoregulation, food and fluid
homeostasis, sexual behavior, stress, immune responses,
and autonomic and endocrine functions. The profound
regulatory influence of hypothalamic subregions in energy
intake and feeding behavior was first revealed by lesion
studies in rats [Anand and Brobeck, 1951; Brobeck, 1946;
Grossman, 1975; Hetherington and Ranson, 1942; Jansen
and Hutchison, 1969; Marshall and Mayer, 1956; Oomura,
1973]. Hereby, it was shown that lesions of the hypothala-
mic ventromedial nuclei induced an abnormal increase in
appetite and food intake (“satiety center”), by contrast a
destruction of the lateral hypothalamus (LH) reduced food
intake and motivation for pleasurable stimuli (“hunger
center”), whereas stimulation of the LH could induce feed-
ing as well as reward and motivate behavior [Margules
and Olds, 1962]. Since then considerable insight has been
gained emphasizing the importance of the hypothalamus
as a dynamic integrative center highly influencing central
and peripheral nervous systems [Card, 2001]. Significantly,
rodent studies have greatly contributed in identifying the
blueprint of the hypothalamic feeding circuits, by reveal-
ing rich connections from and to the hypothalamus espe-
cially projections of the limbic system [Kampe et al., 2009;
Kelley et al., 2005]. The greatest attention in animal
research, however, has been turned to the arcuate nucleus
(near the ventromedial hypothalamus), with its two dis-
tinct local counterparts of the pro-opiomelanocortin cells
(agouti-related-protein and neuropeptide Y producing
cells) to regulate energy balance. These neural systems are
directly targeted by peripheral metabolic signals in an
effective manner, due to the privileged location at the
basal part of the hypothalamus, a region with a leaky
blood-brain barrier [Horvath, 2005; Williams and Elmquist,
2012].

Beyond animal studies, several human brain imaging
studies have shown that the hypothalamus plays a critical
role in energy balance. These studies have found the hypo-
thalamus to respond to glucose [Heni et al., 2013; Liu
et al., 2000; Smeets et al., 2005, 2007] and fat [De Araujo
and Rolls, 2004; Frank et al., 2012] with a profound and
persistent signal decrease after ingestion [Frank et al.,
2012]. Interestingly, diabetes type 2 patients failed to show
this response to glucose [Vidarsdottir et al., 2007], while
obese individuals showed an attenuated response

[Matsuda et al., 1999] with partial reversibility after mas-
sive reduction of body weight by hypocaloric diet [van de
Sande-Lee et al., 2011]. Furthermore, obesity has been
associated with neural injury in the hypothalamus [Thaler
et al., 2011]. However, eating behavior is not exclusively
regulated by the hypothalamus, instead other brain areas,
such as the striatum and higher-order cortical areas, are in
the greater circuitry of the energy regulator (for review see
[Berthoud, 2012; Kenny, 2011; Volkow et al., 2013]). In par-
ticular, obesity is associated with blunted dopamine sig-
naling [Wang et al., 2001] and increased responsivity to
palatable food in the striatum [Rothemund et al., 2007;
Stice et al., 2011; Stoeckel et al., 2008] and reduced respon-
sivity in the prefrontal cortex [Hare et al., 2011], which is
important for self control.

In humans, no study has yet investigated how different
hypothalamic subregions integrate into a more distributed
neural network including higher cortical regions underly-
ing eating behavior. Hence in this study, we sought to
map the neural circuitry projected from the medial hypo-
thalamus (MH) and LH, by means of “resting-state” func-
tional magnetic resonance imaging in healthy normal-
weight adults. Additionally, we examined potential
changes on hypothalamic connections in normal-weight
versus obese/overweight adults in a separate sample.

MATERIAL AND METHODS

Our participants took part in one of two different study
designs (sample 1 and sample 2) under different condi-
tions. Hence we did not combine the participants for
analyses.

All participants of sample 1 and sample 2 were healthy
as ascertained by a physician; they did not suffer from
psychiatric, neurological nor metabolic diseases. Any vol-
unteer treated for chronic disease or taking any kind of
medication other than oral contraceptives was excluded at
screening. Before the experiment, participants rated their
subjective feeling of hunger on a visual analogue scale
from 0 to 10 (0: not hungry at all; 10: very hungry).
Informed written consent was obtained from all subjects
and the local Ethics Committee approved the protocol.

Participants sample 1: The sample consisted of 49
healthy normal-weight adults (Gender: 36 women, 13 men;
age 29 6 9.41 years; BMI (in kg/m2): 22.09 6 2.05). Resting-
state functional magnetic resonance imaging (fMRI) meas-
urements were conducted in the morning and afternoon 1
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to 4 h after a meal. The average rating for subjective feel-
ing of hunger was 1.26 6 1.76.

Participants sample 2: The sample consisted of 25
normal-weight participants (10 women, age 26.3 6 3.6
years; BMI (in kg/m2): 22.59 6 1.99) and 23 overweight
and obese participants (10 women, age 27.52 6 3.5 years;
BMI (in kg/m2): 31.26 6 4.77). Resting-state fMRI measure-
ments were conducted in the morning after an overnight
fast of at least 10 h. The average rating for subjective feel-
ing of hunger was 3.99 6 2.5.

Data Acquisition

Whole-brain fMRI data was obtained using a 3.0 T scan-
ner (Siemens Tim Trio, Erlangen, Germany). Functional
data were collected using echo-planar imaging sequences.
All subjects were instructed not to focus their thoughts on
anything in particular and to keep their eyes closed during
the resting state MR acquisition. Based on different
sequence parameters, participants of sample 1 and sample
2 were not combined into a single analysis.

For sample 1, the following sequence was used:
TR 5 3 s, TE 5 30 ms, FOV 5 192 mm2, matrix 64 3 64, flip
angle 90�, voxel size 3 3 3 3 3 mm3, slice thickness 3 mm,
and the images were acquired in an interleaved order.
Each brain volume comprised 47 axial slices and each
functional run contained 200 image volumes, resulting in a
total scan time of 10.06 min.

For sample 2 the following sequence was used: TR 5 2 s,
TE 5 30 ms, FOV 5 210 mm2,matrix 64 3 64, flip angle 90�,
voxel size 3 3 3 3 3.6 mm3, slice thickness 3.6 mm,
images were acquired in ascending order. Each brain vol-
ume comprised 26 axial slices and each functional run
contained 176 image volumes, resulting in a total scan
time of 6:04 min. In addition, high-resolution T1 weighted
anatomical images (MPRage: 192 slices, matrix: 256 3 240,
1 3 1 31 mm3) of the brain were obtained.

Resting-State fMRI Data Processing

Preprocessing was carried out using data processing
assistant for resting-state fMRI [Chao-Gan and Yu-Feng,
2010] (http://www.restfmri.net) which is based on statisti-
cal parametric mapping (SPM8) (http://www.fil.ion.ucl.ac.
uk/spm) and Resting-State fMRI Data Analysis Toolkit
[Song et al., 2011] (REST, http://www.restfmri.net). Func-
tional images were realigned and coregistered to the T1
structural image. The anatomical image was normalized to
the Montreal Neurological Institute template using DAR-
TEL, and the resulting parameter file was used to normal-
ize the functional images (voxel size: 3 3 3 3 3 mm3).
Finally the normalized images were smoothed with a
three-dimensional isotropic Gaussian kernel (full-width at
half-maximum (FWHM): 6 mm). A temporal filter (0.01–
0.08 Hz) was applied to reduce low frequency drifts and
high frequency physiological noise. Nuisance regression

was performed using white matter, cerebrospinal fluid
(CSF), and the six head motion parameters as covariates.
No participant had head motion with more than 2.0 mm
maximum displacement or 2.0� of any angular motion.

Resting-State Functional Connectivity Analyses

Functional connectivity (FC) maps were obtained using
the voxel wise approach by computing FC between the
region of interest (ROI) and each voxel within the brain.
We defined two ROIs according to Baroncini et al. [2012]:
the bilateral LH (x: 66; y: 29; z: 210 plus 2 mm sphere)
and MH (x: 64; y: 22; z: 212 plus 2 mm sphere) (Fig. 1).
The MH included the arcuate nucleus, ventromedial and
parts of the dorsomedial hypothalamus. To minimize
overlap between the two ROIs, we chose the peak voxel
of the LH to be in the posterior part of the LH according
to Baroncini et al. [2012] The FC maps were transferred
to z values using Fisher’s transformation [Song et al.,
2011].

Statistical Analyses

For sample 1, FC maps were then analyzed in SPM8
using a full-factorial model (within group factor: ROI)
including three covariates to adjust for age, gender, and
subjective feeling of hunger. For sample 2, a full-factorial
model (between-subject factor: normal- versus overweight
and within factor: ROI) including three covariates to adjust
for age, gender, and subjective feeling of hunger. Brain
regions exceeding a threshold of P< 0.05, Family-wise-
error (FWE) corrected for multiple comparisons were con-
sidered significant.

RESULTS

Identifying Lateral Versus Medial Hypothalamus

Functional Connectivity Networks

In sample 1, the LH and MH functional connectivity
network (LH and MH conjunction contrast) included the

Figure 1.

Hypothalamic regions of interests used as seeds for FC analyses.

Blue seed represents the MH and the green seed the LH dis-

played on an anatomical template.
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ventral striatum, caudate, putamen, pallidum, thalamus,
midbrain, middle and posterior cingulum, inferior orbito-
frontal gyrus, temporal regions, and cerebellum. The dif-
ferential contrast (LH>MH) revealed a stronger FC
between the LH and the caudate, putamen (dorsal stria-
tum), anterior cingulum, thalamus, and frontal operculum.
The medial hypothalamus (MH>LH contrast) showed
stronger FC to the nucleus accumbens (ventral striatum)
medial orbitofrontal cortex and occipital gyrus (P< 0.05,
FWE-corrected, Table I, Fig. 2).

Hypothalamic Functional Connectivity Networks

in Normal-Weight and Overweight/Obese Adults

In sample 2, the LH and MH network showed a similar
FC pattern as in sample 1. However, the LH network, in this
sample, showed additional functional connections to parietal
and frontal regions, hippocampus, cerebellum, and brain
stem (P< 0.05, FWE-corrected, Table II, Fig. 3). Additionally,
we observed significant group differences (over-
weight>normal-weight contrast) within the MH network,
revealing increased FC in the middle orbital frontal gyrus

and nucleus accumbens in overweight compared to normal-
weight participants (P< 0.05, FWE-corrected, Table II, Fig. 4).

DISCUSSION

The hypothalamus is organized into well structured sub-
regions exerting vital regulatory influences over the central
and peripheral nervous system. In humans, what has here-
tofore remained unclear is how different hypothalamic
subregions are functionally connected to their associated
neural networks to integrate food-related sensory informa-
tion and metabolic cues.

In this study, we identified two distinct neural networks
from the LH and MH by means of “resting-state” FC anal-
yses. In healthy normal-weight adults, both circuitries
showed significant connections to the striatum, thalamus,
brainstem, orbitofrontal cortex (OFC), cingulum, and tem-
poral regions. However, the LH network revealed stronger
connections to the dorsal striatum, anterior cingulum, and
frontal operculum, while the MH revealed stronger con-
nections to the nucleus accumbens and medial OFC.

TABLE I. Sample 1: Peak coordinates of hypothalamus intrinsic functional connectivity networks in healthy normal-

weight participants (n 5 49)

Activated region Brodmann’s area Peak location (x, y, z)a Cluster size T score

Hypothalamus functional connectivity network: LH and MH conjuction
Ventral striatum/nucleus accumbens 29, 6, 26 40 11.18
Caudate 212, 21, 3 104 9.21
Putamen 215, 9, 29 38 9.77
Cerebellum 45, 260, 233 205 9.20
Pallidum 215, 26, 26 20 8.92
Thalamus 29, 233, 3 111 8.16
Posterior cingulum 7 0, 275, 36 606 7.94
Parahippocampal gyrus 35 18, 230, 212 355 7.35
Inferior frontal orbital gyrus 11 30, 33, 215 84 6.40
Superior temporal gyrus 37 45, 24, 218 17 6.38
Fusiform gyrus 34 233, 236, 218 117 6.24
Middle temporal gyrus 19 245, 278, 21 216 6.19
Middle cingulum 32 0, 24, 36 49 5.92
Midbrain (brainstem) 26, 221, 224 20 5.85

LH>MH
Caudate 12, 9, 0 130 10.42
Putamen 215, 3, 0 232 9.96
Anterior cingulum 24 26, 33, 9 305 9.52
Thalamus 218, 221, 3 241 8.45
Inferior frontal operculum 32 42, 15, 9 30 6.70

MH>LH
Sup orbital frontal gyrus Orbitofrontal cortex 11 9, 60, 221 14 4.91
Superior occipital gyrus 19 215, 293, 36 64 4.65
Ventral striatum/Nucleus accumbens 26,9,29 28 4.57
Inferior occipital gyrus 19 42, 278, 3 73 4.26

Note: all regions are P< 0.05 whole-brain FWE-corrected for multiple comparisons.
aMontreal Neurological Institute.
Abbreviations: LH, lateral hypothalamus; MH, medial hypothalamus.

r Hypothalamus Functional Connectivity Networks r

r 6091 r



Interestingly, we identified only in the MH network
increased FC in obese and overweight adults. Based on
the FC pattern, we hypothesize that the different hypothal-
amus subregions impinge on the dopaminergic circuitry to
influence eating behavior affecting the rewarding proper-
ties of food.

Brain regions within the MH network included the ven-
tral striatum (i.e., nucleus accumbens), OFC, and occipital
gyrus, reflecting major components of reward and motiva-
tion. The OFC has been shown to encode general reward
value for food cues [Simmons et al., 2013]. Furthermore,
several studies have illustrated that the OFC is involved in
the integration of different food modalities and in reward
evaluation [Kringelbach and Rolls, 2004; Rolls and Baylis,
1994; Small et al., 2001]. Albeit, the occipital cortex is not
primarily indicated in reward processing, recent imaging
studies have shown hypoactivity in visual processing
regions involved in attention when participants inhibit
their craving [Volkow et al., 2010] or rewarding stimuli
[O’Connor et al., 2012]. Furthermore, the lateral occipital
cortex was identified to track energy value of food images
in a electroencephalography study [Toepel et al., 2009] and
showed task related reduced FC in overweight and obese
subjects in response to visual food stimulation [Kullmann
et al., 2013b].

The ventral striatum, including the nucleus accumbens,
revealed the most prominent FC to the MH. The nucleus
accumbens is a important hedonic hotspot in the brain,
amplifying sensory pleasure [Berridge et al., 2010]. Reward
processes in the ventral striatum initially drive the motiva-
tion to repeat a certain behavior as drug or also food
intake [Tomasi and Volkow, 2013]. Dopamine is hypothe-
sized to promote these reward related activities [Pal-
miter, 2007] and has been thoroughly investigated in the
effects of drugs and food [Volkow et al., 2013]. Indeed
obesity has been linked to lower striatal dopamine D2
receptor availability in humans [Wang et al., 2001] and
increased responsivity to food cues in the dorsal and ven-
tral striatum [Rothemund et al., 2007; Stice et al., 2011;
Stoeckel et al., 2008]. Interestingly, the ventral pallidum
activity has been shown to increase with subject’s pleas-
antness ratings for a particular food [Simmons et al., 2013]
and dopamine levels correlate with subjective ratings of
wanting in the dorsal striatum [Volkow et al., 2002]. Also
overeating has been shown to produce blunted dopamine
signaling, reducing D2 receptor density and sensitivity
[Johnson and Kenny, 2010] and increasing responsitivity to
food cues [Stice et al., 2010] and palatable food receipt
[Stice et al., 2011]. Furthermore, hormones essential for
feeding behavior, as insulin, leptin, and ghrelin, directly

Figure 2.

Sample 1: Hypothalamus functional connectivity network from

the LH and MH (n 5 49; healthy normal-weight participants)

overlaid on t1 template, showing sagittal, coronal, and axial view

(P< 0.05, FWE-corrected for multiple comparisons). Blue:

regions functionally connected to the LH but not the MH

(LH>MH contrast). Green: regions functionally connected to

the MH but not the LH (MH> LH contrast). Magenta: regions

functionally connected to both lateral and medial hypothalamus

(LH and MH conjunction). Abbreviations: LH, lateral hypothala-

mus; MH, medial hypothalamus.
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modulate dopamine neuron activity to stimulate or inhibit
feeding. Insulin, reflecting carbohydrate abundance, sup-
presses dopamine release by facilitating the clearing of
dopamine from synapses; hence reducing the rewarding
properties of food [Figlewicz and Sipols, 2010; Figlewicz
et al., 1994]. In humans, we were able to show that fasting
insulin as well as intranasal insulin modulates central ele-
ments of the reward system by decreasing resting-state
brain activity in the OFC and striatum [Heni et al., 2012;
Kullmann et al., 2012, 2013a]. In this study, we found a
hyperactive reward system in our obese group resulting in
increased FC in the OFC and nucleus accumbens within
MH network. Since the MH is considered to be the
“satiety center” of the brain, the altered FC pattern could
lead to an amplified response to food cues in the ventral
striatum, promoting increased sensitivity to immediate
reward and overconsumption of high caloric foods.

Yet, as mentioned above, altered dopamine signaling in
obesity has been identified within the ventral as well as dor-
sal striatum. It has been suggested that for food reward
processes, the homeostatic system of the brain takes advant-

age of the dopaminergic circuitry to initially drive the moti-
vational aspect for food in the ventral striatum and then
subsequently use the dorsal striatal outputs to other cortical
areas to couple motivation with motor responses needed for
goal directed behavior [Tomasi and Volkow, 2013; Volkow
et al., 2013]. Thus the dorsal striatum is of special impor-
tance to consume the reward. Concomitantly, the reduced
dopamine D2 receptor availability in the striatum in obese
individuals has been shown to correlate with prefrontal
metabolism of the anterior cingulate, orbitofrontal, and dor-
solateral prefrontal cortices [Volkow et al., 2008].

Interestingly, the LH network, in our study, encompassed
the dorsal striatum, thalamus, midbrain, operculum, anterior
cingulate, and prefrontal cortex. This suggest that the LH is
integrated into the dorsal striatum and cingulo-opercular
network, which is thought to play a crucial role in goal-
directed behavior [Dosenbach et al., 2006; Laird et al., 2011]
and has been proposed as a translational network linking
cognition and emotion or salience processing, respectively
[Laird et al., 2011]. The opercular and anterior cingulate cor-
tex respond to personal salience including motivational,

TABLE II. Sample 2: Peak coordinates of hypothalamus intrinsic functional connectivity networks in healthy

normal-weight and overweight participants (n 5 48)

Activated region Brodmann’s area Peak location (x, y, z)a Cluster size T score

Hypothalamus functional connectivity network: LH and MH conjunction
Putamen 215, 9, 29 29 6.86
Ventral striatum/nucleus accumbens 9, 9, 26 30 6.81
Parahippocampal gyrus 20 230, 227, 221 337 6.17
Fusiform gyrus 37 36, 242, 218 269 5.58
Hippocampus 224, 26, 224 104 5.51
Superior temporal gyrus 38 54, 3, 29 161 5.49
Middle temporal gyrus 21 39, 6, 236 236 5.44
Middle frontal orbital gyrus 11 224, 36, 218 39 5.32
Posterior cingulum/Precuneus 31 29, 272, 21 327 3.71

LH>MH
Putamen 18, 3, 23 227 12.92
Caudate 215, 12, 6 120 11.94
Brainstem 3, 227, 221 33 10.04
Anterior cingulum 24 6, 24, 18 584 10.65
Cerebellum 0, 254, 230 220 9.92
Thalamus 6, 224, 23 211 9.60
Midbrain (Substantia nigra) 21, 221, 26 24 8.89
Precuneus Posterior cingulum 7 29, 257, 30 165 7.38
Angular gyurs 39 48, 260, 48 189 6.80
Middle frontal gyrus 8 242, 27, 45 59 6.78
Hippocampus 33, 212, 224 15 6.78

MH>LH
Ventral striatum/nucleus accumbens 6, 9, 29 17 4.81

Group differences MH network: overweight>normal-weight
Middle frontal orbital gyrus 11 6, 39, 212 42 4.89
Ventral striatum/Nucleus accumbens 9, 6, 26 8 4.35

No significant group differences for LH network

Note: all regions are P< 0.05 whole-brain FWE-corrected for multiple comparisons.
aMontreal Neurological Institute.
Abbreviations: LH, lateral hypothalamus; MH, medial hypothalamus.
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Figure 3.

Sample 2: Hypothalamus functional connectivity network from

the LH and MH (n 5 48; healthy normal-weight and overweight

participants) overlaid on t1 template, showing sagital, coronal,

and axial view (P< 0.05, FWE-corrected for multiple compari-

sons). Blue: regions functionally connected to the LH but not

the MH (LH>MH contrast). Green: regions functionally con-

nected to the MH but not the LH (MH> LH contrast). Magenta:

regions functionally connected to both lateral and medial hypo-

thalamus (LH and MH conjunction). Abbreviations: LH, lateral

hypothalamus; MH, medial hypothalamus.

Figure 4.

Obesity related heightened FC (Sample 2; n 5 48) in the MH network. Overweight and obese

participants showed increased FC compared to normal-weight participants in the medial orbito-

frontal cortex (shown on left side) and ventral striatum (shown on ride side). Color bar repre-

sents t-values (P< 0.001, uncorrected for display). Abbreviation: FC, functional connectivity; MH,

medial hypothalamus.
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emotional, cognitive, or homeostatic [Bush et al., 2000;
Critchley, 2005], while the prefrontal and parietal cortex are
exceedingly involved in executive control [Seeley et al.,
2007]. In obese individuals, a differential pattern within this
network has been observed in fMRI activation studies using
food stimuli. While an enhanced response to food was
observed within regions involved in salience processing, as
the operculum, striatum, and medial OFC [Rothemund
et al., 2007; Stice et al., 2011; Stoeckel et al., 2008], a reduced
response was revealed in prefrontal regions critical for
inhibitory control with higher BMI [Hare et al., 2011].
Recently, it has also been shown that obesity is related to
prominent FC alterations mainly in prefrontal regions dur-
ing resting-state as well as in response to food stimuli. [Gar-
cia-Garcia et al., 2012; Kullmann et al., 2012, 2013b].

A limitation of the current study is the restricted spatial
resolution of the functional images, making it difficult to
distinguish between different hypothalamic nuclei. Hence,
we used a medial and lateral seed to evaluate hypothala-
mic networks. Furthermore, the participants of sample 1
and sample 2 were measured under different conditions.
Participants of sample 1 were in a fasting-state, measured
early in the morning, while participants of sample 2 were
measured later in the day after a meal. These different
homeostatic states could potentially influence functional
connections to and from the hypothalamus.

CONCLUSION

Our data highlight the existence of two distinct neural
circuitries in human adults originating from the MH and
LH. Based on the FC patterns, we propose that the LH
and MH take advantage of different parts of the dopami-
nergic circuitry to modulate food reward. Further studies
are needed to investigate whether these networks respond
to specific physiological and psychological changes, to
highlight the importance of the networks for human eating
behavior and associated diseases.
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