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Abstract
The hypothalamus is a central hub for regulating sleep–wake patterns, the circuitry of which has been investigated extensively 
in experimental animals. This work has identified a wake-promoting region in the posterior hypothalamus, with connections to 
other wake-promoting regions, and a sleep-promoting region in the anterior hypothalamus, with inhibitory projections to the 
posterior hypothalamus. It is unclear whether a similar organization exists in humans. Here, we use anatomical landmarks to 
identify homologous sleep- and wake-promoting regions of the human hypothalamus and investigate their functional relationships 
using resting-state functional connectivity magnetic resonance imaging in healthy awake participants. First, we identify a negative 
correlation (anticorrelation) between the anterior and posterior hypothalamus, two regions with opposing roles in sleep–wake 
regulation. Next, we show that hypothalamic connectivity predicts a pattern of regional sleep–wake changes previously observed in 
humans. Specifically, regions that are more positively correlated with the posterior hypothalamus and more negatively correlated 
with the anterior hypothalamus correspond to regions with the greatest change in cerebral blood flow between sleep–wake states. 
Taken together, these findings provide preliminary evidence relating a hypothalamic circuit investigated in animals to sleep–wake 
neuroimaging results in humans, with implications for our understanding of human sleep–wake regulation and the functional 
significance of anticorrelations.
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Introduction
Early human observational studies on the anatomical basis of 
sleep–wake regulation suggested that the posterior hypothal-
amus promotes wakefulness, whereas the anterior hypothal-
amus promotes sleep [1]. These hypotheses were confirmed 
experimentally in rats, where lesions of the posterior hypothal-
amus produced hypersomnolence and lesions of the anterior 
hypothalamus caused insomnia [2]. Since these landmark stud-
ies, sleep–wake circuitry has been refined and extended to other 
regions primarily through experimental work in laboratory ani-
mals. This work has highlighted a region superolateral to the 
mammillary body as a key wake-promoting region of the pos-
terior hypothalamus [2–10]. This hypothalamic region has direct 
anatomical connections with other wake-promoting structures, 
including brainstem nuclei of the ascending activating system, 
the basal forebrain, and the cerebral cortex [11–13]. In contrast, 
sleep is promoted through inhibition of the posterior hypothal-
amus and other wake-promoting structures. The best charac-
terized source of inhibitory influence on this wake-promoting 
network is the anterior hypothalamus, specifically the inter-
mediate nucleus\ventrolateral preoptic nucleus (IN\VLPO) and 
adjacent median preoptic nucleus [2, 14–19].

These sleep- and wake-promoting regions of the hypothal-
amus have inversely related state-dependent firing patterns 
such that IN\VLPO neurons are active during sleep and rela-
tively quiescent during wake, whereas the opposite is true of the 
wake-promoting posterior hypothalamic neurons [3, 20–22]. The 
inverse firing pattern between these sites may be facilitated by 
direct inhibitory projections from IN\VLPO to the wake-promot-
ing posterior hypothalamus, concentrated in the tuberomam-
millary region [15, 19, 23–28]. The wake-promoting posterior 
hypothalamus may also have an inhibitory influence on the IN\
VLPO region [29–31] such that the sleep- and wake-promoting 
regions of the hypothalamus may be mutually inhibitory [26, 32].

It is unknown whether the hypothalamic circuitry–regulat-
ing sleep and wake in experimental animals extends to humans. 
Several human neuroimaging studies have contrasted sleep and 
wake states [33–37], identifying multiple brain regions with 
higher activity during wakefulness relative to sleep. However, it 
remains unclear if or how these large-scale patterns of sleep–
wake changes seen in humans relate to sleep- and wake-pro-
moting subregions of the hypothalamus.

In this article, we investigate the network organization of sleep- 
and wake-promoting regions of the hypothalamus. To do this, we 
use resting-state functional connectivity magnetic resonance im-
aging (rs-fcMRI), a technique that measures coherent fluctuations 
of blood oxygen level–dependent (BOLD) signal, from healthy adults 
while awake but resting quietly. We hypothesize that (1) the anterior 
and posterior hypothalamus will have negatively correlated activity, 

based on their inhibitory connections and reciprocal, opposing func-
tional roles in sleep–wake regulation, and (2) connectivity with the 
anterior and posterior hypothalamus will predict cerebral blood flow 
(CBF) changes in other brain regions across sleep–wake states that 
have been identified in prior human neuroimaging studies.

Methods

Hypothalamic regions of interest

Regions of interest (ROIs) in the hypothalamus were selected by 
two anatomists with expertise in the hypothalamus (C.B.S. and 
J.C.G.) using a high resolution T1-weighted MRI template brain in 
standard MNI space (MNI152 0.5 mm voxel, available at http://fsl.
fmrib.ox.ac.uk/fsl) [38]. ROIs were selected prior to conducting 
rs-fcMRI analyses and were aided by human histologic prepara-
tions and an MRI atlas of the human hypothalamus [39–41]. We 
first outlined a region in the anterior hypothalamus correspond-
ing to the IN\VLPO. Anatomical identification of the wake-pro-
moting region in the posterior hypothalamus was more difficult, 
as the precise localization of this region in the human brain 
remains unknown. Here, we selected a region superior and lat-
eral to the mammillary bodies, including the tuberomammillary 
region, based on several lines of evidence [42] including a high 
concentration of inhibitory projections from the sleep-promot-
ing IN\VLPO region [19]. ROIs were defined on the 0.5 mm brain 
atlas (Figure 1) and subsequently down-sampled to 2 mm voxels 
for rs-fcMRI analyses. Center of gravity coordinates in MNI space 
for the anterior hypothalamic region (IN\VLPO) are X ±4.4; Y 1.33; 
Z −14.67 and the posterior hypothalamic ROI coordinates are X 
±6.6; Y −7.33; Z −12.67. The size of the ROIs in 2 mm space was 6 
voxels (48 mm3), 3 voxels per hemisphere, and was the same for 
both anterior and posterior hypothalamus ROIs.

Resting-state functional connectivity MRI analysis

Rs-fcMRI data were acquired from a large cohort of healthy partici-
pants (98 right-handed participants, 48 male, ages 22 ± 3.2 years) 
[43]. The time course of the BOLD signal within each hypothalamic 
ROI was compared with the BOLD signal of other brain voxels to 
identify regions with significant correlations. Rs-fcMRI data were 
processed in accordance with the strategy of Fox et al. [44] as imple-
mented in Van Dijk et al. [45] and described in detail elsewhere [46, 
47]. Briefly, participants completed two 6.2 min rs-fcMRI scans dur-
ing which they were asked to rest in the scanner (3T, Siemens) with 
their eyes open (TR = 3000 ms, TE = 30 ms, FA = 85°, 3 mm voxel 
size (27 mm3), FOV = 216, 47 axial slices with interleaved acquisi-
tion and no gap). Functional data were acquired at 3 mm voxel size 
(27 mm3) and spatially smoothed using both a Gaussian kernel of 6 

Statement of Significance

The hypothalamus has a central role in sleep–wake regulation, but the functional relationship between sleep- and wake-promoting subre-
gions within the hypothalamus and with other brain areas remains largely unknown in humans. Using resting-state functional connect-
ivity magnetic resonance imaging, we show that spontaneous activity in the wake-promoting posterior hypothalamus and sleep-promoting 
anterior hypothalamus is negatively correlated, which is interesting in light of their opposing roles in sleep–wake regulation. Moreover, 
functional connectivity between these hypothalamic regions and the rest of the brain relates to patterns of regional sleep–wake differences 
previously observed in humans with functional imaging. These findings, while preliminary, may lend further insight into the neural basis 
of sleep–wake regulation in humans and the functional significance of anticorrelated networks.
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and 4 mm full-width at half-maximum. Although spatial smooth-
ing may seem counterintuitive when investigating small hypothal-
amic nuclei, smoothing can help improve functional connectivity 
results across participants by accounting for small registration 
errors and anatomic variability [48–50]. The data were temporally 
filtered (0.009 Hz < f < 0.08 Hz) and several nuisance variables were 
removed by regression, including the following: (1) six movement 
parameters computed by rigid body translation and rotation dur-
ing preprocessing, (2) mean whole brain signal, (3) mean brain 
signal within the lateral ventricles, and (4) the mean signal within 
a deep white matter ROI. Inclusion of the first temporal derivatives 
of these regressors within the linear model accounted for the time-
shifted versions of spurious variance. Correlation coefficients were 
converted to normally distributed Z-scores using the Fisher trans-
formation. A random effects one-sample t-test was used to create a 
network map for each hypothalamic ROI across all 98 participants. 
Results were considered significant at a T-value of 4.25 (p < 0.00005) 
as used previously for this dataset [46, 51–53] which corresponds to 
a false discovery rate correction of <1 percent.

Global signal regression uses a general linear model to re-
gress out the average signal across all voxels, which includes 

physiological noise (e.g. cardiac and respiratory), movement-
related artifact, and nonspecific signals. It was included in the 
primary analysis (model 1, described above) as it has been shown 
to improve neuroanatomical specificity, correspondence to ana-
tomical connectivity, and remains the most common processing 
approach in the rs-fcMRI literature [54, 55]. However, there is 
concern that global signal regression confounds the ability to in-
terpret anticorrelations [54–56]. To ensure that our results were 
not dependent on global signal regression, we reprocessed the 
data using a second model from an independent pipeline that 
avoids global signal regression, anatomical CompCor [57] imple-
mented with the Conn toolbox (http://www.nitrc.org/projects/
conn) [58]. Physiological and other sources of noise were esti-
mated from the MRI data and regressed out together with arti-
fact and movement-related covariates. The residual BOLD time 
series was band-pass filtered (0.009–0.08 Hz), smoothed (4  mm 
kernel), and linearly detrended, per default settings in the Conn 
toolbox. The residual BOLD time course from each ROI was cor-
related to that of all other brain voxels. Pearson correlation coeffi-
cients were Fisher-transformed to Z-scores to increase normality 
prior to a general linear model that combined data from the 98 

Figure 1.  Hypothalamic regions of interest. Regions are shown on sagittal (A, X = 5.5), axial (B, Z = −13), and coronal (C, Y = 1; D, Y = −7) slices of an MRI. The green region 

is in a wake-promoting area of the posterior hypothalamus, superolateral to the mammillary bodies. The violet region is in a sleep-promoting area of the anterior hypo-

thalamus, approximating the intermediate nucleus/ventrolateral preoptic region. (C) and (D) show progressively zoomed in views of these regions with histological 

sections on the right. Galanin-stained neurons are shown in (C) (modified with permission41) and Nissl-stained neurons in (D) (modified with permission [40]). Actual 

regions used for analyses were bilateral, though displayed unilaterally to facilitate comparison with underlying anatomy.
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participants, creating voxel-wise T-scores. In addition, we evalu-
ated the spatial distribution of our findings in a third model that 
involved regressing out the signal from the entire hypothalamus, 
similar to prior efforts of local nuisance variable regression [59, 
60]. This approach increases the likelihood of identifying negative 
correlations within the hypothalamus but it does not dictate their 
spatial distribution [54]. Next, in a fourth model, we explored 
whether nonspecific signals in the anterior hypothalamus ROI 
might contribute to its anticorrelation with the posterior hypo-
thalamic region. Specifically, the anterior hypothalamus ROI 
lies close to the subarachnoid space (chiasmatic/suprasellar cis-
tern) and the optic nerve, raising concern that signal from this 
ROI could be contaminated by movement artifact, cerebrospinal 
fluid (CSF) pulsation, or signal averaging with optic nerve vox-
els. Partial correlation analyses were conducted using the BOLD 
time course of these surrounding ROIs (optic nerve, subrachnoid 
space) to evaluate functional connectivity while accounting for 
these potential confounds [61, 62].

Experimental design and statistical analysis

First, the correlation between the hypothalamic ROIs was evalu-
ated. In addition, the networks derived from these hypothalamic 
regions were evaluated relative to regions outside the hypothal-
amus implicated in sleep–wake. Global decreases in CBF occur 
during sleep, but some brain regions change more than others 
between sleep–wake states. The thalamus, brainstem, putamen, 
anterior cingulate, and insula in particular show much higher CBF 
while awake compared with being asleep [33, 36, 63–65]. The larg-
est study to date reported 23 brain regions with higher CBF dur-
ing wakefulness relative to slow wave sleep, or high sleep–wake 
contrast. Nine brain regions were reported with minimal differ-
ences between sleep–wake states (low sleep–wake contrast) [33]. 
Each PET-derived peak coordinate from this previously published 
analysis was converted from Talaraich into MNI space using the 
SPM algorithm available in GingerALE (http://www.brainmap.org/
ale/). A spherical ROI was created for each coordinate using FSL 
(8  mm diameter, 432  mm3), and the average BOLD time course 
was extracted from these spherical ROIs and correlated with the 
BOLD time course of each hypothalamic ROI, transformed to a 
normal distribution using a Fisher r-to-z, and averaged across our 
cohort of 98 participants. Higher correlation coefficients between 
hypothalamic ROIs and these PET-derived coordinates represent 
stronger functional connectivity, in either the positive or negative 
direction. CBF information across sleep–wake states came from 
a previously published article [33]. CBF was not measured in the 
same 98 healthy participants that contributed to the rs-fcMRI data.

We hypothesized that brain regions with high contrast be-
tween wake and slow-wave sleep would be (1) positively cor-
related with the “wake-promoting” posterior hypothalamus and 
(2) negatively correlated with the “sleep-promoting” anterior 
hypothalamus. We tested our hypothesis in three ways: (1) For 
our main analysis, we tested for significant connectivity between 
these hypothalamic ROIs and regions with high sleep–wake con-
trast (23 ROIs) using independent-samples T-test. We directly 
compared connectivity with the anterior versus posterior hypo-
thalamus using a T-test. As a control, we then repeated these 
analyses using regions with low sleep wake contrast (9 ROIs) 
and compared the results to regions with high sleep–wake con-
trast (23 ROIs) using a T-test. Because this test was conducted as 
a group-level comparison between regions with high and low 
contrast, there was no correction for multiple ROIs within each 

group. (2) Next, we computed the proportion of regions in the 
high (N = 23) and low (N = 9) sleep–wake contrast groups that 
met the criteria of being positively correlated with the posterior 
hypothalamus and negatively correlated with the anterior hypo-
thalamus. These proportions were statistically compared using 
a chi-squared test. (3) Finally, we tested whether the magnitude 
of the CBF change across the regions with high sleep–wake con-
trast (23 ROIs) correlated with the strength of connectivity to the 
hypothalamic ROIs. Specifically, we computed the Pearson cor-
relation between the magnitude of the CBF change (Z-scores as 
reported in Braun et al. [33]) and the strength of correlation with 
the a priori ROIs in the anterior and posterior hypothalamus 
(Fischer Z-transformed correlation coefficients).

Posthoc descriptive analyses were included to evaluate 
the spatial distribution of the voxel-wise hypothalamic net-
works. We also performed a conjunction analysis to identify 
brain regions positively correlated with one hypothalamic ROI 
and anticorrelated with the other, as performed previously in 
characterizing anticorrelated networks [44]. Specifically, we 
identified areas both positively correlated with the posterior 
hypothalamus and negatively correlated with the anterior hypo-
thalamus, as well as the converse pattern.

Results

Connectivity between hypothalamic regions

We first tested the hypothesis that the time courses of the BOLD 
signal extracted from the two hypothalamic ROIs would be nega-
tively correlated (anticorrelated). Despite the close anatomical 
proximity of these ROIs (Euclidean distance of 9.1 mm between 
the center of gravity coordinates), their time courses were nega-
tively correlated (Figure 2; r = −0.0875, T = −4.37, p = 0.00003). To 
explore the spatial specificity of this functional relationship, we 
generated resting-state functional connectivity maps for each 
ROI and identified peak anticorrelations within the hypothal-
amus. The peak anticorrelation with the posterior hypothalamus 
fell within our a priori ROI in the anterior hypothalamus (X 4; Y 
2; Z −16; T = −6.51). The peak anticorrelation with the anterior 
hypothalamus fell immediately adjacent to our a priori ROI in 
the posterior hypothalamus (X 8; Y −8; Z −12; T = −8.05) with the 
adjacent voxel falling within our ROI (X 6; Y −8; Z -12; T = −7.03).

Results were similar using multiple alternative preprocess-
ing strategies including (1) limited spatial smoothing and no 
global signal regression, (2) regression of signal from the entire 
hypothalamus, (3) regression of signal from the ventral margin 
of the hypothalamus along the CSF-parenchyma border, and (4) 
regression of signal from the optic nerve adjacent to anterior 
hypothalamus ROI (Supplementary Figure S1).

Hypothalamic connectivity to regions modulated by 
sleep–wake

Next, we tested the hypothesis that functional connectivity with 
these hypothalamic ROIs would predict CBF changes across 
32 regions in the brain that fluctuate according to sleep–wake 
states, as reported by Braun et  al. On average, regions with 
higher CBF during wakefulness were functionally connected 
to the wake-promoting posterior hypothalamus (mean Fisher 
Z = 0.091, p = 0.01) but not the sleep-promoting anterior hypo-
thalamus (mean Fisher Z  =  −0.02, p  =  0.39), with a significant 
difference in connectivity between the two hypothalamic ROIs 
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(T = 3.26, p = 0.01). These findings were specific to regions with 
high sleep–wake contrast, as regions with low sleep–wake con-
trast showed no connectivity to the posterior hypothalamus 
(T = 1.40, p = 0.2), no difference in connectivity between hypo-
thalamic ROIs (T = 0.72, p = 0.48) and significantly less connect-
ivity to the posterior hypothalamus than observed for regions 
with high sleep–wake contrast (T = 2.8, p = 0.01).

In addition to averaging across sleep–wake regions, we also 
examined hypothalamic connectivity to each of these 32 PET-
derived regions individually (Figure 3, Supplementary Figure S2, 
and Supplementary Table S1). Of the 23 regions with high sleep–
wake contrast, 15 showed a significant positive correlation to 

the posterior hypothalamus. Ten of these 15 regions were also 
significantly negatively correlated with the anterior hypothal-
amus, including regions with particularly large sleep–wake CBF 
changes in the thalamus, basal ganglia, insula, and anterior cin-
gulate. This pattern of hypothalamic connectivity was specific to 
regions with high sleep–wake contrast, as it was not present in 
any of the nine regions with low sleep–wake contrast, a signifi-
cant group difference (p = 0.05).

Finally, we tested whether hypothalamic connectivity could 
predict variance in sleep–wake CBF change within the 23 regions 
with high sleep–wake contrast. Regions with the largest sleep–
wake CBF change were more positively correlated with the 

Figure 2.  The anterior and posterior hypothalamus are anticorrelated. (A) Regions of interest in the posterior (green) and anterior (violet) hypothalamus show nega-

tively correlated fluctuations in spontaneous activity, shown in (F) as a percent change in BOLD signal for a representative single participant, sampled in 3 s incre-

ments. Resting-state functional connectivity with the posterior hypothalamus showed negative correlation in the anterior hypothalamus, shown in blue ((B) and (D), 

axial). Resting-state functional connectivity with the anterior hypothalamus showed negative correlation in the posterior hypothalamus, also shown in blue ((C) and 

(E), axial). Displayed results show positive (warm colors) and negative (cool colors) correlations represented as T-scores across 98 participants that are significant at 

p < 0.00005, uncorrected.

Figure 3.  Regions with high versus low contrast in CBF across sleep–wake states differ in hypothalamic connectivity. Regions with high contrast in CBF in wake versus 

sleep (1–5, red regions) are positively correlated with the posterior hypothalamus and negatively correlated with the anterior hypothalamus. This relationship is not 

seen in regions with little difference in CBF across sleep–wake states (6–10, blue regions). The examples shown here were selected from a larger set of regions reported 

in Braun et al. [33], and displayed in full in Supplementary Figure S2 and Supplementary Table S1. Mean Fisher-Z +/− standard error of the mean across 98 participants 

is displayed. *p < 0.05; **p < 0.01; ***p < 0.001.
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posterior hypothalamus ROI (r = 0.44, p = 0.04) and more nega-
tively correlated with the anterior hypothalamus ROI (r = −0.41, 
p  =  0.05). Incorporating connectivity data from both the an-
terior and posterior hypothalamus to create a “difference” value 
provided the best prediction of CBF change across sleep–wake 
states (r = 0.52, p = 0.01) (Figure 4).

Descriptive and posthoc analyses

Connectivity with the rest of the brain
In addition to testing our a priori hypotheses, we evaluated the spa-
tial distribution of resting-state functional connectivity between 
each hypothalamic ROI and the rest of the brain in a descriptive 
manner (Figure 5). Several brain regions showed an inverse rela-
tionship with the anterior and posterior hypothalamic ROIs. For 

example, the ventral anterior insula (frontoinsular) and pregen-
ual anterior cingulate cortices were correlated with the posterior 
hypothalamus and anticorrelated with the anterior hypothalamus. 
Other brain regions were correlated with one region but not the 
other. For example, the ventromedial prefrontal cortex was posi-
tively correlated with the anterior hypothalamus without a signifi-
cant negative correlation with the posterior hypothalamus.

The pattern of connectivity in the basal forebrain was unique 
in that both the anterior and posterior hypothalamus had signifi-
cant connectivity to this structure, though with complementary 
patterns. The posterior hypothalamus was positively correlated 
with the lateral basal forebrain, whereas the anterior hypothal-
amus was correlated with the ventromedial basal forebrain and 
anticorrelated with the lateral basal forebrain (Supplementary 
Figure S3).

Figure 4.  Functional connectivity with the hypothalamus predicts sleep–wake CBF change in other brain regions. Among regions with high contrast in CBF across 

sleep–wake states, the magnitude of the CBF change is correlated with functional connectivity to the posterior hypothalamus (A), the anterior hypothalamus (B), and 

especially the difference in connectivity between the posterior and anterior hypothalamus (C). *p < 0.05; **p < 0.01.
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Conjunction analysis
Results of the conjunction analysis are shown in Figure 6, with 
warm colors representing regions that are both positively corre-
lated with the posterior hypothalamus and negatively correlated 
with the anterior hypothalamus, and cool colors representing 
the opposite relationship.

Discussion
In this article, we use rs-fcMRI to identify networks associated 
with regions of the hypothalamus implicated in promoting sleep 
(anterior hypothalamus ROI) and wakefulness (posterior hypo-
thalamus ROI) based on homology with experimental animals. 
We show a negatively correlated pattern of BOLD activity between 
these hypothalamic regions. In addition, we relate these func-
tional connectivity patterns to human brain regions modulated by 
sleep–wake based on previously published PET results. Although 
we view these findings cautiously until replicated by others, the 
results are provocative and warrant further investigation.

Is hypothalamic resting-state functional connectivity 
feasible?

The current study pushes the boundary of feasibility for resting-
state functional connectivity, and results should be interpreted 

with caution until independently replicated. The hypothalamus 
is surrounded by potential sources of artifact for rs-fcMRI data 
including CSF pulsation, anatomic boundaries, blood vessels, 
and the optic nerve [66–68]. Furthermore, the spatial resolution 
of functional connectivity data (27 mm3) is large relative to the 
size of our hypothalamic ROIs and the distance between our 
ROIs (9 mm). Spatial smoothing, which can help with registra-
tion errors across participants, further limits resolution [48–50]. 
Given these issues, there is good reason to be skeptical of the 
present results.

However, this is not the first study to use rs-fcMRI to inves-
tigate the hypothalamus [69, 70], and there are reasons to think 
that the present results may be valid. First, rs-fcMRI data with 
the same resolution and processing method can resolve adjacent 
thalamic nuclei that approach the size and spatial proximity of 
the hypothalamic nuclei in the present study [54, 62, 71]. Second, 
sensitivity to small nuclei may increase with the size of the rs-
fcMRI cohort, and our N  =  98 cohort has demonstrated unique 
connectivity patterns with small brainstem structures plagued by 
the same confounds as the hypothalamus [51, 53, 68]. Third, our 
results are largely independent of processing strategy. Although 
no strategy guarantees a clean hypothalamic signal, one would 
expect results due to artifact to vary more across different artifact 
reduction strategies. Fourth, limited spatial resolution should bias 
us against the present finding, increasing rather than decreasing 

Figure 5.  Resting-state functional connectivity with posterior (A) and anterior (B) regions of the hypothalamus. Positive correlations are shown in warm colors and 

negative correlations are in cool colors. Some areas show an inverse pattern of correlation with the two hypothalamic regions such as the ventral anterior insula 

(arrowhead) and anterior cingulate cortex (arrow). Axial slices range from Z = 90 to 240 spaced evenly every 10 mm, from left to right, in radiological orientation (right 

hemisphere on left). See Supplementary Figure S3 for similar results with alternate processing strategy and Supplementary Table S2 for MNI coordinates of regional 

peaks corresponding to this image.
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the correlation between adjacent nuclei. Fifth, the results are spa-
tially specific to the location of our a priori hypothalamic nuclei, 
not the expected location of artifact (e.g. along the brainstem for 
CSF pulsation, along a vessel for vascular pulsation) [54]. Finally, 
many of our rs-fcMRI results align with prior research using 
methods other than rs-fcMRI, as discussed below.

Network organization of sleep- and wake-promoting 
hypothalamic regions

Rs-fcMRI with the wake-promoting posterior hypothalamus and 
sleep-promoting anterior hypothalamus identified unique and 
complimentary brain networks. This represents a new approach 
to study sleep–wake circuitry that will require further validation. 
Most sleep–wake studies in both animals and humans have com-
pared brain activity between states, measured during both wake 
and sleep. In contrast, the current study was based on spon-
taneous fluctuations of BOLD signal recorded predominately or 
exclusively within a state of quiet wakefulness, a within-state 
rather than between-state design. Although we cannot exclude 
the possibility that participants were falling asleep and waking 
up during collection of rs-fcMRI data, this seems unlikely given 
the frequency of the BOLD fluctuations. Participants would need 
to consistently fall asleep and wake up at a frequency of 0.009 
to 0.08 Hz (approximately one sleep–wake cycle every 10–100 s) 
to generate the observed findings (Figure 2F). Instead, it is more 
likely that resting-state BOLD fluctuations in the hypothalamus 
are similar to resting-state BOLD fluctuations elsewhere in the 
brain and reflect ongoing spontaneous brain activity. The finding 
that regions routinely modulated in opposite directions by sleep 
and wake are anticorrelated at rest matches prior work showing 
that regions routinely modulated in opposite directions by tasks 
are anticorrelated at rest [44, 72].

The current network results appear to have some anatomical 
validity relative to known patterns of hypothalamic connectivity 

in experimental animals as well as regional anatomy related to 
human arousal. First, the anticorrelation between the anterior 
and posterior hypothalamus is consistent with inhibitory con-
nections between these regions in experimental animals [29–
31], and spatially specific to the most likely location of these 
nuclei in humans (Figure  2 and Supplementary Figure  S1). 
Second, the posterior hypothalamus was functionally con-
nected to other regions thought to have a role in arousal based 
on both animal and human research such as the upper brain-
stem, ventral anterior insula, and pregenual anterior cingulate 
[53, 73–79]. Third, our hypothalamic connectivity results align 
well with prior functional neuroimaging of sleep–wake states 
in humans. Specifically, regions previously shown to have the 
highest contrast in CBF between sleep–wake states were func-
tionally connected to the wake-promoting posterior hypothal-
amus (and anticorrelated with the sleep-promoting anterior 
hypothalamus) [33].

The current study also identified regions correlated with the 
sleep-promoting anterior hypothalamus, raising the question 
whether these regions could be involved in promoting sleep. One 
such region is the subgenual cingulate/ventromedial prefrontal 
cortex whose possible role in sleep-promotion is supported by 
the following: (1) rat studies showing anatomical projections to 
the IN/VLPO and sleep fragmentation when this area is lesioned 
[32, 80], (2) cat studies showing induction of sleep when this area 
is stimulated [81], (3) monkey studies showing increased neur-
onal firing of this region during sleep [82], and (4) human stud-
ies showing elevated activity during deep sleep and periods of 
low arousal based on skin conductance [83, 84]. The extrastriate 
visual cortices also show this pattern and are relatively more 
active than other cortical areas during sleep [34, 63, 64, 83].

Interestingly, both the above patterns of hypothalamic con-
nectivity were observed in different regions of the basal fore-
brain. The lateral basal forebrain was positively correlated with 
the posterior hypothalamic ROI and negatively correlated with 

Figure 6.  Intrinsically defined anticorrelated networks based on hypothalamic connectivity. Warm colors represent regions that have activity both positively correlated 

with the posterior hypothalamus as well as negatively correlated activity with the anterior hypothalamus. Cool colors represent regions that have both positively corre-

lated activity with the anterior hypothalamus and negatively correlated activity with the posterior hypothalamus. Results are shown with varying statistical thresholds 

and preprocessing methods in Supplementary Figure S3.
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the anterior hypothalamic ROI, whereas the medial basal fore-
brain had the reverse pattern. The basal forebrain is typically 
thought of as part of the arousal circuitry; however, it contains 
several populations of neurons, some of which may be sleep-
promoting [85, 86] or play a role in sleep–wake transitions [87]. 
Whether the posterolateral versus medial basal forebrain play 
different or opposing roles in sleep–wake regulation is a testable 
hypothesis for future work.

Functional significance of anticorrelated networks

The relationship between the networks derived from two func-
tionally opposed regions of the hypothalamus is interesting in 
light of ongoing controversy surrounding the interpretation 
of rs-fcMRI anticorrelations [54–56]. The canonical example 
of anticorrelated networks is the relationship between the 
default mode network and the task-positive network, the latter 
of which encompasses the salience and dorsal attention net-
works [44, 88]. The inversely related activity between these net-
works was first appreciated from task-based functional imaging 
experiments [89], and it was subsequently discovered that these 
networks are intrinsically anticorrelated in the awake, resting 
brain, as indicated through rs-fcMRI [44, 90–92] and supported 
by electrocorticography [93–95].

Interpreting the functional significance of anticorrelation in 
default mode and task-positive networks has been challenging, 
in part because (1) the functions of these networks are complex 
and not unambiguously opposed, and (2) the anatomical connec-
tions mediating their anticorrelated relationship are unclear. The 
current results may contribute to our understanding of anticorre-
lations, as (1) there is robust evidence for functional antagonism 
between the hypothalamic regions investigated here with regard 
to sleep–wake states in experimental animals, and (2) there is 
a direct, inhibitory projection from the sleep-promoting hypo-
thalamic region to the wake-promoting posterior hypothalamus, 
conserved across several species. As such, these results may 
align with prior animal work suggesting that rs-fcMRI anticor-
relations can be detected between regions with direct inhibitory 
connections [96] as well as prior speculation that anticorrela-
tions exist between functionally opposing networks [44, 97–99].

Limitations

There are several important limitations to the current analysis 
that warrant cautious interpretation of results until further rep-
lication is performed. First, although we often refer to our pos-
terior and anterior hypothalamic ROIs as “wake-promoting” or 
“sleep-promoting” for convenience, these labels are based pri-
marily on experiments in laboratory animals and presumed 
homology in humans. Whether these specific ROIs have the 
same functional role in sleep–wake regulation humans is un-
known. Second, the spatial resolution of the imaging data is 
such that the hypothalamic ROIs likely mediate other hypothal-
amic functions not directly related to sleep–wake (e.g. thermo-
regulation and other aspects of homeostasis). Thus, activity 
related to these other functions may contribute to the network 
results reported here. Similarly there are other hypothalamic 
regions that also contribute to sleep–wake regulation that were 
not included here. Third, CSF, arterial, and venous flow around 
the hypothalamus introduces the possibility of non-neuronal 
contributions to the BOLD signal [66–68]. Although multiple 

preprocessing and analytic strategies were taken to circumvent 
these concerns, this remains a limitation of the current work. 
Relatedly, susceptibility artifact can occur in the ventromedial 
basal forebrain and prefrontal cortex and findings in this region 
must be considered preliminary until replicated using acquisi-
tion protocols optimized for these regions [100]. Fourth, we lack 
several variables that could further inform our results. We did 
not record EEG, skin conductance, or pupillometry while partici-
pants were in the scanner, and thus cannot exclude the possi-
bility that some participants fell asleep or had large fluctuations 
in arousal or vigilance [87, 101–105]. We also do not know the 
sleep habits, blood pressure, or body mass of the participants. In 
addition, because the CBF data used in this analysis were from a 
separate cohort, we cannot verify the relationship of hypothal-
amic connectivity with CBF within the same cohort. Fifth, human 
neuroimaging studies including rs-fcMRI cannot speak to caus-
ality. Whether the hypothalamus drives sleep–wake changes 
observed in other brain regions and whether these regions are 
themselves involved in promoting wake versus sleep remains 
unknown. Finally, extrapolation of these results to other areas of 
inquiry, such as PET studies or animal neurophysiology, remains 
speculative and will require further investigation.

Future directions

This analysis raises several testable hypotheses. First, we pre-
dict that firing patterns of sleep- and wake-promoting hypothal-
amic regions will be inversely correlated within a given state 
if measured with simultaneous recordings in experimental ani-
mals. Second, we predict an inverse sleep–wake relationship in 
the medial versus lateral basal forebrain similar to the anterior 
versus posterior hypothalamus. Third, we hypothesize that the 
observed anticorrelation between the anterior and posterior 
hypothalamus and their associated networks will be disrupted 
in patients with sleep–wake dysregulation, such as narcolepsy 
or insomnia, consistent with the idea that competition between 
anticorrelated networks with opposing functions can optimize 
performance [44, 97–99].

Finally, we predict that the networks identified here can 
serve as useful targets for neuromodulation to promote sleep or 
wake. This idea of therapeutically modulating sleep–wake cir-
cuitry was presented in 1930 by Von Economo to conclude his 
seminal article localizing the sleep- and wake-promoting hypo-
thalamic regions [1]. Advances in both invasive and noninvasive 
brain stimulation technology together with imaging insights 
into the regions and networks mediating sleep–wake regulation 
may soon allow us to realize Von Economo’s vision.

Supplementary Material
Supplementary material is available at SLEEP online.
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