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The human brainstem’s red nucleus was
upgraded to support goal-directed action
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The red nucleus, a large brainstem structure, coordinates limb movement for
locomotion in quadrupedal animals. In humans, its pattern of anatomical
connectivity differs from that of quadrupeds, suggesting a different purpose.
Here, we apply our most advanced resting-state functional connectivity based
precision functional mapping in highly sampled individuals (n=5), resting-
state functional connectivity in large group-averaged datasets (combined
n~45,000), and task based analysis of reward, motor, and action related
contrasts from group-averaged datasets (n>1000) and meta-analyses
(n>14,000 studies) to precisely examine red nucleus function. Notably, red
nucleus functional connectivity with motor-effector networks (somatomotor
hand, foot, and mouth) is minimal. Instead, connectivity is strongest to the
action-mode and salience networks, which are important for action/cognitive
control and reward/motivated behavior. Consistent with this, the red nucleus
responds to motor planning more than to actual movement, while also
responding to rewards. Our results suggest the human red nucleus imple-
ments goal-directed behavior by integrating behavioral valence and action
plans instead of serving a pure motor-effector function.

The brainstem was previously thought of as an evolutionarily conserved
structure, limited to physiological (e.g., breathing) and basic motor

and do not project to the spinal cord*. Instead, these neurons participate
in the dento-rubro-thalamic tract (DRTT), forming a loop between the

functions (e.g., locomotion)"?, with the exception of neuromodulatory
nuclei (e.g., locus coeruleus)’. The red nucleus is located in the midbrain
of the brainstem and first emerged as quadruped precursors began
coordinating extremities for movement*®. The red nucleus includes
magno- and parvo-cellular neurons*’. In quadrupeds, magnocellular red
nucleus neurons project down the full length of the spinal cord, forming
the rubrospinal tract, which evokes limb movements when
stimulated®'. Parvocellular red nucleus neurons are smaller in diameter

cerebral cortex, cerebellum, brainstem, and thalamus*"*, though the
direct red nucleus to thalamus projection has been disputed®?. Pro-
jections to the thalamus from the dentate nucleus (passing around the
red nucleus) and a possible direct red nucleus projection®, allows for
structural connectivity of the red nucleus to identify the ventral inter-
mediate nucleus (VIM)*, a target for neurosurgical treatment (e.g. tha-
lamotomy, deep brain stimulation) of essential tremor and tremor
predominant Parkinson’s Disease??.

A full list of affiliations appears at the end of the paper.
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In a striking example of phylogenetic refinement® from quad-
rupeds to bipedal humans, the proportion of red nucleus neurons has
shifted strongly from magnocellular to parvocellular®?°, For instance,
the reptilian red nucleus is almost entirely magnocellular®, the feline
red nucleus is approximately 2/3 magnocellular®, and the primate red
nucleus is primarily parvocellular®. Furthermore, comparison of the
quadrupedal baboon to the bipedal upright gibbon shows that
bipedalism coincides with a continued reduction of the rubrospinal
tract®®. In humans, there is a small rubrospinal tract that only projects
to the cervical spinal cord, suggesting that it serves only a minimal role
in locomotion®*’, The proportion of cell types in the human red
nucleus favors parvocellular so much so that studies of the red nucleus
in humans are effectively studies of the parvocellular red nucleus®.
Even though human locomotion is supported by the corticospinal
tract rather than the rubrospinal tract, the expansion of parvocellular
neurons has maintained the red nucleus as one of the largest nuclei in
the human midbrain®.

Despite nearly 150 years of research, the functional role of the red
nucleus in humans remains unclear*. This represents a major gap in our
understanding of a clinically relevant structure and the brainstem.
Direct recordings from the parvocellular (in non-human primates)**
and whole red nucleus (in humans)® show activity is unrelated to free-
form movement. Interestingly, there appears to be a relation between
the parvocellular red nucleus and goal-directed actions and cognition.
In an arm fixation-maintenance study in non-human primates, arm
fixation evoked no red nucleus response except when an adaptive arm
correction was required®. Human task fMRI studies indicate that the
entire red nucleus is minimally activated by simple sensory stimulation
and hand movements, relative to larger activations from cognitive
tactile discrimination tasks?, and tasks involving cognitive
control®®*. Rodent electrophysiology recordings during a stop-signal
task found trial-to-trial adjustments in the parvocellular red nucleus
firing rate that were correlated with movement accuracy and speed,
indicating control signals*’. Based on these findings, some have argued
for parvocellular red nucleus involvement in motor control*, which is a
broad concept including motor planning, execution (motor-effector
linked), and feedback*~*. Owing in part to structural connectivity to
primary motor cortex*, the adaptive control responses in parvocel-
lular red nucleus* could support a mechanism for indirect control of
movements where motor-effectors in primary motor cortex were
modulated by the parvocellular red nucleus based on task goals®.
However, support for this hypothesis remains sparse, and it is possible
that the human red nucleus has a function within motor control
independent of motor-effectors, suggesting a purpose in humans
distinct from in quadrupeds.

Resting state functional connectivity (RSFC) has greatly expan-
ded our understanding of human brain organization by revealing
large-scale functional networks related to specific functions such as
action control, movement and salience**, With large amounts of
high quality data, it is now possible to identify networks at the
individual level, a technique we have termed precision functional
mapping (PFM>**’), Using PFM, we previously mapped the functional
connectivity profiles of the thalamus®, cerebellum®, and
hippocampus®®. This procedure allows researchers to test theories
concerning subcortical nuclei, especially when such models argue
for connectivity with specific networks. Brainstem fMRI has histori-
cally been limited by low signal-to-noise ratio (SNR) owing to dis-
tance from receiver coils, suboptimal echo times, and unique forms
of noise owing to cerebrospinal fluid pulsations®*"®, As a result,
fMRI and RSFC of the red nucleus have greatly lagged relative to the
rest of the brain, making it difficult to examine its organization in
humans.

We have recently shown that the precentral gyrus (i.e., primary
motor cortex) is separated into motor-effector specific regions (foot,
hand, and mouth) and somato-cognitive action network (SCAN)

regions for integrating body movement, goals, and physiology®* 5.

These SCAN regions are most closely coupled to the action-mode
network (AMN, previously called cingulo-opercular network), which
governs executive action control*>**’°, While the parvocellular red
nucleus has structural connectivity with the precentral gyrus®, it is
unclear whether this connectivity is specific to motor-effector or
SCAN regions, a question with fundamental interpretive implica-
tions. If the human red nucleus is mainly a motor-effector structure,
it should exhibit extensive connectivity with effector-specific pri-
mary motor regions in the precentral gyrus (i.e. somatomotor hand,
food, and/or mouth), and show activity during pure movement tasks.
In contrast, stronger functional connectivity with SCAN regions in
the precentral gyrus would suggest a role in goal-directed action.
Importantly, parvocellular red nucleus structural connectivity
extends far beyond the precentral gyrus, including a robust con-
nection with the anterior cingulate cortex*s. The anterior cingulate
cortex contains many networks, including a large representation of
the salience network, which is important for processing reward sig-
nals and motivation®*”"7*, The connectivity of the anterior cingulate
suggests that the red nucleus may play a role in processes beyond
movement, such as reward and motivated behavior, which can be
tested through functional connectivity and by examining the red
nucleus’s response to reward tasks. Based on structural connectivity
alone, it remains unknown with which networks the human red
nucleus is functionally connected.

In this work, we determined individual-specific RSFC of the human
red nucleus by overcoming the limited low signal-to-noise ratio with
denoising approaches. We verified PFM results using group-averaged
data from three large fMRI datasets (Human Connectome Project
(HCP), Adolescent Brain Cognitive Development (ABCD) study, UK
Biobank (UKB); combined sample size of nearly 45,000 participants.
We directly tested red nucleus involvement in movement, motor
planning, and motivated behavior by analyzing group-averaged task
fMRI data from motor and reward tasks (HCP) and meta-analyses
(Neurosynth”"¢),

Results

Red nucleus is connected with salience and action control
networks

Red nucleus (Fig. 1a) functional connectivity was strongest in the
dorsal anterior cingulate, medial prefrontal, pre-supplementary
motor, insula (especially anterior insula), parietal operculum and
anterior prefrontal cortex (Fig. 1). Functional connectivity was clearly
organized into networks, especially the AMN (action control; dorsal
anterior cingulate cortex, anterior prefrontal cortex, and anterior
insula®), and salience network (reward/motivated behavior; anterior
cingulate/medial prefrontal cortex and ventral anterior insula®?), but
not foot/hand/mouth effector-specific motor regions near the central
sulcus (Fig. 1; Supplementary Figs. 1-4). Functional connectivity in the
central sulcus was strongest with the SCAN regions, which are closely
related to the AMN®*. The red nucleus was not functionally connected
with the default mode network regions in prefrontal cortex or fronto-
parietal network regions in the lateral prefrontal cortex and insula.
There were no obvious or consistent functional connectivity differ-
ences between the left and right red nuclei (Supplementary Fig. 1;
Supplementary Fig. 3), nor were the results contingent on the func-
tional connectivity threshold (Supplementary Fig. 2). Additionally,
single voxel connectivity maps of the red nucleus indicate that con-
nectivity patterns cannot be explained by partial volume effects as
voxels directly outside of the red nucleus have a unique connectivity
pattern from voxels within the red nucleus (Supplementary Fig. 5). The
observed functional connectivity pattern was also evident in the three
large group-averaged datasets totaling ~45,000 participants (Fig. 1c;
Supplementary Fig. 1) and in additional, individual-specific red nucleus
seed maps (Supplementary Fig. 4).
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Fig. 1| Functional connectivity mapping of the red nucleus. a Axial (top) and
coronal (bottom) display of the right red nucleus (white outline) overlaid on a T2w
structural image for subject PFM-Nico. b Resting state functional connectivity
(RSFC) seeded from the right red nucleus in an exemplar highly sampled partici-
pant with multi-echo independent component analysis (MEICA) denoising (PFM-
Nico; 134 min resting-state fMRI). Individual specific functional connectivity map
shows strongest 20 percent of cortical vertices. Bar graph quantifies the average
connectivity per network. The average connectivity was significantly different from
zero for the salience, action-mode (AMN) and dorsal attention (DAN) networks
(two-sided t-test against null distribution, *P < 0.05, Bonferroni correction,

ABCD split-half 2
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uncorrected p-value = 0.000999), but was only positive for salience and AMN.

¢ Group-averaged functional connectivity map shows strongest 20 percent of
cortical vertices using previously defined split-halves (see ref. 101; n=1964 parti-
cipants each) from the Adolescent Brain Cognitive Development (ABCD) study. For
additional participants see Supplementary Figs. 1-4. AMN action-mode, SCAN
somato-cognitive action, le-SMN lower-extremity somatomotor, ue-SMN upper-
extremity somatomotor, f-SMN face somatomotor, PMN posterior memory, CAN
contextual association, DMN default mode, FPN fronto-parietal, DAN dorsal
attention, VAN ventral attention.

Red nucleus is functionally connected with the ventral inter-
mediate thalamus

Since the red nucleus is a node along the DRTT, we next exam-
ined functional connectivity to subcortical structures. Within the
thalamus, red nucleus functional connectivity was strongest with
the ventral lateral posterior (VLP) nucleus, encompassing the
ventral intermediate nucleus (VIM), which is a major target for
treating tremor via thalamotomy and deep brain stimulation®.
This was observed at the individual level using a subject specific
thalamic segmentation (Fig. 2a; Supplementary Fig. 6) and ver-
ified using large group-averaged datasets (Fig. 2b-d; UKB
(n=4000), ABCD study (n=3928), HCP (n=_812). Interestingly,
red nucleus connectivity tended to be stronger to more dorsal
sections of the VIM (MNI z coord. >2 mm). Within cerebellum, red
nucleus functional connectivity was primarily with lobule VI
(Supplementary Fig. 7).

Red nucleus activity for reward and motor control

To further interrogate red nucleus function, we used task fMRI data
from the Human Connectome Project (HCP; gambling [Supplemen-
tary Fig. 8] and motor [Supplementary Fig. 9]) and automated meta-
analysis from Neurosynth for terms: ‘reward’ (Supplementary
Fig. 10), ‘motor’ (Supplementary Fig. 11a), and ‘motor control’ (Sup-
plementary Fig. 11b). The salience network is typically related to
reward/motivated behavior, leading us to predict that the red
nucleus would respond to reward related tasks, given its salience
network connectivity (Fig. 1 Supplementary Figs. 1-4). Consistent
with this, we found that the red nucleus exhibited a larger response
to reward than punishment using the HCP gambling task (Fig. 3a).
Using automated meta-analysis (Neurosynth), we also found that the
red nucleus had a large response to reward (Fig. 3b). In analyzing
automated meta-analyses of red nucleus data, we were concerned
about partial volume effects given the inherent diversity of
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a Red Nucleus Thalamic Connectivity

PFM-Nico

ABCD

HCP

UKB

D Ventral Intermediate Nucleus

Fig. 2 | Thalamic connectivity of the red nucleus. Top 20% of red nucleus con-
nections for the thalamus (MNI space) for (a), PFM-Nico, (b), ABCD study
(n=3,928), (c), HCP (n=812), and (d), UKB (n =4000). Four different axial slices of
the thalamus are shown (MNI space) overlaid on the subject’s structural image
(panel a only). Thresholding is based on the top 20% of connections for the

80" percentile

thalamus. The VIM (ventral intermediate) nucleus of the thalamus defined in an
individual subject is shown in panel (a). The nucleus outline based on a dilated
probabilistic map using the THOMAS atlas shown in panels (b-d). See Supple-
mentary Fig. 6 for additional participants.

processing approaches across the neuroimaging literature. This is a
particular concern given the proximity of reward regions like the
ventral tegmental area and substantia nigra. Therefore, when per-
forming automated meta-analyses, we accounted for the tissue
directly surrounding the red nucleus (peri-nucleus, Supplementary
Fig. 12) using an approach that has been previously used to isolate
claustrum signals from the insula and putamen””® while also
accounting for differences in whole brain intensity that varied across
contrasts (Supplementary Fig. 13; see Methods). Analyses of motor
task fMRI data (HCP) showed that the motor cue indicating upcom-
ing movement triggered a larger response in the red nucleus than
actual movement, a classic pre-motor activation pattern (Fig. 3c).
When subdividing movement into bilateral hand and foot and tongue
movements, we found that the red nucleus response was actually
smallest for upper body movements (Supplementary Fig. 14), which
is one of the few parts of the human body that can be directly
influenced by red nucleus descending projections®**. Consistent

with these task fMRI findings, automated meta-analyses showed red
nucleus activations to ‘motor control’ (Fig. 3d), but no activations in
the ‘motor’ contrast (Supplementary Fig. 15).

Red nucleus is not functionally connected with effector-specific
motor cortex

Treating the red nucleus as a homogeneous functional connectivity
seed could potentially obscure a subregion of red nucleus with motor-
effector connectivity. To further evaluate the hypothesis that red
nucleus should have motor-effector network connectivity, we applied
a winner-take-all approach to assign red nucleus voxels to networks
based on cortical connectivity**°. We found that almost no voxels had
preferential motor-effector specific connectivity (somatomotor foot,
hand, and mouth; Fig. 4, hollow triangles) in large group-averaged
(Fig. 4, left) and in individual-specific (Fig. 4, right) datasets. Most
voxels were assigned to either AMN, salience, or SCAN (Fig. 4, filled
circles).
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Fig. 3 | Reward and motor control activity in the red nucleus. a Red nucleus
activation from the gambling task of Human Connectome Project (HCP) reward
(left, filled light gray) and punishment (right, unfilled) contrasts (paired t-test;
t=4.87, confidence interval =[0.046 0.11], cohen’s d d =0.15, df=1080,

p =129 x10°). b Automated meta-analysis average for term ‘reward’ for the red
nucleus (left, stripe pattern) the region surrounding the red nucleus (peri-nucleus,
middle, circle pattern) and whole brain (right, crosshatch pattern). ¢ Red nucleus
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activation from the motor task of HCP motor cue (left, filled dark grey) and average
movement (right, unfilled) contrasts (paired t-test; t = 4.58, confidence interval =
[0.04 0.1], cohen’s d d=0.14, df=1079, p =5.22 x10°®). d Automated meta-analysis
average for term ‘motor control’ for the red nucleus (left, stripe pattern) the region
surrounding the red nucleus (peri-nucleus, middle, circle pattern) and whole brain
(right, crosshatch pattern). Boxplot displays interquartile range, median (hor-
izontal black line), mean (red circle), and 95% confidence interval (black error bars).

Distinct ventral-lateral (salience) and dorsal-medial (action-
mode) subdivisions

Winner-take-all assignments identified two sub-populations within the
red nucleus, one connected to the salience network and one to the
AMN/SCAN (Supplementary Fig. 16a). To delineate red nucleus sub-
divisions, we used agglomerative hierarchical clustering to group
voxels based on functional connectivity with cortical networks®®”.
These analyses identified a dorsal-medial and ventral-lateral division of
the red nucleus (Fig. 5a, Supplementary Figs. 16, 17, Supplementary
Table 1). Comparing the functional connectivity of these two sub-
divisions (ventral-lateral [salience preference] - dorsal-medial [AMN

preference]*®) demonstrated that the ventral-lateral division had
stronger connectivity with the salience and parietal memory
networks®®*°, while the dorsal-medial red nucleus had stronger con-
nectivity with the AMN and SCAN regions within the precentral gyrus
(Fig. 5b, c, Supplementary Fig. 17a). Binarizing the preference for Sal-
ience vs. AMN connectivity sufficed to identify the two red nucleus
partitions (AUC > 0.9). In support of this dorsal-medial/ventral-lateral
partition of red nucleus, we also examined the correlation between red
nucleus connectivity and specific cortical networks, revealing an
obvious divide in network connectivity between AMN and salience
(Fig. S5c, d, Supplementary Fig. 16b, Supplementary Fig. 17d). Neither
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subdivision displayed strong effector-specific motor connectivity
relative to SCAN. As was true of the entire red nucleus, dorsal-medial
red nucleus precentral gyrus connectivity was strongest with SCAN
regions (Fig. 5b, c). Preference for salience vs. AMN in group average
datasets similarly identified a ventral-lateral (salience) and dorsal-
medial (AMN/SCAN) divisions, respectively (Supplementary Fig. 16b,
Supplementary Fig. 17d, Supplementary Fig. 18).

Based on the preceding results, we used salience-favoring (ven-
tral-lateral) and AMN-favoring (dorsal-medial) partitions of the red
nucleus as separate seeds to examine subcortical connectivity. The
ventral-lateral (salience) partition was functionally connected with the
VIM (Supplementary Fig. 19a). The ventral-lateral partition had peak
cerebellar connectivity in lobule VI (Supplementary Fig. 19a). The
dorsal-medial (AMN) partition was functionally connected with the
mediodorsal nucleus of the thalamus (Supplementary Fig. 19b) as well
as cerebellar lobule VIII, especially in VIIIb (Supplementary Fig. 19b).
When analyzing these partitions in task data from the HCP, we found
that both had a larger response to motor cue (indicating upcoming
movement) than to actual movement, with the dorsal-medial (AMN)
partition having an even larger response that the ventral-lateral (sal-
ience) division (Supplementary Fig. 20).

Discussion

The red nucleus is functionally connected with action (action-mode)
and motivated behavior (salience) networks, but not motor-effector
networks (somatomotor foot, hand, and mouth). In fact, the red
nucleus displayed no, or negative functional connectivity with motor-
effector networks. Moreover, motor cortex connectivity was restricted
to SCAN regions®. This is in stark contrast to previous literature in
quadrupedal organisms showing red nucleus is a motor-effector
nucleus that controls muscle movements through spinal projections™.
These observations, combined with the reduction in the rubrospinal
pathway in humans®>*, suggest that in striking contrast to other
species'®, the primary function of the human red nucleus is not
exclusive to controlling movements. The evolutionary principle of
exaptation, where a trait serves a new function other than its original
purpose, may apply. The original function of the red nucleus was to
coordinate extremity movement for locomotion. However, emergence
of the pyramidal system and bipedalism made the rubrospinal pathway
outdated for locomotion’. Thus, instead of gradually disappearing, the
red nucleus appears to have been repurposed from a motor-effector
nucleus controlling muscles through a spinal projection to involve-
ment in higher-level control and potentially integration of action and
motivated behavior.

Multiple non-human primate tract tracing studies have shown
that the red nucleus is structurally connected with the motor cortex
and that parts of the primate red nucleus are active during some motor
tasks®**58152, Accordingly, it was somewhat surprising that human red
nucleus functional connectivity to motor-effector specific regions of
motor cortex was small or negative. This results conflicts with certain
motor control models that position the red nucleus (and potentially
the entire DRTT) as a system for fine control of motor-effector circuits
in the cerebral cortex. Instead, the observed functional connectivity
with SCAN is more consistent with the original role of the red nucleus
in whole body coordination, a process involving the SCAN®*, It is worth
emphasizing that regardless of the disputed direct projection between
the red nucleus and the thalamus®, the red nucleus is widely agreed to
receive dentate nucleus inputs while also having projections that
indirectly influence the cerebellum®. These considerations imply that
re-analyses of non-human primate red nucleus tract tracing studies
may show preferential connectivity of the red nucleus with SCAN
homologues rather than motor-effector regions.

It remains an open question whether the salience and AMN sub-
divisions of the red nucleus are strictly parallel or whether they might
support the integration of reward/motivated-behaviors (hence
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Fig. 4 | Action versus motor-effector network assignments of red nucleus
voxels. Red nucleus voxels were assigned to networks using winner-take-all logic.
The percentage of red nucleus voxels assigned to action related networks (salience
network, AMN, or SCAN) is shown in filled circles and the percent assigned to any of
the three motor-effector networks (lower-extremity somatomotor, upper-
extremity somatomotor, and face somatomotor) is shown in hollow triangles. The
left three columns show group-averaged data; the right five columns showing data
from highly sampled individuals. AMN (action-mode), SCAN (somato-cognitive
action).

salience network connectivity and reward activation) and action-
control (hence AMN connectivity and motor control and motor cue
activation), allowing action plans to be regulated by motivation, even
in the brainstem. This general framework is consistent with the
emerging perspectives that the brain produces specific behavior in the
context of motivated states®***. The red nucleus may coordinate and
rapidly adapt action execution based on changing salience informa-
tion. In either scenario, the present results suggest that human action
is controlled by a repurposed motor nucleus. This perspective is
consistent with the view that cognition/planning and movement are
fundamentally linked®>*¢.

The observation that red nucleus function seems to have shifted
its role from quadrupedal locomotion to reward and action processing
has broader implications. The brainstem has often been con-
ceptualized as participating in two rigid hierarchies: a top-down con-
trol circuit that passively receives and transmits top-down signals
originating from the cerebral cortex; and a bottom-up sensory circuit
that passively receives and transmits sensory signals originating from
the periphery. However, tract tracing results demonstrating limited
connectivity between the red nucleus and spinal cord indicate that this
simplified view does not apply. We speculate that the dominant
representation of two functional networks in the red nucleus is con-
sistent with the view that neural networks are an organizing principle
throughout the brain, and not limited to the cerebral cortex, in keep-
ing with recent findings and perspectives®”*°. How specific networks
interact with the body®"*? carries implications for studies of affect and
motivated behavior, and is a topic that warrants further investigation.

We are aware of fewer than a half dozen studies investigating the
red nucleus as a target for therapeutic DBS. One group developed an
electrophysiologic profile of the red nucleus with the goal of avoiding
this structure® as stimulation of the third cranial nerve (which passes
through the RN) can lead to ocular disturbances®*®*. This proximity to
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Fig. 5 | Functional connectivity subdivisions of the red nucleus. a Anatomical
display of dorsal-medial (hatched) and ventral-lateral (no fill) red nucleus subdivi-
sions in an exemplar participant (PFM-Nico) overlaid on the same participant’s T2w
image. b Strongest 20 percent of cortical RSFC for ventral-lateral (left) and dorsal-
medial (middle) red nucleus subdivisions. The right most image shows the differ-
ence map between these two connectivity maps. Note greater ventral-lateral con-
nectivity in red and greater dorsal-medial in blue. ¢ Average cortical RSFC
organized by network for dorsal-medial (hatched) and ventral-lateral (no fill)

subdivisions. d Similarity (r) in network connectivity for each red nucleus voxel
grouped into dorsal-medial and ventral-lateral divisions. For additional subjects/
analyses see Supplementary Figs. 16-19. AMN (action-mode) SCAN (somato-cog-
nitive action), le-SMN (lower-extremity somatomotor), ue-SMN (upper-extremity
somatomotor), f-SMN (face somatomotor), PMN (posterior memory), CAN (con-
textual association), DMN (default mode), FPN (fronto-parietal), DAN (dorsal
attention), VAN (ventral attention); Resting state functional connectivity (RSFC).

oculomotor nuclei/axons may help to explain red nucleus functional
connectivity with visual cortex (Fig. 1b), though the small voxel sizes
used (2mm isotropic for PFM-Nico) and red nucleus constrained
smoothing likely mitigate partial volume effects (Supplementary
Fig. 5). Interestingly, insertion of a macro-electrode into the red
nucleus transiently reduced postural tremor in a single patient®. Our
findings suggest that using the functional connectivity of each red
nucleus subdivision could aid in the localization of thalamic stimula-
tion sites like the VIM or mediodorsal thalamus for treatment of tremor
or pain” respectively.

The absence of pure motor task activity and motor-effector
functional connectivity argues against the human red nucleus being a
motor-effector nucleus, directly influencing motor-effector neurons in
ML. Therefore, the evolutionary process of exaptation may have given
the red nucleus a new purpose as a node within the dento-rubral tha-
lamic tract (DRTT), a major loop connecting the cerebral cortex, tha-
lamus, brainstem, and cerebellum**, Neural loops serve as valuable
machinery for action feedback and integration’. We speculate that the
red nucleus is ideally positioned to incorporate motivated behavior
signals (e.g., experienced reward or anticipated reward) into motor

planning information moving through the DRTT. This would allow for
reward signals to be rapidly and dynamically incorporated into motor
planning during ongoing goal-oriented behavior, helping to guide
optimal action selection and its online adjustment.

Methods

Washington University participant for precision functional
mapping (PFM-Nico)

The participant was 37 year old healthy adult male used previously in
both the Midnight Scan Club (ref. 55; MSC02) and limb immobilization
studies (ref. 97; SICO1), and the senior investigator of this current
project (N.U.F.D.). This participant is referred to as precision functional
mapping (PFM)-Nico. See below section: Preprocessing of PFM-Nico for
additional scanning and preprocessing information. PFM-Nico data
collection was approved by the Washington University School of
Medicine Human Studies Committee and Institutional Review Board.

Cornell University participants for precision functional mapping
Four healthy adult participants (ages 29, 38, 24, and 31; all male) from a
previously published study were used”. These participants are
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referred to as participant 1-4 in the manuscript. The previous study
was approved by the Weill Cornell Medicine Instructional Review
Board and each participant provided written informed consent. For
additional details please see ref. 57.

UK Biobank (UKB)

We downloaded the group-averaged weighted eigenvectors from an
initial group of 4100 UKB participants aged 40-69 years (53% female)
with 6-minute resting-state scans (https://www.fmrib.ox.ac.uk/
ukbiobank/). Details of the acquisition and processing can be found
at https://biobank.ctsu.ox.ac.uk/crystal/ukb/docs/brain_mri.pdf®®. This
eigenvector file was mapped to the Conte69 surface template® using
the ribbon-constrained method in Connectome Workbench', fol-
lowing which the eigenvector time courses were cross-correlated.

Adolescent Brain Cognitive Development (ABCD) Study

3928 9-10-year-old participants (51% female), with at least 8 min of low-
motion resting state data were used. In cases (e.g. Figure 1c) these
subjects were split into two equal halves matched across site location,
age, sex, ethnicity, grade, highest level of parental education, hand-
edness, combined family income, and prior exposure to anesthesia'".
Data processing was done with the ABCD-BIDS pipeline (NDA collec-
tion 3165; https://github.com/DCAN-Labs/abcd-hcp-pipeline). For
additional details see:"*""'%,

Human Connectome Project (HCP)

The group-averaged dense functional connectivity matrix for the HCP
1200 participants release, consisting of functional connectivity
data for all 812 participants aged 22-35 years (410 female) with
60 min of resting-state fMRI, was downloaded from https://db.
humanconnectome.org. Task data from HCP was also from the 1200
participants release used for resting state data and featured 1085
participants for the gambling task and 1081 for the motor task down-
loaded from https://db.humanconnectome.org. For more information
on the acquisition and processing see:'0%104710¢,

Automated Meta-Analytic maps from Neurosynth

Automated meta-analytic maps were downloaded from neurosynth’>’®
from https://github.com/neurosynth/neurosynth-data. In total,
14,371 studies were included.

Preprocessing of PFM-Nico

PFM-Nico refers to a single participant (N.U.F.D) collected at
Washington University in St. Louis. Imaging was performed using a
Siemens TRIO 3T MRI scanner. Structural MRI included four Ti-
weighted images (sagittal acquisition, 224 slices, 0.8 mm isotropic
resolution, TR=2500 ms, TE=2.9 ms, flip angle = 8°) and four T2-
weigthed images (sagittal acquisition, 224 slices, 0.8 mm isotropic
resolution, TR=3200 ms, TE=479 ms, flip angle = 120°). Structural
data were processed using previously described methods”. Briefly, T1
and T2 weighted images were corrected for field inhomogeneity using
FSL Fast'”, averaged separately, and then aligned to Talairach space
using 4dfp tools (https://readthedocs.org/projects/4dfp/). All struc-
tural images were inspected for registration errors especially in the
brainstem. Functional blood oxygenation level-dependent (BOLD)
images were acquired using a multi-echo multi-band gradient-echo
sequence consisting of nine 15-minute runs (72 slices, 2 mm isotropic
resolution, TR=1761ms, TE = [14.20, 38.93, 63.66, 88.39, 113.12 ms],
flip angle = 68°, multi-band acceleration factor = 6). In addition, 3 noise
frames were acquired per run for noise reduction with distribution
corrected (NORDIC) PCA, which was used to reduce thermal noise in
functional data'®. fMRI preprocessing used previously published
methods®'%, This included slice timing correction through temporal
interpolation, rigid-body correction for head followed by optimal-echo
combination and denoising (described below) and finally NORDIC

thermal denoising'®. Atlas transformation was accomplished by

computing a composition of 1) native space mean functional image to
T2w space, T2w space to Tlw space, and finally Tlw space to
template space.

Optimal combination of multi-echo data and multi-echo inde-
pendent component analysis (MEICA) denoising were performed
using the tedana package version 0.0.11"°""2, To promote reproduci-
bility, we copy the automated methods description writeup as follows.
TE-dependence analysis was performed on input data. An initial mask
was generated from the first echo using nilearn’s compute_epi_mask
function. An adaptive mask was then generated, in which each voxel’s
value reflects the number of echoes with ‘good’ data. A two-stage
masking procedure was applied, in which a liberal mask (including
voxels with good data in at least the first echo) was used for optimal
combination, T2*/SO estimation, and denoising, while a more con-
servative mask (restricted to voxels with good data in at least the first
three echoes) was used for the component classification procedure. A
monoexponential model was fit to the data at each voxel using log-
linear regression in order to estimate T2* and SO maps. For each voxel,
the value from the adaptive mask was used to determine which echoes
would be used to estimate T2* and SO. Multi-echo data were then
optimally combined using the T2* combination method™.

Principal component analysis based on the PCA component esti-
mation with a Moving Average (stationary Gaussian) process'* was
applied to the optimally combined data for dimensionality reduction.
The following metrics were calculated: kappa, rho, countnoise,
countsigFT2, countsigFSO, dice_FT2, dice_FSO, signal-noise_t, variance
explained, normalized variance explained, d_table_score. Kappa
(kappa) and Rho (rho) were calculated as measures of TE-dependence
and TE-independence, respectively. A t-test was performed between
the distributions of T2*-model F-statistics associated with clusters (i.e.,
signal) and non-cluster voxels (i.e., noise) to generate a t-statistic
(metric signal-noise_z) and p-value (metric signal-noise_p) measuring
relative association of the component to signal over noise. The number
of significant voxels not from clusters was calculated for each com-
ponent. Independent component analysis was then used to decom-
pose the dimensionally reduced dataset. The following metrics were
calculated: kappa, rho, countnoise, countsigFT2, countsigFSO,
dice FT2, dice FSO, signal-noise_t, variance explained, normalized
variance explained, d_table_score. Kappa (kappa) and Rho (rho) were
calculated as measures of TE-dependence and TE-independence,
respectively. A t-test was performed between the distributions of T2*-
model F-statistics associated with clusters (i.e., signal) and non-cluster
voxels (i.e., noise) to generate a t-statistic (metric signal-noise_z) and
p-value (metric signal-noise_p) measuring relative association of the
component to signal over noise. The number of significant voxels not
from clusters was calculated for each component. Next, component
selection was performed to identify BOLD (TE-dependent), non-BOLD
(TE-independent), and uncertain (low-variance) components using the
Kundu decision tree (v2.5"%). This workflow used numpy', scipy"®,
pandas'’, scikit-learn"®, nilearn, and nibabel®. This workflow also used
the Dice similarity index'>*'*,

For every run of BOLD data, we manually inspected the noise/
signal classification from MEICA and adjusted classification where
needed. This strategy of manual inspection is viable in the context of
small sample studies like ours, and is a major strength of the PFM
approach. Only components classified as signal were used for all ana-
lyses. Based on the 6 rigid body parameters derived via retrospective
motion correction, we calculated frame-wise displacement (FD'?).
Motion parameters were low-pass filtered (threshold set at 0.1Hz)
before FD computation so as to reduce the impact of respiratory
artifact of estimates of head motion'”. To identify high motion frames,
we set a threshold of 0.08 mm on the FD vector. Global signal was
calculated as the average of all voxels within a brain mask. Following
optimal combination and MEICA, data underwent temporal bandpass
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filtering with frequencies between 0.005 Hz and 0.1 Hz being retained.
Global signal and its first derivative constituted the only nuisance
regressors. Following noise correction, cortical data were projected
onto a surface using a previously described approach®. Data were
smoothed with a geodesic 2D (surface) or Euclidean 3D (volumetric)
Gaussian kernel of ¢ = 2.55mm. Volumetric smoothing was done
within each subvolume including bilateral red nuclei (described in
manual tracing of the red nucleus).

Improving brainstem signal-to-noise ratio

The brainstem is the most difficult part of the brain to functionally
neuroimage. Distance from the receiver coils inherently makes the SNR
lower there than in the cerebral cortex. Additionally, optimal echo
times are different in the brainstem (and vary across the brainstem)
and cerebral cortex, in part owing to high concentration of iron. Given
that most studies optimize scanning parameters for the cortex, com-
mon scanning parameters are poorly suited for the brainstem. Also, we
encountered sources of noise at the individual level that were difficult
to characterize with standard denoising with motion and anatomical
regressors. In total, these limitations with current brainstem imaging
required a specialized denoising strategy. The first part of this strategy
was implementation of a recently developed thermal denoising
approach called NORDIC'*®, which greatly reduces unstructured noise.
By acquiring multi-echo data and employing optimal combinations of
echoes on a voxelwise manner, we were able to have an optimized
echo time for both the cerebral cortex and brainstem. Also, MEICA
allows for a substantial improvement in SNR*”. We utilized MEICA and
manually modified noise components on a run-by-run level, taking
care to remove any brainstem specific artifactual components. This
procedure would be excessively burdensome for large sample size
studies but is viable in a PFM framework. Finally, we collected a far
greater amount of data individual participant fMRI data than is usual,
allowing for a ‘brute force’ approach to SNR improvement. Where
these denoising strategies did not apply, i.e., in group averaged and
single echo datasets, we relied on massive sample sizes to improve
SNR. These measures mitigated the most pressing issue in brainstem
functional imaging, namely, the low SNR. The strategies employed
here demonstrate the feasibility of brainstem neuroimaging and can
be extended to investigate other clinically relevant structures like the
substantia nigra and periaqueductal grey.

Defining the red nucleus

Unlike many brainstem nuclei, the red nucleus is clearly visible on T2-
weighted images as a region of low signal intensity (Fig. 1a). Such
regions were manually segmented on T2-weighted native space images
(Fig. 1a) by a single experimenter (S.R.K. with oversight from N.U.F.D)
and transformed to MNI space for subsequent analyses. Publicly
available brainstem atlases were used as a reference for the red nucleus
to assist in manual drawing (brainstem navigator atlas https://www.
nitrc.org/projects/brainstemnavig'*). We did not exclusively use
the brainstem navigator atlas to define the red nucleus in part owing
to possible image registration errors between anatomical data
and template space. In a situation where the red nucleus was exclu-
sively defined using the template space brainstem navigator atlas,
any registration errors between the template (which the brainstem
navigator atlas is registered to), and anatomical data would necessarily
cause mismatch between the brainstem navigator red nucleus region
of interest and the true red nucleus in the participant’s data. As aresult,
the ultimate functional connectivity results would be erroneous to
a degree proportional to the magnitude of registration error. This
problem is avoided when the red nucleus is manually defined based on
each participant’s anatomical data, because even if registration
errors occur between the anatomical data and the template, the
red nucleus will still be correctly defined so long as it was accurately
drawn originally. For group average datasets, the red nucleus was

again hand drawn but on a high resolution T2-weighted MNI template

image'”.

Cortical network identification

The Infomap algorithm' (https://www.mapequation.org/) was used to
assign vertices to communities, and the resulting communities were
then assigned a network identity based on similarity to known group-
average networks. The consensus network assignment, computed by
aggregating across thresholds, was used as the cortical resting state
networks (see Supplementary Fig. 2 for example assignments). The
original 17 networks set described in MSC> was recently amended to
account for the SCAN®,

Red nucleus functional connectivity

For PFM and ABCD data, we averaged the timeseries of red nucleus
voxels to create a red nucleus timeseries and correlated this with all
other grayordinates. For HCP and UKB data, we instead averaged over
rows in the dense connectivity matrix corresponding to the red
nucleus. When computing the functional connectivity of red nucleus
subdivisions, we simply repeated these procedures, but for the sub-
division instead of the whole red nucleus.

Task analysis of red nucleus

Average red nucleus response to HCP gambling and motor contrasts
was calculated for each available participant. We used a one sample
t-test to test for significance of the reward versus punishment contrast
and motor cue versus motor average contrast that was directly
downloaded from https://db.humanconnectome.org. For specific
motor-effects (i.e. left hand, right foot etc.) versus the motor cue effect
(e.g. Supplementary Fig. 14), we conducted a paired t-test between the
participant’s red nucleus motor cue response and each movement
contrast. The analysis of Neurosynth meta-analytic contrasts was
somewhat more challenging. Relative to all other datasets used, Neu-
rosynth features a staggering amount of variability due to the inherent
heterogeneity in functional neuroimaging research, including differ-
ences in scanner, scanner sequence, preprocessing and analysis. This
made us especially concerned about the risk of partial volume effects.
Qualitatively examining brainstem values in Neurosynth, we noticed
that there were some meta-analytic contrasts that appeared anatomi-
cally disperse, potentially owing to partial volume. In order to mitigate
these effects, we relied on a modified version of Small Region Con-
found Correction’ which was originally developed to isolate claus-
trum signals from surrounding regions by regressing surrounding
tissue from the region of interest. The surrounding areas are defined
by dilating the region of interest to a large degree, dilating it to a small
degree, and then finally subtracting the smaller dilation from the lar-
ger. This produces a surrounding area that matches the shape of
the region of interest, but does not include the region of interest. In
the case of the red nucleus, we dilated bilateral nuclei by 4 mm,
and then by 2 mm. The 2 mm dilation was then subtracted from the
4 mm dilation creating what we refer to here as a peri-nucleus given
that it is around the red nucleus (see Supplementary Fig. 12 for an
illustration). By comparing the red nucleus with the peri-nucleus we
are able to ensure that the red nucleus meta-analytic value is not
simply a result of partial volume effects from nearby regions like the
ventral tegmental area of substantia nigra, which is especially impor-
tant for reward related analysis. One additional concern when using
Neurosynth data is that the average intensity of meta-analytic con-
trasts varies greatly across contrasts for the whole brain (Supple-
mentary Fig. 13a) and in the areas adjacent to the red nucleus
(Supplementary Fig. 13b). This meant that comparisons across con-
trasts are challenging as the average intensity is variable. Consistent
with this, we observed a small to moderate correlation between the red
nucleus (Supplementary Fig. 13c) and peri-nucleus (Supplementary
Fig. 13d) meta-analytic contrast intensity with the average global
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meta-analytic contrast intensity. To ensure that this intensity differ-
ence was not misleading our interpretation, we always display Neu-
rosynth results with the whole brain average for that specific contrast.
Due to the variably smoothed nature of neurosynth data, we did not
compare differences in red nucleus subdivisions for meta-analytic
contrasts. However, we did compare the cue versus average move-
ment contrast from the HCP motor task and the reward versus pun-
ishment contrast from the HCP gambling task based in the red nucleus
subdivisions.

Winner-take-all analysis of red nucleus voxels

We used a previously established approach for assigning red nucleus
voxels to bilateral cortical networks®®. Described briefly, a voxel
was assigned to the network that it had the largest correlation to, so
long as that correlation was greater than zero. We excluded three
sensory networks, two visual and one auditory, from possible assign-
ment, because the red nucleus is not believed to be involved in
these processes, and because potential assignment to these three
networks would be likely artifactual potentially owing to partial
volume effects with the third cranial nerve which passes through
the red nucleus. Additionally, inconsistent and small Infomap
cortical assignment to the anterior and posterior medial temporal
networks led us to exclude these two networks as well. In total, there
were 13 networks that red nucleus voxels could be assigned. These
networks with associated colors for figures are as follows: AMN (action-
mode network; purple); SCAN (somato-cognitive action network;
mauve), le-SMN (lower-extremity somatomotor network; forest
green), ue-SMN (upper-extremity somatomotor network; cyan), f-SMN
(face somatomotor network; orange), PMN (posterior memory net-
work; blue), CAN (contextual association network; white), DMN
(default mode network; red), FPN (fronto-parietal network; yellow),
DAN (dorsal attention network; neon green), VAN (ventral attention
network; teal).

Clustering

Clustering of the red nucleus was based on cortical connectivity,
specifically the correlation between each red nucleus voxel and the 13
bilateral resting state networks similar to previous clustering approa-
ches to other subcortical structures®™. We used hierarchical clustering
on the Euclidean distance between cortical connectivity strength with
Ward’s method”*'”. Using the NBclust R package we assessed clus-
tering performance with the number of clusters ranging from 2 to 13
using more than 20 metrics'”®. For each number of clusters, a score for
all clustering metrics was computed, and cluster performance was
ranked (e.g. the number of clusters with the largest silhouette index
scored arank of 1). For each metric, a number of clusters “won” when it
had the best performance for that specific clustering metric. The
number of clusters chosen was based on a majority rule where the
number of clusters with the most total victories (first place for each
metric) was determined to be the best overall.

Thalamus segmentation

The Thalamus-Optimized Multi-Atlas Segmentation (THOMAS v 2.1)'*
is a method for identification of nuclei, particularly the ventral inter-
mediate nucleus that has been colocalized with the segment labelled
the ventral part of the Ventro-Lateral-Posterior nucleus'°.

To segment the thalamic nuclei on our precision mapping parti-
cipant, we used the hips_thomas.csh function from the version 2.1 that
has been validated for use of T1 acquisition only™ and that is available
on docker (https://github.com/thalamicseg/hipsthomasdocker). We
used the average T1 acquisition that has been produced for the
registration of all functional data. For group averaged data we used
an MNI space transformation of a probabilistic THOMAS segmentation
(https://zenodo.org/record/5499504) with 2 millimeters of dilatation.

Projecting to the cerebellum

Cerebellar connectivity values were mapped onto a cerebellar flat map
with the SUIT toolbox** (https://www.diedrichsenlab.org/imaging/
suit.htm).

Statistics

We used a rotation-based null model to test if red nucleus connectivity
was selective for networks or random (e.g. Figure 2b). In this approach,
cortical resting state networks were rotated by a random amount
around a spherical expansion of the cortical surface 1000 times™. For
each rotation, we calculated the measure of interest (e.g. red nucleus
connectivity strength to the rotated network). A p-value was calculated
by comparing the true value against the values obtained through
random rotations. When multiple comparisons across networks was
performed, a Bonferroni correction for network number was used to
control the false positive rate.

Visualization

The distribution of functional connectivity values differs based on
dataset, in part owing to different denoising decisions. Therefore,
direct numerical comparisons across datasets is not appropriate. Thus,
to facilitate comparison, in almost all figures, RSFC values were thre-
sholded to be the top 20 percent of the given image. Supplementary
Fig. 2 demonstrates that this threshold does not obscure red nucleus
connectivity. In group averaged subcortical data we noticed a pattern
in which the edges of structures (e.g. thalamus) were the most likely to
contain extreme values. Even an inspection of dense connectivity
matrices shows an obvious effect of extreme values around the edge of
volume structures. It is not entirely clear why this is the case. One
possibility is that sub-volume constrained averaging may cause edge
voxels to be noisier because they are averaged with fewer voxels, thus
promoting extreme values. Thus, we excluded edge voxels from the
thalamus exclusively for group average datasets. We accomplished
this by minimally eroding the thalamus ROI by 3 mm. When examining
Cornell data in the thalamus, we noticed that red nucleus signal was
being smoothed into the ventral thalamus, leading to extremely large
and erroneous connectivity values. To address this, we masked out
thalamus voxels that were included in a 5 mm dilation of the bilateral
red nucleus.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

ABCD, HCP, and UKB data are publicly available with download
information provided. Raw data for PFM-Nico is available for down-
load: https://openneuro.org/datasets/ds005926. For Cornell data
(P1-P4) please contact Charles J. Lynch (cjl2007@med.cornel-
l.edu). Source data are provided with this paper.
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