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ARTICLE INFO ABSTRACT

Keywords: Brainstem nuclei play a pivotal role in many functions, such as arousal and motor control. Nevertheless, the
7Tesla connectivity of arousal and motor brainstem nuclei is understudied in living humans due to the limited sensitivity
Human functional connectome and spatial resolution of conventional imaging, and to the lack of atlases of these deep tiny regions of the brain. For
Brainstem

a holistic comprehension of sleep, arousal and associated motor processes, we investigated in 20 healthy subjects
the resting-state functional connectivity of 18 arousal and motor brainstem nuclei in living humans. To do so,
we used high spatial-resolution 7 Tesla resting-state fMRI, as well as a recently developed in-vivo probabilistic
atlas of these nuclei in stereotactic space. Further, we verified the translatability of our brainstem connectome
approach to conventional (e.g. 3 Tesla) fMRI. Arousal brainstem nuclei displayed high interconnectivity, as well
as connectivity to the thalamus, hypothalamus, basal forebrain and frontal cortex, in line with animal studies and
as expected for arousal regions. Motor brainstem nuclei showed expected connectivity to the cerebellum, basal
ganglia and motor cortex, as well as high interconnectivity. Comparison of 3 Tesla to 7 Tesla connectivity results
indicated good translatability of our brainstem connectome approach to conventional fMRI, especially for cortical
and subcortical (non-brainstem) targets and to a lesser extent for brainstem targets. The functional connectome
of 18 arousal and motor brainstem nuclei with the rest of the brain might provide a better understanding of
arousal, sleep and accompanying motor functions in living humans in health and disease.

Arousal network
Motor network

1. Introduction

Substantial research over several decades, based on le-
sion/stimulation studies in animals, as well as sleep and coma studies
in humans and animals, has identified distinct neural populations in the
brainstem promoting wakeful arousal, and/or associated motor function
(Table 1). These include nuclei of median raphe (MnR), paramedian
raphe (PMnR) and dorsal raphe (DR) substantia nigra-subregionl (SN1,
compatible with pars reticulata), substantia nigra-subregion2 (SN2,
compatible with pars compacta), (Datta et al., 1998; Lima et al., 2008,
2007; Olszewski and Baxter, 2014) caudal-rostral linear raphe (CLi-
RLi), periaqueductal gray (PAG), mesencephalic reticular formation

(mRt), cuneiform nucleus (CnF), isthmic reticular formation (isRt), and
pontine reticular formation (PnO-PnC) (Moruzzi and Magoun, 1949;
Parvizi and Damasio, 2001), locus coeruleus (LC) (Parvizi and Dama-
sio, 2001; Saper et al., 2010, 2001) pedunculotegmental (PTg) and
laterodorsal tegmental nucleus- central gray of the rhombencephalon
(LDTg-CGPn) (Parvizi and Damasio, 2001; Saper et al., 2010, 2001),
red nucleus-subregionl (RN1), Red nucleus-subregion2 (RN2), sub-
coeruleus nucleus (SubC), inferior olivary nucleus (ION) (Merel et al.,
2019).

With the goal of elucidating how these nuclei individually and col-
lectively act to promote and maintain wakefulness and various arousal
states, animal studies have mapped the connections among these nu-
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List of abbreviations of brainstem nuclei used as seeds

Median Raphe nucleus (MnR)

Periaqueductal Gray (PAG)

Substantia Nigra-subregionl (SN1)

Substantia Nigra-subregion2 (SN2)

Red Nucleus-subregionl (RN1)

Red Nucleus-subregion2 (RN2)

Mesencephalic Reticular formation (mRt)

Cuneiform (CnF)

Pedunculotegmental nuclei (PTg)

Isthmic Reticular formation (isRt)

Laterodorsal Tegmental Nucleus- Central Gray of the
rhombencephalon (LDTg-CGPn)

Pontine Reticular Nucleus Oral Part- Pontine Reticular
Nucleus Caudal Part (PnO-PnC)

Locus Coeruleus (LC)

Subcoeruleus nucleus (SubC)

Inferior Olivary Nucleus (ION)

Caudal-Rostral Linear Raphe (CLi-RLi)

Dorsal Raphe (DR)

Paramedian Raphe nucleus (PMnR)

List of abbreviations of additional brainstem nuclei used as targets

Superior Colliculus (SC)

Inferior Colliculus (IC)

Ventral Tegmental Area-Parabrachial Pigmented Nu-
cleus (VTA-PBP)

Microcellular Tegmental Nucleus-Parabigeminal nu-
cleus (MiTg-PBG)

Lateral Parabrachial Nucleus (LPB)

Medial Parabrachial Nucleus (MPB)

Vestibular nuclei complex (Ve)

Parvicellular reticular nucleus-alpha part (PCRtA)
Superior Olivary Complex (SOC)

Superior Medullary Reticular formation (sMRt)
Viscero-Sensory Motor nuclei complex (VSM)

Inferior Medullary Reticular formation (iMRt)

Raphe Magnus (RMg)

Raphe Obscurus (ROb)

Raphe Pallidus (RPa)

Table 1
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clei (Oh et al., 2014; Olszewski and Baxter, 2014; Saper et al., 2010,
2001) and other arousal regions such as the thalamus, hypothalamus
and basal forebrain. Based on these studies, it is now increasingly clear
that arousal is controlled by large, distributed networks spanning mul-
tiple subcortical and cortical regions, many of which are closely associ-
ated with somato-motor and autonomic regulation (Liu and Dan, 2019).

To elucidate wakeful arousal and associated motor processes, a com-
prehensive investigation of functional connections of the nuclei in-
volved is needed. For this purpose, resting state fMRI is a non-invasive
tool able to investigate connected networks in living humans; how-
ever, note that resting state fMRI connectivity might not elucidate how
these regions function or interact during task performance, nor iso-
late specifically arousal and motor processes at rest. Nevertheless, with
the ever-increasing evidence of overlapping functions of several regions
(Elvsashagen et al., 2020; Eser et al., 2018), it is important to investigate
connectivity within networks rather than single pairs of regions. Un-
doubtedly, the connectivity of arousal brainstem nuclei is understudied
in living humans (Bér et al., 2016; Beliveau et al., 2015; Bianciardi et al.,
2016; Coulombe et al., 2016), due to the limited sensitivity and spatial
resolution of conventional imaging and to the lack of atlases of these
deep tiny regions of the brain.

To this end, we investigated the resting-state functional connectivity
of 18 arousal and motor brainstem nuclei in living humans by the use of
high-sensitivity and high spatial-resolution 7 Tesla resting-state fMRI,
as well as a recently developed in-vivo probabilistic atlas of arousal and
motor brainstem nuclei in stereotactic (Montreal-Neurological-Institute
—MNI) space (Bianciardi et al., 2018, 2015; Garcia-Gomar et al.,
2021; Singh et al., 2021). For this, we used brainstem nuclei (stated
above) as seeds and cortical and sub-cortical regions encompassing
the whole gray matter, as targets (Li et al., 2015; Rosen and Hal-
gren, 2021). We also used as targets brainstem nuclei involved in
other functions such as autonomic and sensory, available in the liter-
ature (Bianciardi et al., 2016, 2018; Garcia-Gomar et al., 2019; Garcia-
Gomar et al., 2021): Superior Colliculus (SC) (Lee and Groh, 2012), Infe-
rior Colliculus (IC) (Nieuwenhuys et al., 2008), Ventral Tegmental Area-
Parabrachial Pigmented Nucleus (VTA-PBP) (Halliday et al., 2012), Mi-
crocellular Tegmental Nucleus-Parabigeminal nucleus (MiTg-PBG), Lat-
eral Parabrachial Nucleus (LPB), Medial Parabrachial Nucleus (MPB)
(Kaur et al., 2013a), Vestibular nuclei complex (Ve) (Goldberg et al.,
2012), Parvicellular reticular nucleus alpha-part (PCRtA) (Chai et al.,
1988), Superior Olivary Complex (SOC) (Illing et al., 2000), Superior
Medullary Reticular formation (sMRt), Viscero-Sensory Motor nuclei
complex (VSM) (Mutolo, 2017), Inferior Medullary Reticular formation

List of investigated brainstem nuclei and their involvement in arousal and motor functions.

Brainstem nuclei

Function
Arousal Motor

1 Median Raphe nucleus (MnR) X
2 Periaqueductal Gray (PAG) X
3 Substantia Nigra-subregionl (SN1) X X
4 Substantia Nigra-subregion2 (SN2) X X
5 Red nucleus-subregionl (RN1) X
6 Red Nucleus-subregion2 (RN2) X
7 Mesencephalic Reticular formation (mRt) X X
8 Cuneiform (CnF) X X
9 Pedunculotegmental nuclei (PTg) X X
10 Isthmic Reticular formation (isRt) X X
11 Laterodorsal Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn) X
12 Pontine Reticular Nucleus Oral Part- Pontine Reticular Nucleus Caudal Part (PnO-PnC) X X
13 Locus Coeruleus (LC) X
14 Subcoeruleus nucleus (SubC)* X
15 Inferior Olivary Nucleus (ION) X
16 Caudal-Rostral Linear Raphe (CLi-RLi) X
17 Dorsal raphe (DR) X
18 Paramedian Raphe nucleus (PMnR) X

* Also involved in REM sleep
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(iMRt), Raphe Magnus (RMg), Raphe Obscurus (ROb) and Raphe Pal-
lidus (RPa) (Hornung, 2003)).

Further, we verified the translatability of our brainstem connectome
approach to conventional (e.g. 3 Tesla) fMRI. Translatability to clin-
ical studies is crucial to allow the investigation of brainstem arousal
mechanisms in disease, including sleep disorders, disorders of con-
sciousness, and psychiatric disorders involving perturbations of arousal
(Bryant et al., 2000) for example, hyperarousal in schizophrenia, ad-
diction, and generalized anxiety disorder (GAD) (Carlsson, 1995), or
hypoarousal in aggressiveness and attention deficit hyperactivity disor-
der (ADHD) (Haller et al., 2005; Miano et al., 2006). This could further
benefit the investigation of motor mechanisms in Parkinson’s disease,
Lewy body dementia, spinocerebellar ataxia, and supranuclear palsy.

2. Methods
2.1. Data acquisition

20 right-handed healthy subjects (10 males and 10 females; age
29.5 + 1.1 years) participated in two MRI sessions, a 7 Tesla MRI ses-
sion and 3 Tesla MRI session (Siemens Healthcare, Erlangen, Germany).
The session order was randomized across subjects. The study protocol
was approved by the Massachusetts General Hospital Institutional Re-
view Board; written informed consent was obtained from participants.
During the MRI image acquisition sessions, subjects were asked to lie
down in the scanner and be as still as possible. Foam pads were placed
beneath subject’s neck covering the space between the subject and the
MRI detector array to minimize head movements. A custom-built 32-
channel receive coil and volume transmit coil was used at 7 Tesla. We
used a custom-built 64-channel receive coil and volume transmit coil at
3 Tesla (Keil et al., 2010). For both 7 Tesla and 3 Tesla acquisition, to
account for physiology related signal fluctuations, during fMRI acquisi-
tion, we also recorded the timing of cardiac and respiratory cycles by
the use by a piezoelectric finger pulse sensor (ADInstruments, Colorado
Springs, CO, USA) and a piezoelectric respiratory bellow (UFI, Morro
Bay, CA, USA) positioned around the chest, respectively. The record-
ing was performed using a PowerLab data acquisition system (PowerLab
4/SP, ADInstruments, New Zealand) and LabChart (LabChart, ADInstru-
ments, New Zealand), with a sampling rate of 1000 Hz. The same acqui-
sition system also recorded the MR scanner trigger pulses synchronized
with the acquisition of each image volume.

During the study, we asked participants to stay awake with their eyes
closed during resting-state fMRI acquisitions. We checked their sleep
state by asking buzzer response question before and after each run.

2.1a: 7 Tesla MRI session: For each subject, on a 7 Tesla MRI
scanner (Magnetom, Siemens Healthineers, Erlangen, Germany) we
acquired three runs of gradient-echo echo-planar-images (EPIs) dur-
ing resting state with the eyes closed, with the following parameters:
isotropic voxel-size = 1.1 mm, matrix-size = 180x240, GRAPPA fac-
tor = 3, nominal echo-spacing = 0.82 ms, bandwidth = 1488 Hz/Px, N.
slices = 123, slice orientation = sagittal, slice-acquisition order = inter-
leaved, echo-time (TE) = 32 ms, repetition-time (TR) = 2.5 s, flip angle
(FA) = 75°, simultaneous-multi-slice factor = 3, N. repetitions = 210,
phase-encoding direction = anterior-posterior, acquisition-time per-
run = 10707”.

To correct for geometric distortion, a 2.0 mm isotropic resolu-
tion fieldmap was acquired with the following parameters: matrix-
size = 116x132, bandwidth = 1515 Hz/Px, number of slices = 80,
slice orientation = sagittal, slice-acquisition order = interleaved,
TE1/TE2 = 3.00 ms/4.02 ms, TR = 570.0 ms, FA = 36°, simultaneous-
multi-slice factor = 3, phase-encoding direction = anterior-posterior.

2.1b: 3 Tesla MRI session: To access clinical translatability of our 7
Tesla functional connectome, we scanned the same subjects at 3 Tesla
(‘Connectom’ scanner, Siemens Healthineers) for multi-echo MPRAGE
(MEMPRAGE), resting state fMRI and fieldmap image acquisition. Of
note, we used conventional sequences for 3 Tesla MRI acquisition
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on a non-conventional (‘Connectom’) 3 Tesla scanner. We acquired
an anatomical T;-weighted MEMPRAGE image with isotropic voxel-
size = 1 mm, TR = 2.53 s, TEs = 1.69,3.5,5.3,7.2 ms, inversion-
time =1.5s, FA=1.5s, FOV = 7°, bandwidth = 650 Hz/pixel, GRAPPA-
factor = 3, slice orientation = sagittal, slice-acquisition order = anterior-
posterior, acquisition time = 4’28”.

We also acquired a single run of functional gradient-echo
EPIs with isotropic voxel-size = 2.5 mm, matrix-size = 215x215,
GRAPPA factor = 2, nominal echo-spacing = 0.5 ms, readout band-
width = 2420 Hz/Px, N. slices = 64, slice orientation = transversal,
slice-acquisition order = interleaved, TE = 30 ms, TR = 3.5 s, FA = 85°,
GRAPPA factor = 2, Number of repetitions = 150, phase-encoding di-
rection = anterior-posterior, acquisition-time = 9’06”.

To correct for geometric distortions, we acquired a fieldmap
with isotropic voxel-size = 2.5 mm, FOV = 215x215, band-
width = 300 Hz/Px, N. slices = 128, slice orientation = sagittal,
slice-acquisition order = interleaved, TE1/TE2 = 4.92 ms/ 7.38 ms,
TR = 849.0 ms, FA = 85°, phase-encoding direction = anterior-posterior,
acquisition time = 2/19”.

2.2. Data processing

2.2a: MEMPRAGE and fieldmap processing: For each subject, we com-
puted the root-mean-square of the MEMPRAGE image across echo times.
We then rotated it to standard orientation (“RPI”), bias field corrected
(SPM) (Frackowiak et al., 2004), brain extracted and cropped the lower
slices (FSL 5.0.7 tools-FMRIB Software Library, FSL, Oxford, UK). The pre-
processed MEMPRAGE was parcellated with Freesurfer (Destrieux et al.,
2010) to generate cortical and sub-cortical targets. For registration pur-
poses, the MEMPRAGE images were averaged across 20 subjects to build
an optimal template using the Advanced Normalization Tool (ANTs,
Philadelphia, PA, United States). The optimal template was then reg-
istered to the MNI152_1 mm template (Grabner et al., 2006) through
an affine transformation and a nonlinear warp. The transformation ma-
trices from individual subjects’ MEMPRAGE space to optimal template
space and from optimal template space to MNI space were concatenated
to obtain the full coregistration warp from single-subject MEMPRAGE
to MNI space.

For each subject, the magnitude image of the fieldmap was reori-
ented, bias field corrected (SPM), and brain extracted [FSL 5.0.7 tools-
FMRIB Software Library, FSL, Oxford, UK]. The brain mask generated
after brain extraction was precisely inspected and manually edited to
optimally include the oral pons, medulla, and to remove any unwanted
non-brain voxel. Similarly, the phase image of the field map was reori-
ented to standard space, brain extracted (using the edited magnitude
image mask), converted to radians per second, and smoothed with a 3D
Gaussian kernel (4 mm sigma). The magnitude image was then warped
to match the phase image (FSL-Fugue) and used to linearly register the
phase image to the resting state fMRI image (FSL-FLIRT). The phase im-
age registered to the fMRI was finally used to compute the warp for
distortion correction using FSL program Fugue.

2.2b: 7 Tesla fmri preprocessing: Physiological noise correction was
done in each resting state fMRI run using custom-built Matlab function
of RETROICOR (Glover et al., 2000) adapted to our slice acquisition
sequence. For each subject, EPIs were slice-timing corrected and reori-
ented to standard space. (FSL 5.0.7 tools-FMRIB Software Library, FSL,
Oxford, UK). fMRIs were motion corrected to the first volume of the first
fMRI run (using Freesurfer, which also yielded six nuisance regressors to
be used as covariates later). The time averaged fMRI of the first run was
bias field corrected (SPM), distortion corrected, and used as a reference
fMRI volume for coregistration to the MEMPRAGE image. This EPI was
coregistered to the MEMPRAGE using a two-step process including an
affine coregistration (AFNI program 3dAllineate) and a nonlinear one
(AFNI 3dQwarp) (AFNI, Bethesda, MD, USA (Cox, 1996)). The nonlin-
ear approach was iterative with progressively finer refinement levels
and edges enhancement. For 17 subjects out of 20, 3 refinement levels
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were used, while 4 were used for the remaining 3 subjects for satis-
factory results. To reduce the number of spatial interpolations and the
subsequent loss of spatial definition, the affine and nonlinear coregistra-
tions of the fMRIs to the MEMPRAGE image were applied in a single step
together with motion and distortion correction (AFNI-3dNwarpApply).
For the latter we used the warps computed from the fieldmap (described
above).

Further, from the fMRI time-course we regressed out six rigid-body
motion time-series nuisance regressors (computed during Freesurfer
motion-correction), a regressor describing respiratory volume per unit
time convolved with a respiration response function (Birn et al., 2008)
(computed using Matlab), a regressor describing heart rate convolved
with a cardiac response function (Chang et al., 2009) (computed using
Matlab) and five regressors modeling the signal in cerebrospinal fluid
(CSF). These CSF regressors were extracted from a principal-components
analysis performed on a mask of the CSF (5.3 x 6.5 x 7.5 cm cuboid)
neighboring the brainstem, defined by thresholding the EPIs standard
deviation over time (> 55). Preciously, this CSF mask included CSF-
filled spaces neighboring the brainstem, mainly the inferior portion of
the third ventricle, the cerebral aqueduct and the fourth ventricle. Pre-
vious studies (Satpute et al., 2013) showed that removal of the signal of
the cerebral aqueduct and ventricles adjacent to the brainstem is impor-
tant for the functional connectivity analysis of brainstem nuclei lining
the CSF, such as the periaqueductal gray, the dorsal raphe, and keeping
in mind the nuclei in current study i.e. vestibular nuclei and inferior oli-
vary nuclei. The BOLD signal fluctuations were converted to percentage
signal changes with respect to the mean by dividing the data by tempo-
ral signal mean and multiplying by 100. High and low bandpass filter-
ing was applied (between 0.01 and 0.1 Hz) (AFNI-3dBandpass). Semi-
nal studies showed functional connectivity signals of interest typically
range between 0.01 and 0.1 Hz (Biswal et al., 1995; Cordes et al., 2001;
Demirci et al., 2009; Salvador et al., 2005). Scanner drifts are mainly
present at frequencies below 0.01 Hz (Bianciardi et al., 2009) and physi-
ological noise derived from respiratory and cardiac function can be also
found at comparatively higher frequencies (> 0.1 Hz) (Cordes et al.,
2001; Lowe et al., 1998; Thomas et al., 2002). Filter specification and
implementation employed in fMRI connectivity literature varies, how-
ever majority of studies demonstrate that the 0.01-0.1 Hz frequency
range had the greatest power in revealing the underlying connectivity
(Auer, 2008; Uddin et al., 2009; Zhong et al., 2009). Based on these
evidences, we used most standard bandpass filter with cutoff frequen-
cies in the range of 0.01-0.1. Finally, any residual temporal mean was
removed (i.e. we subtracted the overall signal mean over time in each
voxel), and the three resting state fMRI runs were concatenated. Note
that we did not perform global signal regression because it alters the
distribution of regional signal correlations in the brain and can induce
artefactual anticorrelations (Aquino et al., 2020; Murphy et al., 2009).

2.2b (i) Defining seed and target regions for 2D connectome genera-
tion: As seed regions, we used the labels of 18 brainstem nuclei (13
bilateral and 5 unilateral, for a total of 31 seed regions) involved in
arousal and motor function (Brainstem Navigator toolkit v0.9 devel-
oped by this group (https://www.nitrc.org/projects/brainstemnavig/)
(Bianciardi et al., 2018, 2015; Garcia-Gomar et al., 2021; Singh et al.,
2021), see also Table 1:

» Serotonergic nuclei of median raphe (MnR), paramedian raphe
(PMnR) and dorsal raphe (DR) (Parvizi and Damasio, 2001;
Saper et al., 2010, 2001);

* Mesolimbic dopaminergic nuclei of Substantia Nigra-subregionl
(SN1, compatible with pars reticulata), Substantia Nigra-subregion2
(SN2, compatible with pars compacta), (Datta et al., 1991;
Lima et al., 2008, 2007; Olszewski and Baxter, 2014), Caudal-Rostral
Linear Raphe (CLi-RLi), Periaqueductal gray (PAG);

* Meso-pontine reticular formation nuclei of (Moruzzi and
Magoun, 1949; Parvizi and Damasio, 2001) mesencephalic retic-
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ular formation (mRt), cuneiform nucleus (CnF), isthmic reticular
formation (isRt), and pontine reticular formation (PnO-PnC);
Noradrenergic nuclei of locus coeruleus (LC) (Parvizi and Dama-
sio, 2001; Saper et al., 2010, 2001);

Cholinergic nuclei of pedunculotegmental (PTg) and Laterodorsal
Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-
CGPn) (Parvizi and Damasio, 2001; Saper et al., 2010, 2001)] and
Motor function nuclei of Red nucleus-subregionl (RN1), Red
Nucleus-subregion2 (RN2), Subcoeruleus nucleus (SubC), Inferior
Olivary Nucleus (ION) (Merel et al., 2019).

As targets, we used the 31 seeds as well as other 15 brainstem
nuclei labels (12 bilateral and 3 unilateral, for a total of 27 target
regions, Brainstem Navigator toolkit v0.9 developed by this group
(https://www.nitrc.org/projects/brainstemnavig/) (Bianciardi et al.,
2018, 2016; Garcia-Gomar et al., 2021; Garcia-Gomar et al., 2019;
Singh et al., 2021, 2019), namely: Superior Colliculus (SC), Inferior Col-
liculus (IC), Ventral Tegmental Area-Parabrachial Pigmented Nucleus
(VTA-PBP), Microcellular Tegmental Nucleus-Prabigeminal nucleus
(MiTg-PBG), Lateral Parabrachial Nucleus (LPB), Medial Parabrachial
Nucleus (MPB), Vestibular nuclei complex (Ve), Parvocellular Reticu-
lar nucleus Alpha (PCRtA), Superior Olivary Complex (SOC), Superior
Medullary Reticular formation (sMRt), Viscero-Sensory Motor nuclei
complex (VSM), Inferior Medullary Reticular formation (iMRt), Raphe
Magnus (RMg), Raphe Obscurus (ROb) and Raphe Pallidus (RPa). Some
of the target nuclei were included in arousal and motor network based
on animal studies literature viz LPB, MPB (Kaur et al., 2013b), VTA-
PBP (Solt et al., 2014), PCRtA, sMRt, iMRt (Pfaff et al., 2012). For both
seeds and targets, probabilistic atlas labels were binarized at a 35%
threshold. For an example dataset, in Supplementary Fig. 1, we show
the alignment of all brainstem seeds (red) on the T;-weighted image, 3
Tesla and 7 Tesla pre-processed fMRI. Also, these seeds and targets are
shown on MNI template as Supplementary Fig. 2. Additionally, we used
as targets, 74 FreeSurfer bilateral cortical (Destrieux et al., 2010) and
10 bilateral single-subject subcortical parcellations (described above in
2.2) including cerebellar cortex, caudate, putamen, pallidum, accum-
bens area, amydgala, hippocampus, thalamus, sub-thalamic subregion1,
and 2 (Bianciardi et al., 2015), and the hypothalamus (Pauli et al.,
2018), mapped from MNI space to single-subject space, for a total of
additional 169 target regions. The total number of target regions was
227.

We also investigated arousal and motor networks as circuits where
we defined nodes involved in these two circuits based on existing lit-
erature. These circuits have some overlapping nodes however they
have been investigated as two separate networks in the current work.
Arousal circuit comprised of frontal cortex, thalamus (Redinbaugh et al.,
2020), accumbens (Luo et al., 2018), hypothalamus (Szymusiak and
McGinty, 2008), MnR, mRt, SN1, SN2, PAG, CLi-RLi, CnF, isRT, PTg,
DR, parabrachial nuclei, LC, PnO-PnC, PMnR and VTA-PBP (Solt et al.,
2014). The motor circuit included motor cortex, caudate, putamen, pal-
lidum, RN1, RN2, mRt, isRT, CnF, cerebellar cortex, PTg, intermediate
reticular formation-iMRt (Pfaff et al., 2012), Superior Medullary Reticu-
lar formation-sMRt, ION, Parvocellular Reticular nucleus Alpha-PCRtA,
SubC, PnO-PnC, SN1 and SN2 (Middleton and Strick, 2000; Stoodley and
Schmahmann, 2010) (Matelli et al., 2004). This is also shown in Table 1.

2.2b (ii): Region-based correlation analysis: For each subject,
we averaged the time-courses within seed and target regions
(or “nodes”) and computed the Pearson correlation coefficient
across them, generating a 31 X 169 correlation matrix (with
31 x (31 — 1)/2 + 31 x (227 — 31) = 6541 correlation values
above the diagonal). We applied on the correlation values a Fisher
transform to have null mean and unitary standard deviation (Z-value).
To test for statistical significance, a two-sided one sample Student’s
t-test was performed on Fisher transformed Z-values across subjects
with the null hypothesis of zero correlation, followed by Bonferroni
correction for multiple comparisons (p = 0.05) across the whole matrix.
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For each seed region, a connectome of significant Z-values (which we
call “connections” or “links”) at the group level was displayed using a
circular 2D representation (Matlab v. 8.4, Natick, MA), as used in our
earlier studies (Bianciardi et al., 2016) and referred to as ‘2D circular
connectome’ in this work.

We provided graph analysis metrics for the full connectome: in
particular we employed the GRETNA (GRaph thEoreTical Network
Analysis) toolbox (http://www.nitrc.org/projects/gretna/) (Wang et al.,
2015) in Matlab to compute global graph measures (assortativity, rich
club, synchronization, hierarchy, clustering coefficient, characteristic
path length, gamma, lambda, sigma, global efficiency and local effi-
ciency) and, for each seed, nodal ones (betweenness centrality, degree
centrality, local efficiency, clustering coefficient, shortest path length,
normalized participant coefficient). We ran the graph analysis on the
same matrix that we used to build the connectomes, i.e. the matrix
of -log10(p-values) obtained from the group-level analysis, thresholded
at p < 0.0005 Bonferroni corrected for multiple comparisons. Finally,
we computed for each bilateral seed a laterality index in Matlab de-
fined as the difference between binary links of left and right mirrored
seeds, divided by the number of active links, scoring thus 0% for per-
fectly symmetric nuclei and 100% for perfectly asymmetric ones. The
degree centrality, reflecting information communication ability of a
given node in the functional network, was used to define nodes as
hubs.

2.2b (iii): Voxel-based analysis: For voxel-based analysis, we used
as regressors the average timecourse within seeds, computed on un-
smoothed data. The single-subject regression analysis (AFNI) was then
performed on smoothed fMRI data in MNI space with a Gaussian ker-
nel with 1.25 mm standard deviation. In the regression step, to mask out
noisy regions filled with CSF, we used a binary mask of the MNI template
that included only gray and white matter tissues. The mask is distributed
with the FSL software. Further, we computed the group-level statistics
(two-sided one sample t-test, AFNI) on the first level beta coefficients.
For display purposes, a per-voxel p-value between 10~> and 10~* was
chosen to threshold the activation maps. The false-discovery rate at clus-
ter level was controlled using a corrected p-value between 0.01 and 0.05
obtained by imposing a minimum cluster-size as computed using AFNI
program 3dClustsim from the estimated autocorrelation function of the
residuals). These results showed activations at the subcortical level. For
cortical activations, the thresholded data was projected on the pial sur-
face using FreeSurfer.

2.2c: 3 Tesla fMRI Preprocessing: The resting state fMRI data acquired
at 3 Tesla were preprocessed using similar pipeline as used for 7 Tesla
resting state fMRI data. The only difference in processing pipeline was
in the coregistration of two subjects where the coregistration strategy
(also used at 7 Tesla) did not give significant quality. In these two sub-
jects only affine coregistration was used because non linear coregistra-
tion introduced small yet visible inaccuracies at the level of the anterior
pons, most likely due to neighboring large vessels, and the lack of spatial
resolution/contrast to discriminate between the two tissue types. Also,
3 Tesla data underwent only region-based analysis, as the goal was to
assess translatability by comparing the region-based connectivity matri-
ces.

2.3. Diagram generation

We generated a schematic diagram of the arousal functional circuit
and of the motor functional circuit, using as nodes the brainstem nuclei
involved in arousal (Saper et al., 2010, 2001) and motor (Merel et al.,
2019) function based on human and animal literature. We then used
the connectivity values of our human connectome to build a circuit
diagram. Specifically, we averaged out the connectivity strength of
node subregions to yield a single connectivity value among to nodes
and varied the line thickness of each link based on the connectivity
strength.
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3. Results
3.1. Functional connectome of our arousal-motor nuclei

Our results showed arousal-motor functional network connectome
spanning major brainstem and brain regions. The connectivity matrix
and 2D circular connectome of all arousal and motor nuclei are shown
in Fig. 1; global graph measures and laterality index of these nuclei
are shown in Fig. 2. With regard to the global graph measures, the
brainstem-to-brainstem connections showed higher small-world mea-
sures and efficiency compared to cortical-to-cortical connections, and
lower assortativity and hierarchy measures. For all the seeds, the later-
ality index displayed high (mirrored) symmetry of the connectivity maps
of left and right nuclei. Individual left sided nuclei involved in arousal-
motor network showed extensive, yet specific connectivity as shown in
Figs. 3-11 Similar (mirrored) connectomes were seen for right-sided nu-
clei as well, thus, were not displayed (see also laterality index in Fig. 2).
The voxel based functional activations are displayed as surface and vol-
ume display that match the results obtained in the region-based 2D cir-
cular connectomes. In Supplementary Fig. 3, we show 3 Tesla connec-
tome of two representative nuclei (PAG, from the arousal system, and
RN1, from the motor system).

From the GRETNA graph analysis (Fig. 12), we found that the be-
tweenness centrality, which is a measure of effect of node on informa-
tion flow between other nodes, for all nuclei was lower than the network
average (35.75) except for PMnR, which had a value of 82. The degree
centrality, reflecting information communication ability of a given node
in the functional network, was higher (than average) for PAG, RN1, RN2,
isRt, LDTg-CGPn and DR, which can then be defined as hubs. Most of the
network nuclei showed above average (9.85) local efficiency (a measure
of efficient communication of a node among the first neighbors if it is
removed), except PAG, mRt and LDTg-CGPn. The clustering coefficient
(measuring the likelihood of a node’s neighborhoods connectivity with
each other) showed a similar pattern as local efficiency with only PAG,
mRt and LDTg-CGPn below network group average (0.54). Except for
PAG, mRt, isRt, LDTg-CGPn and DR nuclei, every other nucleus in the
network showed above average shortest path length (0.12), indicative
of its routing efficiency between itself and all the other nodes in the net-
work. PAG, mRt, isRt, LDTg-CGPn, DR and PMnR showed above average
normalized participant coefficient (0.93).

3.2. 7 Tesla versus 3 Tesla results

The association between 7 Tesla and 3 Tesla mean connectivity in-
dices (n = 20) in whole brain targets (r-value=0.77), brainstem only
targets (r-value=0.76) and cortical/subcortical (other than brainstem)
targets (r-value=0.76) was high (Fig. 13A). The % of common links be-
tween 7 Tesla and 3 Tesla data decreased with increasing the statisti-
cal threshold (Fig. 13B); for a p-value=0.05 Bonferroni corrected, it was
equal to 90%, 75% and 92% for whole brain targets, brainstem only tar-
gets, cortical/other subcortical targets, respectively. These results show
translatability of 7 Tesla results in a conventional dataset acquired at
3 Tesla. In Supplementary Fig. 3, we also show 3 Tesla versus 7 Tesla
connectome of two representative nuclei (PAG, from the arousal system,
and RN1, from the motor system). The head motion metrics for 7 Tesla
and 3 Tesla data is shown in Supplementary Fig. 4.

3.3. Circuit diagram generation

The resulting 2D connectome was used to build a circuit diagram
(Fig. 14, for 7 Tesla fMRI, and Supplementary Fig. 5 for 3 Tesla fMRI)
with accompanying connection strengths, thus analyzing the arousal
and motor network in literature versus our results. Specifically, we gen-
erated a schematic diagram of the arousal and motor functional circuit,
using as nodes the brainstem nuclei and cortical regions involved in each
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Fig. 1. (A). Connectivity matrix, of all arousal and motor nuclei. We show the 2D connectivity matrix of the arousal-motor brainstem nuclei at p < 0.0005
Bonferrroni corrected threshold. (B). 2D circular connectome of all arousal and motor nuclei. We show the region-based 2D-functional connectome at the group
level of the arousal-motor brainstem nuclei at p < 0.0005 Bonferrroni corrected threshold. List of abbreviations: (brainstem nuclei used as seeds are marked
with red brackets: Median Raphe nucleus (MnR), Periaqueductal Gray (PAG), Substantia Nigra-subregionl (SN1), Substantia Nigra-subregion2 (SN2), Red nucleus-
subregionl (RN1), Red Nucleus-subregion2 (RN2), Mesencephalic Reticular formation (mRt), Cuneiform (CnF), Pedunculotegmental nuclei (PTg), Isthmic Reticular
formation (isRt), Laterodorsal Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn), Pontine Reticular Nucleus, Oral Part- Pontine Reticular
Nucleus Caudal Part (PnO-PnC), Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior Olivary Nucleus (ION), Caudal-Rostral Linear Raphe (CLi-RLi), Dorsal
raphe (DR), and Paramedian Raphe nucleus (PMnR). Additional brainstem nuclei used as targets: Superior Colliculus (SC), Inferior Colliculus (IC), Ventral
Tegmental Area-Parabrachial Pigmented Nucleus (VTA-PBP), Microcellular Tegmental Nucleus-Parabigeminal nucleus (MiTg-PBG), Lateral Parabrachial Nucleus
(LPB), Medial Parabrachial Nucleus (MPB), Vestibular nuclei complex (Ve), Parvicellular Reticular nucleus alpha-part (PCRtA), Superior Olivary Complex (SOC),
Superior Medullary Reticular formation (sMRt), Viscero-Sensory Motor nuclei complex (VSM), Inferior Medullary Reticular formation (iMRt), Raphe Magnus (RMg),
Raphe Obscurus (ROb) and Raphe Pallidus (RPa). Abbreviations used: ASS:Assortativity, RC 21, RC 108:, SYN:Synchornization, HIER: Hiererichy, CLUST: clustering
cofficient, cPL: Characteristic Path length, gEFF:global efficiency, IEFF: local efficiency.
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Fig. 2. Global graph measures and laterality index of all arousal and motor nuclei. We display the global graph measures separately for (i) brainstem to
brainstem connections, and for (ii) cortical to cortical connections; in (iii) we display the brainstem nuclei laterality index. List of brainstem nuclei abbreviations:
Median Raphe nucleus (MnR), Periaqueductal Gray (PAG), Substantia Nigra-subregionl (SN1), Substantia Nigra-subregion2 (SN2), Red nucleus-subregionl (RN1),
Red Nucleus-subregion2 (RN2), Mesencephalic Reticular formation (mRt), Cuneiform (CnF), Pedunculotegmental nuclei (PTg), Isthmic Reticular formation (isRt),
Laterodorsal Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn), Pontine Reticular Nucleus, Oral Part- Pontine Reticular Nucleus Caudal Part
(PnO-PnC), Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior Olivary Nucleus (ION), Caudal-Rostral Linear Raphe (CLi-RLi), Dorsal raphe (DR), and
Paramedian Raphe nucleus (PMnR). Abbreviations used: ASS:Assortativity, RC 21, RC 108:, SYN:Synchornization, HIER: Hiererichy, CLUST: clustering cofficient,

cPL: Characteristic Path length, gEFF:global efficiency, IEFF: local efficiency.

function based on human and animal literature (Balaban, 2004; de La-
calle and Saper, 2000; Indovina et al., 2020; Saper and Stornetta, 2015;
Yasui et al., 1989), and as links the connectivity values of our human
connectome. We averaged out left and right values, and the connectiv-
ity strength of subregions belonging to a same node, to yield a single
connectivity value among nodes. We varied the line thickness of each
link based on the connectivity significance.

4. Discussion

In the following section, we present the human functional connec-
tome of arousal and motor nuclei based on 7 Tesla resting-state func-
tional MRI in the context of previous animal and human studies. Specif-
ically, we discuss results of left sided brainstem nuclei shown in Figs.
3-11. We then summarize the properties of brainstem-brainstem and
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Fig. 3. 2D circular connectome (A), voxel-based connectivity maps in the cortex (B) and subcortex (C) of (top) MnR and (bottom) PMnR nucleus. MnR
showed significant connections with arousal network regions such as hypothalamus, thalamus, along with arousal brainstem nuclei (PMnR, CnF and PnO-PnC).
Similarly, PMnR showed significant connectivity with several arousal regions including the cortex, forebrain, hypothalamus and thalamus, along with all major
brainstem arousal nuclei (MnR, PAG, SN1, DR, CLi-RLi, mRt, CnF, isRt, VTA, LPB-MPB, LDTG-CGPn, PnO-PnC), except for LC, SN2, PTg. List of abbreviations:
(brainstem nuclei used as seeds are marked with red brackets: Median Raphe nucleus (MnR), Periaqueductal Gray (PAG), Substantia Nigra-subregionl (SN1),
Substantia Nigra-subregion2 (SN2), Red nucleus-subregionl (RN1), Red Nucleus-subregion2 (RN2), Mesencephalic Reticular formation (mRt), Cuneiform (CnF),
Pedunculotegmental nuclei (PTg), Isthmic Reticular formation (isRt), Laterodorsal Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn), Pon-
tine Reticular Nucleus, Oral Part- Pontine Reticular Nucleus Caudal Part (PnO-PnC), Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior Olivary Nucleus
(ION), Caudal-Rostral Linear Raphe (CLi-RLi), Dorsal raphe (DR), and Paramedian Raphe nucleus (PMnR). Additional brainstem nuclei used as targets: Supe-
rior Colliculus (SC), Inferior Colliculus (IC), Ventral Tegmental Area-Parabrachial Pigmented Nucleus (VTA-PBP), Microcellular Tegmental Nucleus-Parabigeminal
nucleus (MiTg-PBG), Lateral Parabrachial Nucleus (LPB), Medial Parabrachial Nucleus (MPB), Vestibular nuclei complex (Ve), Parvicellular Reticular nucleus alpha-
part (PCRtA), Superior Olivary Complex (SOC), Superior Medullary Reticular formation (sMRt), Viscero-Sensory Motor nuclei complex (VSM), Inferior Medullary
Reticular formation (iMRt), Raphe Magnus (RMg), Raphe Obscurus (ROb) and Raphe Pallidus (RPa).
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Fig. 4. 2D circular connectome (A), voxel based connectivity maps in the cortex (B) and subcortex (C) of (top) PAG and (bottom) DR PAG showed strong
connectivity with arousal regions (basal forebrain, hypothalamus, thalamus, VTA-PBP, LC, CnF, LDTg-CGPn, and mRt), REM-sleep brainstem nuclei (SubC, sMRt,
iMRt), autonomic and limbic regions (hypothalamus, prefrontal cortex, insular cortex, cingulate cortex, LPB, MPB, VSM, and RPa), yet it was not connected with
the amygdala. DR showed high connectivity with all cortical regions except occipital regions. It showed expected connectivity with other arousal network nuclei
except MnR although it showed connectivity with PMnR. List of abbreviations: (brainstem nuclei used as seeds are marked with red brackets: Median Raphe
nucleus (MnR), Periaqueductal Gray (PAG), Substantia Nigra-subregionl (SN1), Substantia Nigra-subregion2 (SN2), Red nucleus-subregionl (RN1), Red Nucleus-
subregion2 (RN2), Mesencephalic Reticular formation (mRt), Cuneiform (CnF), Pedunculotegmental nuclei (PTg), Isthmic Reticular formation (isRt), Laterodorsal
Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn), Pontine Reticular Nucleus, Oral Part- Pontine Reticular Nucleus Caudal Part (PnO-PnC),
Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior Olivary Nucleus (ION), Caudal-Rostral Linear Raphe (CLi-RLi), Dorsal raphe (DR), and Paramedian Raphe
nucleus (PMnR). Additional brainstem nuclei used as targets: Superior Colliculus (SC), Inferior Colliculus (IC), Ventral Tegmental Area-Parabrachial Pigmented
Nucleus (VTA-PBP), Microcellular Tegmental Nucleus-Prabigeminal nucleus (MiTg-PBG), Lateral Parabrachial Nucleus (LPB), Medial Parabrachial Nucleus (MPB),
Vestibular nuclei complex (Ve), Parvicellular Reticular nucleus alpha-part (PCRtA), Superior Olivary Complex (SOC), Superior Medullary Reticular formation (sMRt),
Viscero-Sensory Motor nuclei complex (VSM), Inferior Medullary Reticular formation (iMRt), Raphe Magnus (RMg), Raphe Obscurus (ROb) and Raphe Pallidus (RPa).
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Fig. 5. 2D circular connectome (A), voxel based connectivity maps in the cortex (B) and subcortex (C) of (top) LC and (bottom) SubC. LC showed functional
connectivity with the cortex (except occipital regions), thalamus and hypothalamus as expected for an arousal nucleus. Also, it showed connectivity with other
arousal-motor network nuclei (PAG, mRt, LDTG-CGPn, PnO-PnC, SubC, ION, DR, VTA-PBP, parabrachial). SubC, a motor and REM-sleep nucleus, showed expected
connectivity with basal ganglia and cerebellum. It also showed connectivity to brainstem arousal and motor nuclei (mRt, CnF, PTg, isRt, LDTG-CGPn, ION). List
of abbreviations: (brainstem nuclei used as seeds are marked with red brackets: Median Raphe nucleus (MnR), Periaqueductal Gray (PAG), Substantia Nigra-
subregionl (SN1), Substantia Nigra-subregion2 (SN2), Red nucleus-subregion1l (RN1), Red Nucleus-subregion2 (RN2), Mesencephalic Reticular formation (mRt),
Cuneiform (CnF), Pedunculotegmental nuclei (PTg), Isthmic Reticular formation (isRt), Laterodorsal Tegmental Nucleus- Central Gray of the rhombencephalon
(LDTg-CGPn), Pontine Reticular Nucleus, Oral Part- Pontine Reticular Nucleus Caudal Part (PnO-PnC), Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior
Olivary Nucleus (ION), Caudal-Rostral Linear Raphe (CLi-RLi), Dorsal raphe (DR), and Paramedian Raphe nucleus (PMnR). Additional brainstem nuclei used as
targets: Superior Colliculus (SC), Inferior Colliculus (IC), Ventral Tegmental Area-Parabrachial Pigmented Nucleus (VTA-PBP), Microcellular Tegmental Nucleus-
Parabigeminal nucleus (MiTg-PBG), Lateral Parabrachial Nucleus (LPB), Medial Parabrachial Nucleus (MPB), Vestibular nuclei complex (Ve), Parvicellular Reticular
nucleus alpha-part (PCRtA), Superior Olivary Complex (SOC), Superior Medullary Reticular formation (sMRt), Viscero-Sensory Motor nuclei complex (VSM), Inferior
Medullary Reticular formation (iMRt), Raphe Magnus (RMg), Raphe Obscurus (ROb) and Raphe Pallidus (RPa).
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Fig. 6. 2D circular connectome (A), voxel based connectivity maps in the cortex (B) and subcortex (C) of (top) LDTg-CGPn and (bottom) PnO-PnC. LDTG-
CGPn, an arousal nucleus, showed widespread functional connectivity with the cortex and subcortex. It showed good connectivity with arousal brainstem nuclei such
as MnR, mRt, and arousal regions (hypothalamus, thalamus). PnO-PnC, an arousal and motor nucleus, showed strong connectivity with thalamus, hypothalamus,
basal forebrain and cortex along with other brainstem nuclei involved in arousal (e.g. raphe nuclei, parabrachial nuclei and VTA-PBP), as well as connectivity with
cerebellum, basal ganglia along with motor brainstem nuclei. List of abbreviations: (brainstem nuclei used as seeds are marked with red brackets: Median Raphe
nucleus (MnR), Periaqueductal Gray (PAG), Substantia Nigra-subregionl (SN1), Substantia Nigra-subregion2 (SN2), Red nucleus-subregionl (RN1), Red Nucleus-
subregion2 (RN2), Mesencephalic Reticular formation (mRt), Cuneiform (CnF), Pedunculotegmental nuclei (PTg), Isthmic Reticular formation (isRt), Laterodorsal
Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn), Pontine Reticular Nucleus, Oral Part- Pontine Reticular Nucleus Caudal Part (PnO-PnC),
Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior Olivary Nucleus (ION), Caudal-Rostral Linear Raphe (CLi-RLi), Dorsal raphe (DR), and Paramedian Raphe
nucleus (PMnR). Additional brainstem nuclei used as targets: Superior Colliculus (SC), Inferior Colliculus (IC), Ventral Tegmental Area-Parabrachial Pigmented
Nucleus (VTA-PBP), Microcellular Tegmental Nucleus-Parabigeminal nucleus (MiTg-PBG), Lateral Parabrachial Nucleus (LPB), Medial Parabrachial Nucleus (MPB),
Vestibular nuclei complex (Ve), Parvicellular Reticular nucleus alpha-part (PCRtA), Superior Olivary Complex (SOC), Superior Medullary Reticular formation (sMRt),
Viscero-Sensory Motor nuclei complex (VSM), Inferior Medullary Reticular formation (iMRt), Raphe Magnus (RMg), Raphe Obscurus (ROb) and Raphe Pallidus (RPa).
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Fig.7. 2D circular connectome (A), voxel based connectivity maps in the cortex (B) and subcortex (C) of (top) mRt and (bottom) isRt (arousal and motor
network nuclei). mRt, and arousal-motor nucleus, showed connectivity with major arousal-motor brainstem nuclei like PAG, LDTg-CGPn, PnO-PnC, parabrachial
nuclei, LC, SN1 and SN2 among others. Interestingly, the connectivity towards the frontal eye field (G-frontal-sup, G-frontal-middle, S-frontal-sup and S-frontal-
middle) was stronger compared to other cortical areas in line with previous literature (Huerta et al., 1986). isRt also showed connectivity with other brainstem
nuclei involved in arousal like SN1, SN2, PnO-PnC, DR and parabrachial nuclei. List of abbreviations: (brainstem nuclei used as seeds are marked with
red brackets: Median Raphe nucleus (MnR), Periaqueductal Gray (PAG), Substantia Nigra-subregionl (SN1), Substantia Nigra-subregion2 (SN2), Red nucleus-
subregionl (RN1), Red Nucleus-subregion2 (RN2), Mesencephalic Reticular formation (mRt), Cuneiform (CnF), Pedunculotegmental nuclei (PTg), Isthmic Reticular
formation (isRt), Laterodorsal Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn), Pontine Reticular Nucleus, Oral Part- Pontine Reticular
Nucleus Caudal Part (PnO-PnC), Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior Olivary Nucleus (ION), Caudal-Rostral Linear Raphe (CLi-RLi), Dorsal
raphe (DR), and Paramedian Raphe nucleus (PMnR). Additional brainstem nuclei used as targets: Superior Colliculus (SC), Inferior Colliculus (IC), Ventral
Tegmental Area-Parabrachial Pigmented Nucleus (VTA-PBP), Microcellular Tegmental Nucleus-Parabigeminal nucleus (MiTg-PBG), Lateral Parabrachial Nucleus
(LPB), Medial Parabrachial Nucleus (MPB), Vestibular nuclei complex (Ve), Parvocellular Reticular nucleus alpha-part (PCRtA), Superior Olivary Complex (SOC),
Superior Medullary Reticular formation (sMRt), Viscero-Sensory Motor nuclei complex (VSM), Inferior Medullary Reticular formation (iMRt), Raphe Magnus (RMg),
Raphe Obscurus (ROb) and Raphe Pallidus (RPa).
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Fig. 8. 2D circular connectome (A), voxel based connectivity maps in the cortex (B) and subcortex (C) of (top) PTg and (bottom) CnF, both arousal and
motor brainstem nuclei. PTg showed extensive connectivity to cortex, subcortex, forebrain, basal ganglia and cerebellum as expected for arousal-motor network.
Brainstem nuclei showed specific connectivity to CnF, mRt, isRt, LDTG-CGPn, PnO-PnC, LPB, MPB SubC, VTA-PBP, MiTg-PBG, MPB, PAG and DR CnF similar cortical
and subcortical connectivity as PTg. With stronger connectivity with PAG, MiTg-PBG, PMnR and more contralateral brainstem nuclei connectivity compared to PTg.
List of abbreviations: (brainstem nuclei used as seeds are marked with red brackets: Median Raphe nucleus (MnR), Periaqueductal Gray (PAG), Substantia
Nigra-subregionl (SN1), Substantia Nigra-subregion2 (SN2), Red nucleus-subregionl (RN1), Red Nucleus-subregion2 (RN2), Mesencephalic Reticular formation
(mRt), Cuneiform (CnF), Pedunculotegmental nuclei (PTg), Isthmic Reticular formation (isRt), Laterodorsal Tegmental Nucleus- Central Gray of the rhombencephalon
(LDTg-CGPn), Pontine Reticular Nucleus, Oral Part- Pontine Reticular Nucleus Caudal Part (PnO-PnC), Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior
Olivary Nucleus (ION), Caudal-Rostral Linear Raphe (CLi-RLi), Dorsal raphe (DR), and Paramedian Raphe nucleus (PMnR). Additional brainstem nuclei used as
targets: Superior Colliculus (SC), Inferior Colliculus (IC), Ventral Tegmental Area-Parabrachial Pigmented Nucleus (VTA-PBP), Microcellular Tegmental Nucleus-
Parabigeminal nucleus (MiTg-PBG), Lateral Parabrachial Nucleus (LPB), Medial Parabrachial Nucleus (MPB), Vestibular nuclei complex (Ve), Parvicellular Reticular
nucleus alpha-part (PCRtA), Superior Olivary Complex (SOC), Superior Medullary Reticular formation (sMRt), Viscero-Sensory Motor nuclei complex (VSM), Inferior
Medullary Reticular formation (iMRt), Raphe Magnus (RMg), Raphe Obscurus (ROb) and Raphe Pallidus (RPa).
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Fig. 9. 2D circular connectome (A), voxel based connectivity maps in the cortex (B) and subcortex (C) of (top) SN1 and (bottom) SN2. The functional
connectome of SN1 and SN2 (both arousal/sleep and motor nuclei) displayed similar connectivity pattern except SN2 did not show significant connectivity with
PMnR and VSM, and SN1 did not show significant connectivity with MiTg-PBG and PCRtA. Both these regions showed expected connectivity with cortex, thalamus,
hypothalamus, forebrain and basal ganglia. List of abbreviations: (brainstem nuclei used as seeds are marked with red brackets : Median Raphe nucleus (MnR),
Periaqueductal Gray (PAG), Substantia Nigra-subregionl (SN1), Substantia Nigra-subregion2 (SN2), Red nucleus-subregionl (RN1), Red Nucleus-subregion2 (RN2),
Mesencephalic Reticular formation (mRt), Cuneiform (CnF), Pedunculotegmental nuclei (PTg), Isthmic Reticular formation (isRt), Laterodorsal Tegmental Nucleus-
Central Gray of the rhombencephalon (LDTg-CGPn), Pontine Reticular Nucleus, Oral Part- Pontine Reticular Nucleus Caudal Part (PnO-PnC), Locus Coeruleus (LC),
Subcoeruleus nucleus (SubC), Inferior Olivary Nucleus (ION), Caudal-Rostral Linear Raphe (CLi-RLi), Dorsal raphe (DR), and Paramedian Raphe nucleus (PMnR).
Additional brainstem nuclei used as targets: Superior Colliculus (SC), Inferior Colliculus (IC), Ventral Tegmental Area-Parabrachial Pigmented Nucleus (VTA-
PBP), Microcellular Tegmental Nucleus-Parabigeminal nucleus (MiTg-PBG), Lateral Parabrachial Nucleus (LPB), Medial Parabrachial Nucleus (MPB), Vestibular nuclei
complex (Ve), Parvocellular Reticular nucleus alpha-part (PCRtA), Superior Olivary Complex (SOC), Superior Medullary Reticular formation (sMRt), Viscero-Sensory
Motor nuclei complex (VSM), Inferior Medullary Reticular formation (iMRt), Raphe Magnus (RMg), Raphe Obscurus (ROb) and Raphe Pallidus (RPa).
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Fig.10. 2D circular connectome (A), voxel based connectivity maps in the cortex (B) and subcortex (C) of (top) CLi-RLi and (bottom) ION. CLi-RLi, an arousal
nucleus, showed expected connectivity with regions of frontal, temporal and parietal lobes [based on (Ikemoto, 2007)]. Subcortex also showed extensive connectivity
as expected. It showed connectivity with arousal regions either ipsilaterally or contralaterally like mRt, LDTg-CGPn, PnO-PnC, thalamus and hypothalamus. ION, a
motor brainstem nucleus, showed connectivity with motor cortical areas, cerebellar cortex and ipsilateral RN subregions. List of abbreviations: (brainstem nuclei
used as seeds are marked with red brackets: Median Raphe nucleus (MnR), Periaqueductal Gray (PAG), Substantia Nigra-subregionl (SN1), Substantia Nigra-
subregion2 (SN2), Red nucleus-subregionl (RN1), Red Nucleus-subregion2 (RN2), Mesencephalic Reticular formation (mRt), Cuneiform (CnF), Pedunculotegmental
nuclei (PTg), Isthmic Reticular formation (isRt), Laterodorsal Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn), Pontine Reticular Nucleus,
Oral Part- Pontine Reticular Nucleus Caudal Part (PnO-PnC), Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior Olivary Nucleus (ION), Caudal-Rostral
Linear Raphe (CLi-RLi), Dorsal raphe (DR), and Paramedian Raphe nucleus (PMnR). Additional brainstem nuclei used as targets: Superior Colliculus (SC), Inferior
Colliculus (IC), Ventral Tegmental Area-Parabrachial Pigmented Nucleus (VTA-PBP), Microcellular Tegmental Nucleus-Parabigeminal nucleus (MiTg-PBG), Lateral
Parabrachial Nucleus (LPB), Medial Parabrachial Nucleus (MPB), Vestibular nuclei complex (Ve), Parvicellular Reticular nucleus alpha-part (PCRtA), Superior Olivary
Complex (SOC), Superior Medullary Reticular formation (sMRt), Viscero-Sensory Motor nuclei complex (VSM), Inferior Medullary Reticular formation (iMRt), Raphe
Magnus (RMg), Raphe Obscurus (ROb) and Raphe Pallidus (RPa).

15



K. Singh, S. Cauzzo, M.G. Garcia-Gomar et al. Neurolmage 249 (2022) 118865

15.95 Bonferroni-corrected

p<0.0005 55, A) CIRCULAR
! EX S
. 2% 3 CONNECTOME
a XYY
o | Xk v 1
| 03558 22
e BSOS ESS >c
T S =4
Z 5
-
5 <
S ' w E
&o}?‘ o (%%47 I [
S e s 0 05 20,6
SO S s < =
7.71 ey G 0 A Py
. e Yo, 2S4S e =
G, len o s o S8
G0, SRS @ w
G Gl oGt a2
oy, €S0~ (LL 5
G‘Ucrz’flsf‘ T Sl
G L 1, T»f‘"e‘igg
‘/ns;/g Gling Pardngd!
“’"d-s‘.’?ﬂsﬁgg
S parSpespant
S Incrapa"’fneg,_f,gceng'a -~
Seinter, Y

-FiS-|
o e ineus

tcentral
Breabe R
-pariet-inf-Angular
-ingul-Post-ventral
- -Post-dorsal
0C-femp.,
-0C temp (med-and-Lingya)
SCCIpital an

~0CCiy
-and-LraT natus oc-pUP-ang.
S0cSUpigo-an a'k;‘u-pgf‘ - ca‘/rS','l‘Zd’efaé;,fSVersal
5-0CTg colattcalcatival oS CarinaNSv-pocUNatus
-0C fCCipjta,
e ce [e"lzf}m@ul-
)< “lag. g L
60G.0"C okl usigduay
eLlal,Sup' “Sify
o 055 "Mty
Ch .

°‘%¢,,LW C) VOLUME ANALYSIS
-log10(p) - cw-p < 0.05

Red Nucleus subregion 1

Bonferroni-corrected  15.95

BR= brainstem
S = subcortical
0 = occipital cortex

0-S.
d-s

P = parietal cortex § 35 p<0.0005
T = temporal cortex § y §§ _—
F = frontal cortex ] s’gg 2 $§%§£&}ﬂ} 2 _g
. 50 SR =]
Red Nucleus subregion 2 ®
T

C) VOLUME ANALYSIS

n St
“Gc thmpost-dorsal
o-temp o 3Nd-Lingual
o GPital-ant
foind-trans,
€~and_Lu:8rsa/
posg"atus

B) SURFACE ANALYSIS
-log10(p) - cw-p < 0.01

0 = occipital cortex
P = parietal cortex
T = temporal cortex
F = frontal cortex

A) CIRCULAR
CONNECTOME

Fig. 11. 2D circular connectome (A), voxel based connectivity maps in the cortex (B) and subcortex (C) of (top) RN1 and (bottom) RN2, which are both
motor brainstem nuclei. For RN1 we found connectivity with motor cortical areas, cerebellar cortex, ipsilateral ION and Ve among others. RN2 showed strong
connectivity with ipsilateral RN1, bilateral ION, Ve, VSM, iMRt, PAG, DR, as well as frontal regions. List of abbreviations: (brainstem nuclei used as seeds are
marked with red brackets: Median Raphe nucleus (MnR), Periaqueductal Gray (PAG), Substantia Nigra-subregionl (SN1), Substantia Nigra-subregion2 (SN2), Red
nucleus-subregionl (RN1), Red Nucleus-subregion2 (RN2), Mesencephalic Reticular formation (mRt), Cuneiform (CnF), Pedunculotegmental nuclei (PTg), Isthmic
Reticular formation (isRt), Laterodorsal Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn), Pontine Reticular Nucleus, Oral Part- Pontine
Reticular Nucleus Caudal Part (PnO-PnC), Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior Olivary Nucleus (ION), Caudal-Rostral Linear Raphe (CLi-
RLi), Dorsal raphe (DR), and Paramedian Raphe nucleus (PMnR). Additional brainstem nuclei used as targets: Superior Colliculus (SC), Inferior Colliculus (IC),
Ventral Tegmental Area-Parabrachial Pigmented Nucleus (VTA-PBP), Microcellular Tegmental Nucleus-Parabigeminal nucleus (MiTg-PBG), Lateral Parabrachial
Nucleus (LPB), Medial Parabrachial Nucleus (MPB), Vestibular nuclei complex (Ve), Parvicellular Reticular nucleus alpha-part (PCRtA), Superior Olivary Complex
(SOCQ), Superior Medullary Reticular formation (sMRt), Viscero-Sensory Motor nuclei complex (VSM), Inferior Medullary Reticular formation (iMRt), Raphe Magnus
(RMg), Raphe Obscurus (ROb) and Raphe Pallidus (RPa).
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Fig. 12. Nodal metrics of arousal-motor network brainstem nuclei using GRETNA graph analysis (Wang et al., 2015). Nodal metrics varied across nuclei,
with PAG, mRt, isRt, LDTg-CGPn, DR showing the greatest variation (either below or above the metric average across nuclei). List of abbreviations: Median Raphe
nucleus (MnR), Periaqueductal Gray (PAG), Substantia Nigra-subregionl (SN1), Substantia Nigra-subregion2 (SN2), Red nucleus-subregionl (RN1), Red Nucleus-
subregion2 (RN2), Mesencephalic Reticular formation (mRt), Cuneiform (CnF), Pedunculotegmental nuclei (PTg), Isthmic Reticular formation (isRt), Laterodorsal
Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn), Pontine Reticular Nucleus, Oral Part- Pontine Reticular Nucleus Caudal Part (PnO-PnC),
Locus Coeruleus (LC), Subcoeruleus nucleus (SubC), Inferior Olivary Nucleus (ION), Caudal-Rostral Linear Raphe (CLi-RLi), Dorsal raphe (DR), and Paramedian

Raphe nucleus (PMnR).

brainstem-brain human functional connectivity, emerging from basic
graph analysis connectivity metrics. Further, we discuss the translata-
bility of the 7 Tesla resting-state fMRI brainstem connectome approach
to conventional imaging. Finally, we acknowledge the limitations of this
study, and we emphasize the potential of the developed connectome as
a preliminary connectivity profile, which might prove useful for future
clinical and research work.
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4.1. Literature versus our connectome results
4.1.1. Median raphe (MnR) and paramedian raphe (PMnR)
The MnR and PMnR, defined as a single nuclei complex by some

(Behzadi et al., 1990) and as separate nuclei by others (Olszewski and
Baxter, 2014; Paxinos et al., 2012), have been separately delineated
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Fig. 13. Translatability of 7 Tesla results in a conventional dataset acquired at 3 Tesla. (A) Association values between connectivity scores obtained at 3
Tesla and 7 Tesla for all the targets (red), brainstem only targets (magenta), and cortical/subcortical (other than brainstem) targets; (B) percentage links in common
between 7 Tesla vs 3 Tesla results found in the whole brain, brainstem and cortex/subcortex.

(Bianciardi et al., 2015) and their functional connectome detangled in
the present study. MnR is an arousal nucleus connected to the basal fore-
brain, VTA, hippocampus, prefrontal cortex, cerebellum, basal ganglia,
amygdala, SN, RPa, RODb, nucleus of the solitary tract (VSM), prepositus
nucleus (VSM) and interpeduncular nucleus (VTA) (Nieuwenhuys et al.,
2008; Olszewski and Baxter, 2014). Little is known about PMnR connec-
tivity (Olszewski and Baxter, 2014). In this study, we observed sparser
fMRI connectivity of MnR (to hippocampus, thalamus, hypothalamus,
CnF, PnO-PnC, PMnR, frontal and temporal cortices) as compared to
previous literature (Arnsten and Goldman-Rakic, 1984; Behzadi et al.,
1990), possibly due to the small size of this nucleus (< 15 mm?). Yet,
PMnR (a ring-shaped label surrounding MnR) showed denser fMRI con-
nectivity pattern, which was in line with the MnR literature (see above).
For instance, it showed strong fMRI connectivity with basal forebrain
(accumbens and pallidum in our 2D connectomes), hippocampus, basal
ganglia, amygdala, as well as with arousal regions such as thalamus,
hypothalamus, MnR and PnO-PnC.

4.1.2. Periaqueductal gray (PAG) and dorsal raphe (DR)

The PAG is a neuromodulatory nucleus involved in arousal, sleep,
pain and autonomic function. It receives major afferents from hy-
pothalamus, prefrontal cortex, insular cortex, cingulate cortex, SC, IC
(Amunts et al., 2005; Holstege, 1989), which displayed strong functional
connectivity in our study. It also showed fMRI connectivity with thala-
mus, hypothalamus, basal forebrain, VTA-PBP, LC, CnF, LDTg-CGPn,
and mRt as expected based on its involvement in arousal and sleep
(Saper et al., 2010). The PAG is also a REM-sleep area (Saper et al., 2005;
Sapin et al., 2009; Weber et al., 2018), which interestingly showed fMRI
connectivity with REM-on areas (SubC) and REM-sleep muscle atonia
areas (iMRt and sMRt). Moreover, PAG showed fMRI connectivity with
autonomic and limbic nuclei (LPB, MPB, VSM, and RPa), yet it was not
connected with the amygdala. We did not find expected connectivity

18

of PAG with amygdala, which might be due to few reasons. In general,
the amygdala is a small region affected by high spatial distortions and
signal dropout in MRI, due to its proximity to the paranasal sinuses.
Moreover, it is surrounded by neighboring large veins, which further
confound signal fluctuations (Boubela et al., 2015). Further, respiratory-
related magnetic field changes especially affect deep brain regions, in-
cluding the amygdala. Finally, distinct PAG subregions might display
different (e.g. out of phase) fMRI signal fluctuations correlating with
the fMRI signal in the amygdala, leading to a not significant net correla-
tion of the whole PAG. Authors speculate further work with distortion-
reduced fMRI methods (Wang et al., 2019) and higher order shimming
(Stockmann and Wald, 2018) might improve the connectivity profile
with the amygdala. Also, studies discriminating PAG subregions could
shed further light on connectivity profile of PAG with amygdala.

The DR is a nucleus involved in sleep and arousal; it has been
shown to be connected via efferents to SN2 (compatible with SN
pars compacta), caudate, putamen, hypothalamus and thalamus, amyg-
dala, hippocampus, interpeduncular nucleus (IPN-part of VTA-PBP of
our nuclei) (Olszewski and Baxter, 2014), LC and parabrachial nuclei
(Bobillier et al., 1976), which were present in our connectome as well.
DR was also functionally connected to other raphe nuclei, limbic fore-
brain areas, VTA, PAG, LC, nucleus prepositus (part of VSM nuclei com-
plex in our targets) in line with reports from literature (Jacobs and Azmi-
tia, 1992; Kalén et al., 1985; Poller et al., 2011), yet it lacked connec-
tivity with RMg previously described in rats (Kalén et al., 1985).

4.1.3. Locus coeruleus (LC) and Sub-coeruleus (SubC)

The LC is a noradrenergic neuromodulator involved in arousal along
with vigilance, cognitive processes such as attention, memory and mo-
tivation (Sara, 2009). Based on animal studies, LC connects to entire
neo-cortex/medial frontal cortex, olfactory bulb, thalamus, amygdala,
hippocampus, pallidum, spinal trigeminal nucleus, cochlear nuclei, tec-
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Fig. 14. Circuit diagram of the arousal (top) and
motor (bottom) network derived from resting-state
7 Tesla fMRI functional connectivity. The diagram
of the arousal network displayed high node intercon-
nectivity. Interestingly, several brainstem arousal nu-
clei displayed connectivity to the thalamus, hypotha-
lamus, basal forebrain and frontal cortex, as expected
for arousal regions. The diagram of the motor network
matched expected connectivity of motor regions, in-
cluding the motor cortex, basal ganglia and cerebel-

VTA-PBP lum. Note that the link thickness was varied based on
& . the statistical significance of the connectivity strength.
° Serotone rgic For the arousal circuit, the brainstem nodes were color-
© Dopam ine rg ic coded based on the main neurotransmitter employed.
e Cholinergic
e Noradrenergic
o Inhibitory
e Enkephalinergic/
Substance P
e Others

Arousal Circuit

Motor Circuit

tum, cerebellum, spinal cord, PAG, the lateral paragigantocellular nu-
cleus (PGiL), the prepositus nucleus (VSM) (Aston-Jones et al., 1991),
DR, solitary nucleus (included in VSM) and ION. With respect to the
brainstem, we found similar connections, except for PGiL and the olfac-
tory bulb (not examined as targets in the present study), thus validating
our results. We did not find connections of LC to amygdala, which can
be further investigated. Regarding the cortical connectivity our results
are in line with previous literature reporting widespread connectivity of
cortex including frontal, limbic and sensory regions.

The SubC is a motor nucleus involved in muscle atonia during REM
sleep (Simon et al., 2012) via its connections to gigantocellular nu-
cleus (included in sMRt). Lesions of the SubC lead to the loss of muscle
atonia during REM sleep both experimentally in rats, and in humans
(Boeve et al., 2007; Karlsson et al., 2005; Xi and Luning, 2009). Cru-
cially, SubC displayed fMRI connectivity to both sMRt and iMRt. More-
over, we found connectivity to motor regions, such as caudate, puta-
men, pallidum and cerebellar cortex. Further literature suggests SubC
is mainly connected to PTg and PnO-PnC (Simon et al., 2012) as can
be seen in our connectome. Additional brainstem areas have been re-
ported to have connectivity with SubC, such as PAG, PTg, parabrachial

Non-Brainstem
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nuclei and Ve (Datta et al., 1998; Olszewski and Baxter, 2014) in line
with our current findings. Previous studies have provided anatomical ev-
idence for the ponto-geniculo-occipital wave generating cells involved
in the generation of REM sleep from the SubC projecting to occipital
cortex (Datta et al., 1998). Our results showed sparse connectivity be-
tween SubC and occipital cortex in line with the aforementioned studies
(Datta et al., 1998).

4.1.4. Laterodorsal tegmental nucleus- central gray of the
rhombencephalon (LDTg-CGPn) and pontine reticular nucleus oral part -
pontine reticular nucleus caudal cart (PnO-PnC)

The LDTg-CGPn is an arousal nucleus involved in modulation of lim-
bic structures (Dobbs and Mark, 2012; Mark et al., 2011). It showed
functional connectivity with major brainstem nuclei, cortical and sub-
cortical regions involved in arousal. Notably, in line with the litera-
ture, it showed functional connectivity with hypothalamus, basal fore-
brain, VTA (Omelchenko and Sesack, 2005), interpeduncular nuclei
(part of VTA in our nuclei delineation), thalamus, medial prefrontal cor-
tex (Satoh and Fibiger, 1986), cingulate and subicular cortices (part of



K. Singh, S. Cauzzo, M.G. Garcia-Gomar et al.

the hippocampus) (Woolf and Butcher, 1986). Previously, connectivity
of LDTg to SN has been reported in rats, with stronger connectivity for
tracers centered in SN compacta (compatible with SN2 in this study)
compared to injections restricted to SN reticulata (compatible with SN1
in this study) (Gould et al., 1989). These findings are in line with our
results reporting connectivity of LDTg-CGPn towards SN1 and SN2. Re-
cent studies have shown a direct projection from LDTg to the accumbens
(Coimbra et al., 2019), which plays an important role for motivation
and positive reinforcement. In line with these findings, in our connec-
tome we observed functional connectivity between LDTg-CGPn and bi-
lateral accumbens. Recent studies have found projections from LDTg
to the ventral pallidum, external globus pallidus, amygdala, IC and DR
(Dautan et al., 2016), in line with our results as shown in Fig. 6. Sparse
information exists regarding the connections of CGPn, and further stud-
ies are needed with this regard.

The PnO-PnC is an arousal-motor nucleus complex; as postulated
(Olszewski and Baxter, 2014), it showed functional connectivity with
the thalamus, hypothalamus, basal forebrain and cortex along with
other brainstem nuclei involved in arousal. It also displayed functional
connectivity with cerebellum and basal ganglia along with motor brain-
stem nuclei, in line with (Shinoda et al., 2006). PnO has been asso-
ciated with the generation of rapid eye movement during REM sleep.
Indeed, previous tracers studies in cats have reported connectivity of
the PnO with bilateral brainstem structures such as PTg, LC, LDTg and
parabrachial nuclei (Rodrigo-Angulo et al., 2005). This is in line with
our findings, with the connectome of the PnO-PnC displaying bilat-
eral connectivity to PTg, LC, LDTg-CGPn and parabrachial nuclei (MPB,
LPB). PnC has been associated with head and eye movements and pre-
vious literature report connectivity with the gigantocellular nucleus
(Olszewski and Baxter, 2014), in line with our results showing func-
tional connectivity with sMRt containing the gigantocellular nucleus.

4.1.5. Mesencephalic reticular formation (mRt) and Isthmic reticular
formation (isRT)

The mRt is an arousal-motor nucleus involved in head movements,
control of head position (Holstege and Cowie, 1989; Robinson et al.,
1994) and eye movements, i.e. gaze (Leigh and Zee, 2006). In our con-
nectome, we found expected connectivity of mRt to the frontal eye
fields (with a comparable location to G-frontal-sup, G-frontal-middle,
S-frontal-sup and S-frontal-middle in our connectomes) (Huerta et al.,
1986; Stanton et al., 1988) and the supplementary eye fields (with a
comparable location to S-precentral-sup-part and G-and-S-paracentral
in our connectomes) (Huerta and Kaas, 1990; Shook et al., 1990), basal
forebrain (Watson et al., 1974), thalamus, hypothalamus, and amygdala.
We also found expected connectivity with SC and PAG (May, 2006), me-
dial pontine and medullary reticular formation, nucleus raphe interposi-
tus, nucleus reticularis tegmenti pontis, LC, and ION (Holstege, 1988;
Yezierski, 1988). However, we did not find connectivity with RMg.

The isRt, is a relatively understudied nucleus introduced in
(Paxinos et al., 2012) in a region previously pertaining to PTg. Based
on this location, it has been postulated in the current study to be in-
volved in arousal and motor function. Interestingly, in line with this
assumption, we found connectivity of isRt to thalamus, hypothalamus,
forebrain and cortex. It also showed strong connectivity to basal ganglia,
cerebellum and other arousal and motor nuclei.

4.1.6. Pedunculotegmental nucleus (PTg) and Cuneiform nucleus (CnF)

The PTg is a nucleus traditionally involved in modulation of REM
sleep and motor functions (Olszewski and Baxter, 2014) through its tha-
lamocortical, basal ganglia, nigral (SNr) (Kim et al., 1976; Nauta and
Cole, 1978; Parent and De Bellefeuille, 1982) and cerebellar connections
(Hazrati and Parent, 1992). Notably, these connections were present in
our fMRI-based connectome as well, however connectivity towards SN
subregions 1 and 2 was not found bilaterally. PTg has been known to
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be involved in arousal functions likely due to its ascending projections
towards the midbrain, forebrain structures (Erro et al., 1999), and no-
tably in the basal ganglia, which have a direct influence in the striatum
and also an indirect influence through the thalamus. Recently it has
been proposed that PTg plays an important role while an action becomes
obsolete and it needs to be replaced with a new action, similar to the
function of subthalamic nucleus at suppressing striatal output (Mena-
Segovia and Bolam, 2017). Previously direct connectivity between PTg
and subthalamic nucleus has been described, resulting in a positive feed-
forward circuit (French and Muthusamy, 2018), nonetheless in our con-
nectomes the link between PTg and subthalamic nucleus is sparse. As-
cending projections of PTg also comprises projections to SC and IC that
can be associated with modulation of attention shifts and saccadic move-
ments. However, in our results, we lack functional connectivity of the
PTg with SC and IC. The descending pathway of PTg, involved in motor
inhibition, projects to PnO-PnC and nucleus gigantocellularis (Mena-
Segovia and Bolam, 2017), which is in line with our findings (nucleus
gigantocellularis being included in sMRt). Dense connections to motor
cortex (compatible with G-precentral and S-precentral-sup-part in our
connectomes), supplementary motor area (compatible with G-Front-sup
in our connectomes) and frontal eye field from PTg have been reported
previously (French and Muthusamy, 2018) in line with our current find-
ings. This connectivity profile is in line with the involvement of PTg in
movement control, sleep and cognition.

The CnF is involved in arousal and motor function (Holstege, 1991)
and is considered the ‘mesencephalic locomotion region’ along with
PTg. We found functional connectivity of this nucleus with raphe nu-
clei (which modulate locomotion and nociception (Beitz, 1982)), PAG,
and hypothalamus in line with previous literature (Holstege, 1991). We
also found bilateral connectivity of CnF with medullary reticular for-
mation (sMRt, iMRt), in line with previous tracing studies in rodents
mapping its projection towards the spinal cord (Xiang et al., 2013). In
agreement with the literature (Chang et al., 2020), we also found con-
nectivity between CnF and colliculi (SC and IC). Recently, CnF has been
postulated to be a more efficacious target than PTg for treating freezing
of gait with deep brain stimulation due to its less diffuse brain connec-
tivity compared to PTg (Chang et al., 2020). This is at odds with our
findings showing a similar widespread functional connectivity of both
nuclei with the rest of the brain. Further investigation is needed regard-
ing this potential target of deep brain stimulation as a treatment option.

4.1.7. Substantia nigra (SN) and its sub-divisions

The SN subregions (SN1, compatible with pars reticulata, and SN2,
compatible with pars compacta) are involved in arousal and motor func-
tions (generation and control of voluntary motor actions) and are largely
studied in movement disorders. In line with afferents reported in the lit-
erature (Olszewski and Baxter, 2014), SN showed functional connectiv-
ity to six main areas, namely striatum, globus pallidus, the subthalamic
nucleus, PTg, DR and the cerebral cortex. Based on previous studies
PTg targets SN compacta (Olszewski and Baxter, 2014), and interest-
ingly our fMRI results were in line with this connectivity profile. SN2
showed connectivity with ipsilateral PTg, as opposed to SN1, which did
not show this connectivity pattern. Further, the observed links of SN to
thalamus, PTg, prefrontal and motor cortex were expected based on re-
ported efferent connections (Ilinsky et al., 1985). Finally, we did not find
connection to the SC, as expected based on previous work (Ilinsky et al.,
1985). Whilst SN1 and SN2 showed a similar connectivity profile they
have also some differences, in general SN1 showed more connectivity
to contralateral brainstem nuclei.

4.1.8. Caudal linear raphe (CLi) and inferior olivary nucleus (ION)

The CLi, a nucleus involved in the regulation of arousal, is ex-
pected to connect to the basal forebrain (e.g. nucleus accumbens)
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(Ikemoto, 2007), basal ganglia, amygdala (Imai et al., 1986), hypothala-
mus (Mai and Paxinos, 2011; Nieuwenhuys et al., 2008), SNc, VTA, DR
and MnR (Jacobs and Azmitia, 1992). The RLi, related with reward, mo-
tivation and cognition, is connected to PTg, LDTg-CGPn, (Garzén et al.,
1999; Oakman et al., 1995), LC, raphe nuclei, hypothalamus, nucleus ac-
cumbens and other limbic regions (Mai and Paxinos, 2011). Crucially,
our CLi-RLi nuclei complex displayed connectivity to the majority of
aforementioned regions except for PTg, LC and MnR (yet, we found con-
nectivity with PMnR, a region surrounding the MnR).

The ION has been implicated in motor learning and motor error cor-
rection through coordination and refinement of movements; also, it is
known to be involved in proprioception with evidence of connectivity
to cerebellum (olivocerebellar pathways), Ve, SC, RN, motor and so-
matosensory cortex (Barmack, 2006; Catherine J. Stoodley and Schmah-
mann, 2010; Voogd et al., 2013). We found similar functional connectiv-
ity in our results along with basal ganglia, augmenting its role in motor
function. With regard to olivocerebellar connectivity, our results dis-
played higher ipsilateral connectivity between ION and ipsilateral cere-
bellum compared to contralateral cerebellar cortex; we also observed
ipsilateral connectivity to SC and bilateral connectivity to Ve possibly
to with the optokinetic signal to ION. The ION receives afferents from
the prepositus hypoglossi nucleus (Olszewski and Baxter, 2014) () that
is comprised in the VSM; interestingly we found bilateral connectivity
of ION and VSM.

4.1.9. Red nucleus (RN) and its sub-divisions

The RN, a motor nucleus, showed expected connectivity to mo-
tor cortex, supplementary motor cortex, rostral premotor area, the
supplementary and frontal eye fields, thalamus, ION and cerebellum
(Cacciola et al., 2019; Nieuwenhuys et al., 2008). From histological
studies, this nucleus has been traditionally divided into two parts: the
magnocellular and the parvocellular subnucleus. The rubro-olivary pro-
jections are originated in its majority from the parvocellular part and
are involved in the rubro-olivary-cerebellar-motor cortex feedback loop
(Cacciola et al., 2019; (Olszewski and Baxter, 2014)). The atlas la-
bels of the subregions of RN (RN1, RN2) used in the present study
were defined based on different multi-contrast MRI properties of this
regions (Bianciardi et al., 2015). Interestingly, our functional connec-
tomes displayed different fMRI connectivity profiles for these subre-
gions. Stronger ipsilateral and contralateral connectivity between ION
and RN2 was founded, which might suggest that RN2 could be compat-
ible with the parvocellular part of RN. Previous literature also reported
that the parvocellular part of RN is more connected to the cerebral cor-
tex compared to the magnocellular part (Cacciola et al., 2019); both RN1
and RN2 showed dense connectivity with the cortex, yet RN2 displayed
a higher number of links. Finally, our connectomes showed that RN1 has
bilateral connectivity with the cerebellum; in contrast RN2 showed uni-
lateral connectivity with the cerebellum, while both subregions showed
connectivity with PAG.

4.2. Graph measure analysis

The human brain network is considered to have small-world net-
work properties, which indicate that the brain is organized into both
local cliques and global integration. Graph measure analysis has been
used (Bullmore and Sporns, 2009; Kim et al., 2019; Nakamura et al.,
2009) to explore disease induced alteration in topological parameters of
the human brain functional connectivity (Li et al., 2018). Global graph
analysis of our connectome showed lower brainstem seed-to-seed assor-
tativity than cortex-to-cortex assortativity, indicating higher intercon-
nectivity in the latter. An increase in assortativity leads to lower aver-
age hop count and robustness (Murakami et al., 2017). Thus, our results
might indicate that brainstem networks might be more resilient in case
of pathology, a hypothesis that needs further investigation. Synchroniza-
tion, hierarchy, clustering coefficient, path length and other small world

21

Neurolmage 249 (2022) 118865

network metrics were comparable in seed-to-seed and cortex-to-cortex
connectome. The cortex-to-cortex connectome showed slightly higher
global and local efficiency than the brainstem seed-to-seed connectome
indicating efficient information flow. In both arousal and motor circuit,
we observed high inter-connectivity of cortical and sub-cortical regions.
All nuclei displayed laterality index lower than 23%, with only SN2,
RN1, RN2, PTg, LC and SubC getting above 10%: this indicates quite
similar mirrored connectomes of left and right nuclei. RN2 showed high-
est and mRt the lowest laterality index. The nodal graph measures of
arousal-motor network nuclei indicated their segregation into two sets
of nuclei namely (i) PAG, RN2, mRt, isRt, LDTG-CGPn and DR and (ii)
MnR, SN1, SN2, RN1, CnF, PTg, PnO-PnC, LC, SubC, ION, CLi-RLi and
PMnR. Based on properties of random network, i.e. lower clustering co-
efficient and a shorter shortest path length (Zhu et al., 2017), the first
set of nuclei can be considered to show random network. Former set of
nuclei showed above average degree centrality as compared to the other
set nuclei in the network. Degree centrality reflects the number of in-
stantaneous functional connections between a region and the rest of the
brain within the entire connectivity matrix of the brain; it can assess how
much a node communicates with the entire brain and integrates infor-
mation across functionally segregated brain regions (Guo et al., 2016).
Interestingly, nuclei with high degree centrality (PAG, RN2, mRt, isRt,
LDTG-CGPn and DR) were also the most connected nuclei in the arousal
circuit, with cortical, sub-cortical and other brainstem nodes. These can
also be considered as ‘hubs’ in the network. Nodal efficiency, cluster-
ing coefficient, shortest path length in set (ii) of nuclei were higher
than set (i) nuclei. The regions with high nodal efficiency imply piv-
otal roles for communications between any pair of regions within the
network (Achard and Bullmore, 2007; Gong et al., 2009). Most of the
nodes showed high local efficiency (except PAG, mRt, and LDTg-CGPn),
indicating arousal-motor network seeds effectively shared information
within their immediate local communities (seen as high connectivity
with cortical and sub-cortical regions), thereby assisting effective segre-
gated information processing in the network.

4.3. Translatability of resting state fMRI brainstem connectome
in conventional imaging

The association between 7 Tesla and 3 Tesla mean connectivity in-
dices was high (r-value > 0.75) and did not differ across groups of
regions (all targets, versus brainstem targets, versus cortical and sub-
cortical (non-brainstem) targets). The percentage of common links be-
tween the two scanner data decreased with increasing the statistical
threshold, with a steeper decrease for brainstem targets compared to
cortical targets. In summary, comparison of 3 Tesla to 7 Tesla connec-
tivity results indicated good translation of our brainstem connectome
approach to conventional fMRI, especially for cortical and subcortical
(non-brainstem) targets and to a lesser extent for brainstem targets. This
was expected due to the small size of brainstem nuclei, their deep loca-
tion in the brain, and partial volume effects with neighboring pulsatile
cerebrospinal fluid, associated with a reduced fMRI sensitivity.

The reduced sensitivity for detecting brainstem connectivity at 3
Tesla compared to 7 Tesla was not explained by changes in temporal
signal-to-noise ratio (tSNR) across scanners after preprocessing (Supple-
mentary Fig. 6). Indeed, the tSNR at 7 Tesla was about 50% of the tSNR
at 3 Tesla in the whole brain, 66% in the cortex and 44% in the brain-
stem (Supplementary Fig. 6, Freesurfer masks in MNI space where used
for this computation). Note that an about 50% value agrees with our es-
timated tSNR ratio between 7 Tesla and 3 Tesla acquisitions, obtained
after accounting for the B, bandwidth, voxel volume and number of
repetitions (albeit the computed tSNR also includes the coil sensitivity).
The increased sensitivity for brainstem connectivity at 7 Tesla might
be due to the increased BOLD contrast with the field strength (which
counterbalances the tSNR decrease at 7 Tesla, and provides a favorable
contrast-to-noise ratio at 7 Tesla compared to 3 Tesla), and the presence
of reduced partial volume effects at 7 Tesla compared to 3 Tesla due to
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an ~12 times reduced voxel volume employed at 7 Tesla. Partial volume
effects are expected to play a bigger role in the average of BOLD signals
across small regions, such as tiny brainstem nuclei, than across larger
cortical and subcortical areas.

4.4. Diagrams of the arousal and motor networks

The diagram of the arousal network displayed high node intercon-
nectivity. Interestingly, several brainstem arousal nuclei displayed con-
nectivity to the thalamus, hypothalamus, basal forebrain and frontal
cortex, as expect for arousal regions (Parvizi and Damasio, 2001;
Saper et al., 2001, 2010; Olszewski and Baxter, 2014). The diagram
of the motor network matched expected connectivity of motor regions,
including the motor cortex, basal ganglia and cerebellum (Merel et al.,
2019). In Supplementary Material, we specifically discuss the diagrams
of the arousal and motor networks at 7 Tesla and 3 Tesla in view of
existing literature of expected direct and indirect connectivity.

4.5. Limitations

The brainstem nuclei functional connectome was developed using
optimized acquisition and analysis methods for the brainstem, including
high spatial resolution imaging at ultra high-field, and ad-hoc coregis-
tration and physiological noise correction methods. Yet, limitations of
current functional connectivity methods might yield residual confounds
to the achieved brainstem nuclei connectome. These include the possi-
ble presence of spurious indirect connections due to the use of Pearson’s
correlation coefficient and to residual physiological noise. Moreover, in
spite of the high degree of confidence achieved in the image distortion
correction and coregistration, residual spatial distortions and mismatch
might have introduced partial volume effects in the obtained brainstem
nuclei connectome. Yet, we expect these effects to be more pronounced
in voxel-based analysis and to be mitigated in region-based connectivity
analysis.

The choice of the threshold to be applied to connectivity matri-
ces is nontrivial: on one side, thresholding is important to control for
the effects of subject-specific spurious correlations at the group level.
On the other side, the threshold, either corrected or uncorrected for
multiple comparisons, is often arbitrary, and can be defined in several
ways. Thresholding at the subject level, for example, is an approach that
suffers from strong dependency on differences in connectivity density
across subjects. In this study, we choose to perform the thresholding on
the group level statistics. In literature, recent alternative approaches can
be found, such as proportionally thresholding at the single subject level
(van den Heuvel et al., 2017), that ensure equal network density across
datasets, setting a subject-specific threshold at the subject level. Similar
alternatives are interesting, and should be tested in future studies.

In this work we used TRs of 2.5 s (for 7 Tesla fMRI) and 3.5 s (for 3
Tesla MRI), which were minimum TRs for the chosen number of slices
and spatial resolution. We also employed a band-pass filter with cut-off
frequencies of 0.01 and 0.1 Hz. Based on conventional fMRI connec-
tivity analyses, we focused on evaluating signal fluctuations occurring
over five to tens of seconds. Previous studies (Lee et al., 2013) suggest
these cut-off frequencies improve the temporal signal-to-noise-ratio by
broadly reducing noise related signal fluctuations. Moreover, a low-pass
filtering cut-off of 0.1 Hz allows to use a TR of up to 5 s, which cor-
responds to 0.1 Hz Nyquist frequency. There are similar 3 Tesla fMRI
studies with longer TRs (for Example 6s, Horovitz et al., 2008). The use
of long TRs might add chances of aliasing cardiac artefacts on the same
frequencies of the BOLD signal (Huotari et al., 2019); however, most
recent physiological noise correction algorithms, such as RETROICOR,
model these artefacts including their aliasing effects. Also, recent stud-
ies suggest use of shorter TRs (aided by the use of simultaneous-multi-
slice imaging methods) and low spatial resolutions, to investigate faster
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BOLD signal fluctuations and dynamic changes in functional connectiv-
ity in health and disease (Sahib et al., 2018). With the aim of evaluating
the translatability of our connectome to clinical settings, we employed
standard acquisition parameters, thus at 3 Tesla, for instance, we did
not use simultaneous-multi-slice imaging methods.

We used a custom-built 64 channel head coil for 3 Tesla data acqui-
sition as opposed to widely used 32 channel commercial coils. Based
on Keil et al., 2013 (Keil et al., 2013), in the brainstem, at 3 Tesla,
the sensitivity of the custom-built 64 channel coil did not vary from
that of a 32 channel coil, while the former provided some sensitivity
increase in the outer cortex (~30%, see (Keil et al., 2013)). Thus, for
brainstem-to-brainstem connectivity, the use of a 64 channel coil at 3
Tesla does not limit the generalizability of the 3 Tesla findings to more
widely used 32 channel coils; yet, a non negligible increase in sensitivity
in the cortex, might have affected the brainstem-to-cortical connectivity
results.

Literature indicates resting-state fMRI studies have been done with
either eyes closed or eyes open condition, which has been shown to af-
fect connectivity results (Agcaoglu et al., 2019; Bianciardi et al., 2009;
Costumero et al., 2020; Patriat et al., 2013). For instance, auditory
and sensorimotor networks showed increased connectivity during the
eyes open condition compared to the eyes closed one (Agcaoglu et al.,
2019; Patriat et al., 2013). Another study showed increased connectiv-
ity of occipital areas with eyes closed condition (Bianciardi et al., 2009;
Costumero et al., 2020), while (Agcaoglu et al., 2019; Patriat et al.,
2013) showed similar results with eyes open condition. Our current find-
ings showed lower connectivity of seeds to occipital regions. Based on
above evidences, we recognize our connectivity results are based on
widely used eyes-closed state and might be influenced by the adopted
condition. Future studies might investigate time-varying connectivity
measures also in relation to physiological autonomic and arousal oscil-
lations recorded by peripheral probes.

5. Conclusions

Brainstem nuclei have been shown to play a pivotal role in many
functions, such as sleep, arousal, wakefulness, autonomic, motor, and
nociception. (Bianciardi et al., 2016; Merel et al., 2019; Saper et al.,
2001; Satpute et al., 2013). These nuclei work in a coordinated fashion,
so it becomes imperative to map their connectome to fully understand
these processes. Further, graph analysis has received much attention in
connectome research (Tomasi and Volkow, 2011; van den Heuvel and
Sporns, 2013) to study integrative processing (Heuvel et al., 2012) and
related pathological conditions (Saper et al., 2010). Hub regions are
central in the connectome, route information exchange, and achieve
integration of otherwise segregated processes (de Reus and van den
Heuvel, 2014; van den Heuvel and Sporns, 2013). In the present work,
we provided a connectome of arousal-motor brainstem nuclei along with
the diagrams of the resulting arousal and motor resting state functional
networks in living humans, to provide a comprehensive yet segregated
view on these processes. This work was based on recently developed
high-resolution 7 Tesla MRI based probabilistic brainstem atlas in liv-
ing humans (Bianciardi et al., 2018, 2015; Garcia-Gomar et al., 2019;
Singh et al., 2019). Further, we demonstrated the translatability of our
connectome in conventional imaging by comparing 3 Tesla data con-
nectome results to 7 Tesla results. We speculate that these results might
provide a baseline for future studies of brainstem connectivity in heath
and disease.
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