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ABSTRACT

Neuromodulation of subcortical network hubs by pharmacologic, electrical, or ultrasonic stimulation is a promising therapeutic strat-

egy for patients with disorders of consciousness (DoC). However, optimal subcortical targets for therapeutic stimulation are not well 

established. Here, we leveraged 7 Tesla resting- state functional MRI (rs- fMRI) data from 168 healthy subjects from the Human 

Connectome Project to map the subcortical connectivity of six canonical cortical networks that modulate higher- order cognition and 

function: the default mode, executive control, salience, dorsal attention, visual, and somatomotor networks. Based on spatiotempo-

rally overlapped networks generated by the Nadam- Accelerated SCAlable and Robust (NASCAR) tensor decomposition method, our 

goal was to identify subcortical hubs that are functionally connected to multiple cortical networks. We found that the ventral teg-

mental area (VTA) in the midbrain and the central lateral and parafascicular nuclei of the thalamus—regions that have historically 

been targeted by neuromodulatory therapies to restore consciousness—are subcortical hubs widely connected to multiple cortical 

networks. Further, we identified a subcortical hub in the pontomesencephalic tegmentum that overlapped with multiple reticular 

and extrareticular arousal nuclei and that encompassed a well- established “hot spot” for coma- causing brainstem lesions. Multiple 

hubs within the brainstem arousal nuclei and thalamic intralaminar nuclei were functionally connected to both the default mode and 

salience networks, emphasizing the importance of these cortical networks in integrative subcortico- cortical signaling. Additional 

subcortical connectivity hubs were observed within the caudate head, putamen, amygdala, hippocampus, and bed nucleus of the 

stria terminalis, regions classically associated with modulation of cognition, behavior, and sensorimotor function. Collectively, these 

results suggest that multiple subcortical hubs in the brainstem tegmentum, thalamus, basal ganglia, and medial temporal lobe mod-

ulate cortical function in the human brain. Our findings strengthen the evidence for targeting subcortical hubs in the VTA, thalamic 
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intralaminar nuclei, and pontomesencephalic tegmentum to restore consciousness in patients with DoC. We release the subcortical 

connectivity maps to support ongoing efforts at therapeutic neuromodulation of consciousness.

1   |   Introduction

Human consciousness requires functional connections between 

subcortical and cortical networks that mediate arousal and 

awareness, respectively (Edlow et  al.  2024; Koch et  al.  2016). 

In patients with severe brain injuries, the reintegration of con-

nectivity between subcortical and cortical networks is essential 

for recovery of consciousness (Edlow, Claassen, et  al.  2021). 

However, there are currently few therapies proven to promote 

recovery of consciousness in patients with severe brain inju-

ries (Giacino et  al.  2012), a limitation in clinical care that is 

partly attributable to a lack of therapeutic targets (Edlow, Sanz, 

et al. 2021). To identify such targets, it is essential to generate a 

reliable map of subcortico–cortical connectivity in the healthy, 

conscious human brain, as this map may be used to guide the 

search for widely connected network hubs that could be stimu-

lated to restore consciousness in the injured brain.

Growing evidence suggests that widely connected network 

hubs play a key role in higher- level cognitive functions (van 

den Heuvel and Sporns  2013) and that disconnection of net-

work hubs is implicated in the pathogenesis of a broad range 

of neuropsychiatric disorders (Crossley et  al.  2014). In pa-

tients with disorders of consciousness (DoC), the relevance 

of network hubs to the loss and restoration of consciousness 

is supported by human studies showing that hub lesions 

cause coma (Edlow et  al.  2013; Fischer et  al.  2016; Parvizi 

and Damasio  2003) and that hub stimulation may promote 

the reemergence of consciousness (Giacino et al. 2012; Schiff 

et al. 2007). Animal models have similarly revealed that focal 

lesions within the brainstem tegmentum (Fuller et  al.  2011; 

Pais- Roldan et  al.  2019) and targeted stimulation within the 

central thalamus (Redinbaugh et al. 2020; Tasserie et al. 2022) 

may cause loss and restoration of consciousness, respectively, 

under a variety of experimental conditions. Consistent with 

these animal models, clinical trials in humans with DoC have 

historically targeted subcortical hubs in the central thalamus 

(Cain, Spivak, et al. 2021; Cain et al. 2022; Schiff et al. 2007), 

brainstem tegmentum (Edlow et  al.  2020; Elias et  al.  2021; 

Fridman et  al.  2019; Giacino et  al.  2012), and basal ganglia 

(Cain, Visagan, et al. 2021; Whyte et al. 2014).

A barrier to progress in therapeutic target selection for humans is 

that there are gaps in knowledge about how subcortical hubs mod-

ulate their cortical counterparts in the healthy, conscious human 

brain. While extensive progress has been made in understanding 

this physiology in animals (Aston- Jones et al. 2001; Moruzzi and 

Magoun  1949; Scammell et  al.  2017; Steriade and Glenn  1982; 

Vertes and Martin  1988) via electrophysiological, lesion- based, 

and tract- tracing studies, the physiology of subcortical networks 

has not been fully elucidated in humans. Specifically, it is un-

known which subcortical hubs activate cortical networks, inhibit 

cortical networks, or mediate state switches. Identifying integra-

tive network hubs that link arousal and awareness may reveal the 

subcortical targets that are most likely to promote recovery of con-

sciousness in patients with DoC.

Advances in functional MRI (fMRI) (Luppi et al. 2024) and the 

availability of large normative datasets as part of the Human 

Connectome Project (HCP) (Glasser et al. 2016; Smith et al. 2013) 

now create opportunities to identify subcortical network hubs 

and elucidate the mechanisms by which they modulate human 

consciousness, providing new therapeutic target candidates for 

patients with DoC. Here, we aimed to identify the subcortical 

regions of the human brain that possess high levels of functional 

connectivity with multiple cortical networks—regions that we 

define as subcortical network hubs. While this approach to func-

tional connectivity mapping cannot determine the direction of 

electrical signaling between subcortical and cortical regions, 

there is evidence that stimulating small subcortical regions is 

an effective strategy for activating multiple cortical networks via 

diffuse ascending connections (Horn and Fox 2020).

Using the Nadam- Accelerated SCAlable and Robust (NASCAR) 

decomposition method on the resting- state fMRI (rs- fMRI) 

data from 168 HCP healthy subjects, we generated subcortical 

functional connectivity maps for six canonical large- scale brain 

networks. We identified subcortical hubs that strongly connect 

to multiple cortical networks by measuring the overlaps in 

functional connectivity maps within the subcortical regions. 

Further, we characterized the functional connectivity properties 

by which subcortical hubs interact with cortical networks (i.e., 

correlated versus anticorrelated functional connectivity). We re-

lease all functional connectivity maps to support progress in the 

field of human brain mapping and to inform the design of future 

clinical trials aimed at neuromodulation of consciousness.

2   |   Materials and Methods

2.1   |   7 Tesla rs- fMRI Data

We analyzed the minimally preprocessed 7 Tesla (7 T) rs- fMRI 

healthy control data (Glasser et  al.  2013) from the WashU/U 

Minn component of the HCP (Glasser et al. 2016). Of the 178 sub-

jects with rs- fMRI scans in the dataset, only 168 were included 

due to reported acquisition and preprocessing issues in 8 sub-

jects. Each rs- fMRI dataset was collected in four independent 

15- min sessions using a gradient- echo EPI sequence (1.6 mm iso-

tropic voxels, TE = 22.2 ms, TR = 1000 ms) with opposite phase 

encoding directions (AP, PA). As the distinct phase- encoding di-

rections introduce different spatial distortions, we used the first 

session with PA phase encoding direction to minimize inter- 

subject misalignment, consistent with recent work (Li, Curley, 

et al. 2021). To evaluate this approach, we performed a reliability 

test (Figure S1 and Table S1) that showed highly reproducible 

components between networks identified in the first session 

and those identified from the two sessions combined. These 

data were coregistered to the MNI 152 6th- generation space and 

represented in CIFTI grayordinate space with 91,282 total corti-

cal and subcortical vertices/voxels (approximately 30 K vertices 

per hemisphere cortically and an additional 30 K voxels in the 

subcortex) as part of the HCP minimal preprocessing pipeline 
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(Glasser et  al.  2013). Aside from the 2 mm FWHM Gaussian 

smoothing kernel applied during the minimally preprocessed 

pipeline, no additional smoothing was applied to avoid blurring 

across different functional regions (Li et al. 2018). Before motion 

correction and spatial registration, the minimally preprocessed 

pipeline estimates a distortion field using FSL's TOPUP method, 

which corrects for field inhomogeneity and gradient coil specific 

distortions.

2.2   |   Identification of Spatially Overlapped Brain 
Networks Using NASCAR

We used the NASCAR tensor decomposition method to iden-

tify large- scale brain networks. The key distinction between 

NASCAR and traditional seed- based methods (Lee et al. 2013) 

or parcellation schemes (Yeo et  al.  2011) is that NASCAR al-

lows networks to be spatially overlapped and temporally cor-

related. Unlike other commonly used data- driven approaches, 

such as independent component analysis (ICA) or principal 

component analysis (PCA), NASCAR does not impose indepen-

dence or orthogonality constraints. There is growing evidence 

that fluctuations in functional connectivity temporally overlap 

rather than representing discrete states over time (Hutchison 

et al. 2013; Karahanoglu and Van De Ville 2015). Similarly, there 

is evidence for spatial overlap between resting state networks 

(Seeley et al. 2007; Leech et al. 2012). Furthermore, recent ev-

idence suggests that networks identified by NASCAR are more 

physiologically plausible than those identified by ICA or PCA 

(Li et al. 2023; Li, Wisnowski, et al. 2021) and that subcortical 

functional connectivity identified by NASCAR closely corre-

sponds to gold- standard histopathology (Li, Curley, et al. 2021). 

The allowance of spatial overlap between networks enables the 

identification of subcortical network hubs, which are defined as 

regions that participate in multiple cortical networks.

2.2.1   |   Temporal Synchronization Using 

Group BrainSync

Prior to NASCAR, an inter- subject temporal synchroniza-

tion method, “BrainSync” (Joshi et al. 2018), was performed 

to align the rs- fMRI signals across subjects. This step was 

necessary as rs- fMRI data reflect spontaneous brain activity 

and are not synchronous between subjects. To account for po-

tential bias in the synchronization target, we used the group 

version of the BrainSync algorithm (Akrami et al. 2019), cre-

ating a virtual reference subject, which is, on average, close 

to all subjects in the population. Each subject's data was then 

temporally aligned to that virtual reference subject. Critically, 

this synchronization procedure does not change the sub-

ject connectivity profile, as it would be measured by spatial 

correlations. The group result can then be mapped back to 

the individual space using the invertibility property of the 

BrainSync algorithm.

2.2.2   |   NASCAR Tensor Decomposition

The synchronized rs- fMRI data were concatenated along the 

subject dimension, forming a third- order tensor, which has a 

spatial dimension (number of total vertices/voxels) of V = 91292, 

a temporal dimension (number of time points) of T = 900, and 

a subject dimension (number of subjects) of N = 168. We ran 

NASCAR on this third- order tensor and obtained low- rank 

components representing large- scale brain networks common 

across all subjects.

2.3   |   Identification and Classification 
of Functional Brain Network Hubs

2.3.1   |   Identification of Whole- Brain Resting State 

Networks From the Cortical Maps

Each spatial map identified using the NASCAR method rep-

resents the spatial distribution of a whole- brain network con-

sisting of both the cortical component and the subcortical 

component. Figure 1 shows an example network encoded in the 

CIFTI format. The network map was separated into two cortical 

(left and right hemispheres) and one subcortical component and 

mapped onto the surface and the volumetric space for visualiza-

tion, respectively. We visually examined the cortical components 

and identified six canonical resting- state networks, all consistent 

with prior literature (Raichle 2011; Yeo et al. 2011): the default 

mode network (DMN), salience network (SN), executive control 

network (ECN), dorsal attention network (DAN), somatomotor 

network (SMN), and visual network (VN) (Figure S2). Although a 

potential limbic network with medial temporal and temporal pole 

FIGURE 1    |    An example network (DMN) identified by the NASCAR 

method. The spatial map represented in the CIFTI format consists of 

both cortical and subcortical components. They were separated and 

mapped onto the surface and the volumetric space for visualization, 

respectively. All volumetric visualizations in Figure 1 and subsequent 

Figures are superimposed upon the 100 micron MRI template in MNI 

space (Edlow et al. 2019).
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signals was visually identified, this component did not have con-

nectivity within the orbitofrontal cortex, as previously reported 

in (Yeo et al. 2011). Additionally, a recent fMRI study suggested 

that the limbic network is part of the extended DMN rather than 

a separate and functionally distinct large- scale network (Girn 

et  al.  2024). Therefore, we focused on the abovementioned six 

major large- scale networks and did not include a separate limbic 

network for the following analyses.

2.3.2   |   Separation of Subcortical Resting 

State Networks

For each network, we extracted the subcortical component 

(Figure  1, bottom) and converted it to a 3D volume. We then 

transformed this volume into the MNI NLIN 2009 space and lin-

early interpolated the map to 0.5 mm3 resolution. We removed the 

cerebellar signal from the subcortical volumes for this study be-

cause the cerebellum is closer to the head coil and has a higher 

signal- to- noise ratio (Koike et al. 2021) compared to the subcorti-

cal structures we are focusing on in this work. Thus, it could in-

troduce a strong bias toward the thresholding procedure below. 

Furthermore, while damage to the brainstem, thalamus, and basal 

ganglia has been associated with DoC, individuals with damage 

to the cerebellum (or born without a cerebellum) can sustain 

arousal and awareness (Lemon and Edgley 2010), which makes 

the cerebellum less therapeutically relevant in patients with DoC.

2.3.3   |   Identification of Subcortical Resting State 

Network Hubs

Our first goal was to identify subcortical nodes whose BOLD sig-

nal was correlated or anticorrelated with multiple cortical net-

works. We identified the “correlated network hubs” as follows: 

We first binarized the subcortical map for each individual net-

work by thresholding their distribution to preserve only the top 

5% of values and then superimposed the six binarized maps. We 

identified the “anticorrelated network hubs” similarly using the 

bottom 5% threshold. Mixed hubs were identified by combining 

the results from the correlated and anticorrelated network hub 

overlaps. See Table 1 for the full descriptions of each hub type.

In addition to visualizing the neuroanatomic overlap of bina-

rized network maps, we measured the “hubness” at each voxel 

by summing how many networks “passed” (above for correlated 

hubs and below for anticorrelated hubs) the 5% threshold (i.e., 

accumulating the binary masks across networks). This created 

a discrete hub map with values ranging from 0 to 6 (“0” means 

no network survived the 5% thresholding at this location, and 

“6” means all networks survived). We repeated this hubness 

measure for anticorrelated network maps. Furthermore, we 

identified subcortical nodes whose BOLD signal was highly 

connected to multiple cortical networks regardless of sign (cor-

related or anticorrelated). To do so, we measured the hubness 

using the binarized “mixed hub” maps and summed the number 

of networks falling into either the top 5% or the bottom 5% of the 

distribution at each voxel.

2.3.4   |   Network Threshold Contours

To provide a more granular and contiguous view of the network 

hubs, we approached the same question from a different per-

spective. For a fixed k number of networks at each voxel, we 

queried the highest threshold that could be used to binarize the 

network maps such that there are k networks overlapped at this 

location. We refer to these continuously valued threshold maps 

as “contour maps” hereafter. In this analysis, different network 

combinations could occur at different locations. We use k = 4 

for visualization trade- off to illustrate the consistency and cor-

respondence between our hubness results and regions histor-

ically associated with consciousness level. All images in this 

paper are shown in radiological convention where the left hemi-

sphere is shown on the right side of the image and vice versa.

3   |   Results

3.1   |   Visualization of Subcortical Resting State 
Networks

Figure  2 shows the subcortical maps of six canonical 

resting- state networks identified by the NASCAR decom-

position method at axial slices through the pons, midbrain, 

TABLE 1    |    Classification of three types of network hubs.

Classification Description

“Correlated” network hubs Each network map was thresholded to preserve the top 5% of its most correlated 

voxels within the subcortex (i.e., the top 5% of the distribution), creating a binary 

network mask. The correlated network masks were overlapped with one another to 

identify subcortical regions that are highly correlated to multiple cortical networks.

“Anticorrelated” network hubs Each network map was thresholded to preserve the top 5% of its most anticorrelated 

voxels within the subcortex (i.e., the bottom 5% of the distribution), creating a binary 

network mask. The anticorrelated network masks were overlapped with one another to 

identify subcortical regions that are highly anticorrelated to multiple cortical networks.

“Mixed” network hubs Each network map was thresholded to preserve the top 5% of its most correlated 

and anticorrelated voxels within the subcortex (i.e., both the top 5% and bottom 

5% of the distribution), creating a single mixed binary network mask. The mixed 

network masks were overlapped with one another to identify subcortical regions 

that have strong relationships to multiple cortical networks but with mixed signs.
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diencephalon, basal forebrain, and basal ganglia. These net-

work maps are available at https:// github. com/ ComaR ecove 

ryLab/  Subco rtical_ Netwo rk_ Hubs. Visual inspection re-

vealed that the networks were mostly symmetric across the 

midline of the brain, with occasional hemispheric differences 

in the connectivity profile.

We observed heterogeneous patterns of network connectivity 

across the subcortex, as cortical networks had distinct mix-

tures of correlations and anticorrelations within subcortical 

regions. For example, the ECN showed correlations with the 

basal ganglia but anticorrelations within the thalamus and 

medial temporal lobe. These heterogeneities were also seen 

within individual regions of interest, with many nuclei hav-

ing diverse patterns of connectivity. For example, the ros-

tral putamen was highly correlated with the ECN and DAN, 

whereas the caudal putamen was anticorrelated. Additionally, 

the distribution of connectivity was not consistent across net-

works, as some networks tended to show more subcortical 

anticorrelations and some more subcortical correlations. For 

example, the SMN showed mostly anticorrelations within the 

subcortex, with only a few small regions of high positive cor-

relations, such as in the amygdala and the ventral posterolat-

eral thalamic nucleus (VPL).

3.2   |   Correlated and Anticorrelated Regions

Figure 3 shows the most correlated subcortical regions for each 

network. In the final “Combined” column of these panels, the 

most correlated (thresholded to preserve the top 5% of values for 

each network) masks were overlapped to visualize regions of 

network integration.

Figure 3 shows the regions with highly correlated network over-

lap within the caudate head and the bed nucleus of the stria ter-

minalis (BNST). Networks that overlapped within the caudate 

head were the DMN, SN, ECN, and SN. The VN additionally 

FIGURE 2    |    Subcortical connectivity profiles of six canonical networks. The networks are the default mode network (DMN), executive control 

network (ECN), dorsal attention network (DAN), salience network (SN), visual network (VN), and somatomotor network (SMN), shown at descend-

ing axial slices. All maps are in the radiological convention. For reference, approximate anatomical locations for each axial slice are depicted in 

Figure S6.
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overlapped with the SN, ECN, and the DAN within the BNST 

and the DAN within the thalamus.

Figure 4 is the counterpart to Figure 3, with the thresholding 

performed to preserve the bottom 5% of values for each network. 

Figure 4 shows the regions with highly anticorrelated network 

overlap within the amygdala and the hippocampus. We found 

that the networks most overlapped within the hippocampus 

were the DAN, SN, and VN. The DMN, ECN, SN, and VN addi-

tionally had a small overlap region within the amygdala. While 

there were notably few regions of overlap within basal ganglia, 

thalamic, and brainstem structures, there were slight overlaps 

between the ECN and SN, as well as the ECN and SMN, within 

the rostral and caudal thalamus.

3.3   |   Correlated, Anticorrelated, and Mixed 
Network Hubs

Regions with multiple network overlaps are shown in Figure 5, 

which provides an overview of “correlated network hubs,” 

“anticorrelated network hubs,” and “mixed network hubs.” 

In the “correlated” condition (the first pair of columns), the 

left column defines the number of network overlaps for all 

six thresholded correlated masks in Figure  3. For reference, 

the right column shows the combined map from the last col-

umn of Figure 3, indicating the identities of the networks that 

are overlapping. The middle column pair shows the counter-

part for the anticorrelated condition, where the thresholding 

preserves the bottom 5% of values for each network. For the 

“mixed network hub” condition in the last column pair, we 

combined the masks from both the “correlated” and “anticor-

related” conditions.

We observed two main regions of correlated network hubs 

within the caudate head and the BNST, where four networks 

overlapped. The networks overlapping at these two regions 

were the DMN, ECN, DAN, and SN for the caudate head and 

the ECN, DAN, SN, and VN for the BNST. We also observed two 

regions of anticorrelated network hubs within the amygdala and 

the hippocampus, with four and three networks overlapping, re-

spectively. The networks overlapping in these two regions were 

FIGURE 3    |    Correlated regions for each network. Each column (except for the last one) represents an individual network, and the colored voxels 

represent voxels within the top 5% (or the most correlated) of values for that network within the entire subcortex. The last column shows the combi-

nation (semi- transparent overlap) of individual network maps.
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the DMN, ECN, and SN and VN for the amygdala and the ECN, 

DAN, and VN for the hippocampus.

When we combined the correlated and anticorrelated network 

masks to identify mixed network hubs, we identified regions 

with more heterogeneous relationships to resting- state net-

works. We identified that a region within the caudate head not 

only had strong correlated relationships to four higher- order 

cognitive networks but was also anticorrelated to the SMN. The 

BNST was notably the only nucleus with strong relationships to 

all six networks within this “mixed” condition, with a strong cor-

related relationship to four networks (ECN, SN, DAN, and VN) 

and a strong anticorrelated relationship to two networks (DMN 

and SMN). A small unilateral region within the amygdala over-

lap increased to five networks within the mixed condition, as a 

correlated overlap with the SMN was added to its previous four 

anticorrelated network contributions. Within the hippocampus, 

there was a bilateral region of five network overlaps with the ad-

dition of two correlated networks (DMN and SMN) overlapping 

with three anticorrelated networks (ECN, DAN, VN).

3.4   |   Regions Associated With Consciousness Level 
Correlate With Multiple Cortical Resting State 
Networks

Figures 6–8 describe network hubs within multiple subcortical 

regions that are associated with consciousness level. Network 

contour maps were generated for these three figures to identify 

the highest threshold necessary for there to be k networks over-

lapped at each voxel. k = 4 was used to best illustrate the corre-

spondence between the hubs identified in the present work and 

the hotspots identified in prior studies where lesions are associ-

ated with loss of consciousness (Fischer et al. 2016; Parvizi and 

Damasio 2003; Snider et al. 2020).

Figure 6 displays the 4- network correlated contour map findings 

within the CL thalamic nucleus in (A) left column and for the per-

ifascicular thalamic nucleus (Pf) in (B) left column with the axial, 

sagittal, and coronal views from top to bottom. The right column 

in both (A) and (B) shows the probabilistic values for the CL and 

Pf nuclei as defined by the probabilistic thalamic segmentation 

FIGURE 4    |    Anticorrelated regions for each network. Each column (except for the last one) represents an individual network, and the colored vox-

els represent voxels within the bottom 5% (or the most anticorrelated) of values for that network within the entire subcortex. The last column shows 

the combination (semi- transparent overlap) of individual network maps.
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atlas (Iglesias et al. 2018). This distribution of probability values 

indicates where these nuclei are most likely to be defined in space. 

The anatomic borders of CL and the Pf in this atlas encompass 

the 4- network contour map, providing evidence that these tha-

lamic intralaminar nuclei have high levels of network integration. 

For the left hemispheric CL, the networks overlapping were the 

DMN, DAN, SN, and VN. Notably, the right CL highly correlates 

with the DMN, DAN, and VN but is missing a contribution from 

the SN (Figure S4). The Pf finding was also asymmetrical, with 

a smaller profile on the right hemisphere than on the left. Within 

the left Pf, the networks overlapping were the DMN, ECN, DAN, 

and SN. The networks overlapping within the smaller spot in the 

right Pf were the DMN, DAN, SN, and VS.

Figure 7 displays network hubs within the brainstem that over-

lap with three previously reported brainstem “hot spots”: two 

previously reported regions that cause coma when lesioned 

(Fischer et al. 2016; Parvizi and Damasio 2003) and one region 

whose connectivity to cortical lesions was associated with loss 

of consciousness (Snider et  al.  2020). The first column shows 

the Parvizi hotspot superimposed on axial sections of the brain-

stem. The second and third columns show the Fischer and 

Snider hotspots (white outlines) superimposed on hub connec-

tivity data from the present study. All three previously published 

hotspots overlap with our 4- network correlated hub within the 

pontomesencephalic tegmentum.

Figure 8 shows the axial, sagittal, and coronal slices from the 

midbrain to the pontine structures of the 4- network contour 

map alongside six ascending arousal network nuclei as defined 

by the Harvard Ascending Arousal Network (AAN) Atlas, ver-

sion 2.0 (Edlow et al. 2024). Each panel describes the hotspots 

FIGURE 5    |    Network overlap and identity maps for the correlated (left column pair), the anticorrelated (middle column pair) and the mixed (right 

column pair) conditions shown in descending axial slices. The left column in each column pair shows the map describing the number of network 

overlaps at every voxel with values ranging from 0 to 6, as indicated by the top right color bar. The right column in each column pair labels the loca-

tions and identity of the thresholded networks overlapping at every voxel, where each color represents a distinct brain network as indicated by the 

bottom right color bar.
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in the 4- network contour map, where they overlap with the cor-

responding AAN nuclei in the left panel. We found that multi-

ple AAN nuclei overlap with at least four correlated networks. 

There was a consistent pattern of multiple higher- order cogni-

tive networks being positively correlated to multiple AAN nu-

clei. The SN, DMN, and VN were three of the four correlated 

networks for all these brainstem nuclei. A detailed summary of 

the relationships between the large- scale resting- state networks 

and the AAN nuclei is shown in Table 2.

4   |   Discussion

This brain mapping study leveraged a 7 T rs- fMRI healthy 

control dataset with 168 subjects and a tensor- based NASCAR 

decomposition method to map the subcortical connectivity of 

six canonical resting state networks. We identified multiple 

subcortical network hubs demonstrating differential patterns 

of functional connectivity with cortical networks. These hubs 

included regions that have been historically targeted in ther-

apeutic stimulation studies of patients with DoC: the CL, Pf, 

and VTA (Chudy et  al.  2018, 2023; Giacino et  al.  2012; Schiff 

et al. 2007). In addition, we found a subcortical connectivity hub 

in a region of the pontomesencephalic tegmentum that overlaps 

with multiple reticular and extrareticular arousal nuclei and 

that has been shown in three prior lesion studies to be a “hot 

spot” associated with loss of consciousness (Fischer et al. 2016; 

Parvizi and Damasio 2003; Snider et al. 2020), strengthening the 

evidence that this region of the brainstem tegmentum is criti-

cal to human consciousness. All brainstem and thalamic hubs 

were functionally connected to both the DMN and SN, empha-

sizing the importance of these cortical networks in integrative 

subcortico- cortical signaling in the human brain. Furthermore, 

we identified subcortical hubs in the caudate head, putamen, 

hippocampus, amygdala, and BNST—regions that are classi-

cally associated with modulation of cognition, behavior, and 

sensorimotor function. Collectively, these observations provide 

insights into the subcortical regions of the human brain that are 

strongly coupled to large- scale cortical networks and identify 

potential targets for therapeutic neurostimulation studies aimed 

at promoting recovery of consciousness in patients with DoC.

Our subcortical connectivity findings add to the growing evi-

dence base for a therapeutic paradigm in which subcortical re-

gions are targeted to restore consciousness in patients with DoC. 

We identified multiple subcortical nodes that were connected to 

four cortical networks and a small number of subcortical nodes 

connected to as many as six cortical networks. For example, the 

caudate head was observed to be a 6- network correlated hub, 

and the BNST a 6- network mixed hub. Accordingly, stimu-

lation of subcortical hub nodes has the potential to activate a 

broad expanse of cortical neurons across multiple functionally 

connected networks. In prior clinical trials, electrophysiologic 

stimulation of the central thalamus (Schiff et  al.  2007) and 

FIGURE 6    |    Subcortical correlated connectivity hubs within the central lateral (CL) and parafascicular (Pf) nuclei of the thalamus. (A) A com-

parison of the probabilistic thalamic segmentation atlas (Iglesias et al. 2018) for the CL thalamic nucleus alongside the 4- network correlated contour 

map is shown from an axial (top row), left hemispheric sagittal (middle row), and coronal (bottom row) perspective. (B) The counterpart to (A) but 

for the Pf.
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pharmacological stimulation of the VTA (Giacino et  al.  2012) 

have generally yielded more robust behavioral responses in pa-

tients with DoC than did transcranial magnetic stimulation or 

transcranial direct current stimulation (Fan et al. 2022; Thibaut 

et al.  2014; Wan et al.  2024) of cortical nodes. Our connectiv-

ity maps provide a potential mechanistic basis for these clinical 

trial results, as the CL and VTA were each found to be correlated 

to four cortical networks: DMN, SN, DAN, and VN in the CL, 

and DMN, ECN, SN, and VN in the VTA.

Notably, while a subcortical region of 4- network correlated ac-

tivity showed substantial spatial overlap in the CL using the 

Iglesias atlas (Figure  5), this finding was only present in the 

left CL. We propose that this asymmetry is due to hemispheric 

heterogeneities in the SN, whereby the left thalamus has sig-

nificantly higher connectivity values than does the right thal-

amus (p < 0.001 Mann–Whitney U test). However, the right CL 

correlated highly with three networks (DMN, DAN, and VN), 

indicating that the CL has bilateral network hub properties 

(Figure S4). Interestingly, the correlated hub in the left CL ad-

ditionally had a subregion of 2- network anticorrelated overlap, 

meaning that part of the CL represented a 6- network mixed hub 

(Figure S3). While the VTA's 4- network correlated hub did not 

overlap with additional anticorrelated networks, there were re-

gions within the VTA that overlapped with a 5- network mixed 

hub consisting of three correlated networks and two anticor-

related networks (Figure S5). These observations reveal highly 

specialized subregions of subcortical hubs that may differen-

tially modulate cortical networks via activating and inhibitory 

signaling.

The physiologic meaning of rs- fMRI anticorrelations within 

functional networks continues to be debated (Fox et al. 2005; 

Kevin and Michael  2017), and the microscale synaptic 

correlates of mesoscale anticorrelations remain unclear 

(DeFelipe  2010). Elucidating the therapeutic potential of a 

correlated hub versus that of a mixed hub, therefore, requires 

further inquiry in studies that link mesoscale neuroimaging 

FIGURE 7    |    Brainstem tegmentum connectivity hub overlaps with regions previously implicated in modulating human consciousness. Panel 

(A) shows lesion locations within the brainstem in patients presenting with coma (figure adapted from Parvizi 2003). The colors correspond to the 

number of patients with lesions in that region. Panel (B) shows our 4- network correlated contour map with a white outline labeling the region of 

maximum lesion overlap from patients presenting with coma from Fischer et al. (2016). Panel (C) shows our 4- network correlated contour map with 

a white outline labeling another brainstem hotspot whose connectivity to cortical lesions is significantly (p < 0.05) associated with loss of conscious-

ness from Snider et al. (2020).
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with microscale electrophysiology measures. Nevertheless, 

our functional connectivity maps are consistent with electro-

physiologic studies showing a “funnel effect” of information 

processing in the human brain, whereby information dimen-

sionality is reduced within subcortical structures (Blouw 

et al. 2016; Bota et al. 2015) such that stimulating a small hub 

FIGURE 8    |    Comparison of our 4- network contour map with the nuclei defined in the Ascending Arousal Network (AAN) Atlas, version 2.0 2024. 

(A–F) corresponds to the VTA, mRt, DR, PnO, LDTg, and LC, respectively. Each panel has two columns with axial, sagittal, and coronal views of 

the pons and midbrain.

TABLE 2    |    The relationships between large- scale resting state brain networks and AAN nuclei.

Nucleus DMN ECN DAN SN VN SMN

PnO Correlated Correlated Correlated Correlated Correlated

LC Correlated Correlated Anticorrelated Correlated Correlated Anticorrelated

LDTG Correlated Correlated Anticorrelated Correlated Correlated Anticorrelated

VTA Correlated Correlated Correlated Correlated

MnR Correlated Mixed Mixed Correlated Correlated Anticorrelated

DR Correlated Correlated Anticorrelated Correlated Correlated Anticorrelated

Note: The “Correlated” relationship indicates that the network's connectivity values lie in the top 20% of the overall connectivity distribution within the nucleus. The 
“Anticorrelated” relationship indicates the counterpart for connectivity within the bottom 20% of the distribution. The “Mixed” relationship indicates both correlated 
and anticorrelated conditions occur within the same nucleus but in different spatial locations. An empty cell indicates no significant correlation was observed.
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node in the subcortex generates widespread activation of the 

cortex (Horn et al. 2017, 2019). By beginning to link rs- fMRI 

connectivity maps to prior patterns observed in electrophysio-

logic data, our findings highlight the potential for rs- fMRI to 

serve as a clinically relevant tool that can identify subcortical 

therapeutic targets in patients with DoC.

The functional connectivity maps generated here, which we 

release to the academic community, expand the repertoire of 

therapeutic targets that can be considered in future clinical 

trials. While the central thalamus has been the most com-

mon target of electrophysiologic and ultrasonic therapies, and 

while the VTA has been the most common target of pharma-

cologic therapies, our findings suggest that hub nodes in the 

basal ganglia, medial temporal lobe, and BNST warrant fu-

ture consideration as therapeutic targets in studies that aim 

to modulate cognition, behavior, and sensorimotor function 

in patients with severe brain injuries. Ultrasonic stimulation 

studies in patients with DoC have begun to target the basal 

ganglia (Cain, Visagan, et al. 2021) based on the mesocircuit 

hypothesis of consciousness (Schiff 2010), in which a striato- 

pallido- thalamic circuit is postulated to modulate a broad ex-

panse of fronto- parietal cortex. The mechanistic relationships 

of the caudate and putamen hubs identified here to the me-

socircuit are beyond the scope of the present work, but our 

findings add to growing evidence that it may be possible to 

identify the functional integrity of the mesocircuit using ultra- 

high resolution rs- fMRI (Li, Curley, et al. 2021), an advance 

that would have substantial implications for personalized 

therapy selection in patients with DoC who have a disrupted 

mesocircuit.

Although mesoscale measurements of functional connectivity 

are only surrogate markers of microscale signaling at the syn-

aptic level, our identification of correlated, anticorrelated, and 

mixed hubs sheds new light on how subcortical ensembles of 

neurons may differentially modulate cortical networks. We 

found that subcortical hubs in the brainstem tegmentum and 

central thalamus had high levels of correlated connectivity with 

four or more cortical networks. These regions were consistently 

correlated with the DMN, SN, and VN, anticorrelated with the 

SMN, and had mixed connectivity properties with the DAN and 

ECN. In contrast, the BNST contained high levels of network 

overlap but with varying degrees (top 5% for SN, ECN, VN, DAN, 

and bottom 5% for the DMN and SMN) representing a mixed 

hub node that has the highest level of correlated activity from 

four networks and the highest level of anticorrelated activity 

from two networks. A region within the anterior putamen had 

the same mixed type of integration pattern as the BNST (cor-

related to the SN, ECN, VN, DAN, and anticorrelated to SMN 

and DMN) but with a lower threshold. Future studies combin-

ing rs- fMRI and intracranial electrophysiologic recordings are 

needed to elucidate the biological basis of mixed subcortical 

hubs (Stieger et al. 2024). We postulate that a subcortical node 

correlated with four task- positive networks and anticorrelated 

with the task- negative DMN may contribute to the brain's ability 

to “toggle” between task- positive and task- negative (i.e., resting) 

states.

Our observations about functional connectivity hubs in the 

healthy, conscious human brain also provide a mechanistic basis 

for previous descriptions of subcortical lesions that cause coma 

in patients with severe brain injuries. Specifically, we identified 

a subcortical hub that includes multiple reticular and extraretic-

ular arousal nuclei and that is located in the same “hot spot” 

region of the pontomesencephalic tegmentum that was found in 

prior lesion studies to cause coma (Fischer et al. 2016; Parvizi 

and Damasio 2003) or to be associated with loss of conscious-

ness (Snider et al. 2020). While the pathophysiologic mechanism 

of coma onset in patients with brainstem lesions continues to be 

debated, our functional connectivity results indicate that injury 

to a subcortical hub causes deafferentation and downregulation 

of cortical networks, such as the DMN, that are essential for 

consciousness. Given that recovery of consciousness after severe 

brain injury is associated with the reemergence of multiple corti-

cal networks (Demertzi et al. 2015), a key area for future inquiry 

will be to identify the combinations of subcortical hubs and their 

associated cortical networks that are necessary and sufficient 

for recovery of consciousness.

Several limitations should be considered when interpreting 

these results in the context of future clinical trials that aim to 

restore consciousness after severe brain injury. First, as we did 

not include the limbic network, we may have failed to identify 

hubs or underestimated the degree of hubness within anatomic 

regions that are highly connected to the limbic network. Future 

studies may identify additional subcortical hubs in limbic re-

gions such as the hippocampus, amygdala, nucleus accumbens, 

hypothalamus, or anterior nucleus of the thalamus (Catani 

et al. 2013). While some subcortical hubs identified here have 

been previously associated with consciousness, we also iden-

tified widely connected subcortical hubs in the basal ganglia, 

medial temporal lobe, and BNST that are historically associated 

with cognition, behavior, and sensorimotor function, not con-

scious awareness. For example, we found high levels of network 

overlap bilaterally within the caudate head for four networks 

when thresholding to include the top 2% of values, five networks 

when thresholding to the top 10%, and even a bilateral cluster 

of voxels of six network correlated overlap when threshold-

ing to the top 15% of values. While lesions within the caudate 

can cause cognitive and behavioral dysfunction (Bokura and 

Robinson 1997; Graff- Radford et al. 2017; Mendez et al. 1989), to 

the best of our knowledge, there have been no associations be-

tween caudate lesions and loss of consciousness. For this reason, 

it is important to consider that the identification of a widely con-

nected subcortical hub via rs- fMRI data does not prove that the 

hub modulates consciousness. Rather, these connectivity data 

must be interpreted in the context of prior animal and human 

studies that have linked each subcortical hub to distinct aspects 

of consciousness, cognition, behavior, or sensorimotor function.

To elucidate the connectivity properties of subcortical hubs 

that modulate conscious awareness, as compared to those that 

modulate cognition and behavior, it will be important for future 

studies to characterize these hubs as “bottom- up” activators of 

the cortex, or “top- down” recipients of cortical signals. In non- 

human primates, the caudate has been shown to receive inputs 

from multiple cortical networks, including from the dorsolateral 

prefrontal cortex (ECN), the dorsal anterior cingulate (DMN), 

and the anterior cingulate (SN) (Haber 2016). Conversely, animal 

models indicate that other subcortical hub regions identified in 

this study, such as the intralaminar nuclei of the thalamus and 
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the brainstem's arousal nuclei, send ascending axonal projec-

tions to the cortex (Azmitia and Gannon 1986). Building upon 

these animal structural connectivity data, there is a need to 

characterize the functional properties of subcortical hubs in hu-

mans by using dynamic rs- fMRI and intracranial electrophysio-

logic recordings to determine whether resting state activity in a 

subcortical region precedes or follows cortical network activity 

(Setzer et al. 2022) (Khalaf et al. 2025) (Edlow et al. 2024; Stieger 

et al. 2024). For dynamic rs- fMRI lag analyses, there has histor-

ically been a methodologic trade- off whereby achieving ultra- 

high temporal resolution (e.g., TR = 247 ms in Setzer et al. 2022) 

requires decreasing the spatial resolution or limiting the number 

of imaging slices, which precludes whole- brain coverage. Future 

studies aiming to characterize the “bottom- up” versus “top- 

down” signaling properties of subcortical connectivity hubs will 

therefore need to balance these trade- offs between temporal and 

spatial resolution.

Another methodological limitation of the present work is that 

the identification of subcortical hubs at the group level requires 

precise registration across subjects, which was enabled here 

by the NASCAR network identification pipeline (Li, Curley, 

et al. 2021). Recent work based on deep neural network meth-

ods has been shown to improve inter- subject registration 

(Balakrishnan et al. 2019; Cheng et al. 2020), but the registra-

tion of subcortical structures remains challenging due to the 

low resolution and low SNR of the rs- fMRI data, as well as the 

potential mismatch between human brain anatomy and func-

tion (Li et al. 2024). Therefore, inferences should not be made 

on any results reported here at voxel resolution. For instance, 

Figure  3 illustrates hubs that are consistently located within 

the hippocampus across multiple networks. The small overlap 

in the amygdala, although also across multiple networks, may 

not provide sufficiently strong evidence of hubness because of 

potentially inaccurate inter- subject registration. Given the possi-

bility of distortions within the brainstem due to its proximity to 

air- tissue boundaries (Brooks et al. 2013), advances in distortion 

correction are also needed to improve the anatomic precision 

and robustness of brainstem hub identification.

In conclusion, we identified subcortical connectivity hubs in the 

VTA, CL, and Pf—regions that have historically been targeted 

in therapeutic trials to restore consciousness in patients with 

severe brain injuries. An additional hub within the pontomes-

encephalic tegmentum overlapped with a previously described 

coma- causing “hot spot,” indicating that this brainstem region is 

a potential therapeutic target for neuromodulation of conscious-

ness. Subcortical hubs were also identified in regions of the 

caudate, putamen, medial temporal lobe, and BNST that are be-

lieved to modulate cognition, behavior, and sensorimotor func-

tion. While further evidence from multimodal neuroimaging 

and electrophysiologic studies is needed to elucidate the specific 

functional role of each subcortical hub, these results strengthen 

the evidence base for targeting subcortical hubs as a therapeutic 

strategy to restore consciousness in patients with DoC.
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