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Abstract

Integrating visual information for motor output is an essential process of visually-guided motor
control. The brainstem is known to be a major center involved in the integration of sensory
information for motor output, however, limitations of functional imaging in humans have impaired
our knowledge about the individual roles of sub-nuclei within the brainstem. Thus, the bulk of our
knowledge surrounding the function of the brainstem is based on anatomical and behavioral
studies in non-human primates, cats, and rodents, despite studies demonstrating differences in the
organization of visuomotor processing between mammals. fMRI studies in humans have examined
activity related to visually-guided motor tasks, however, few have done so while controlling for
both force without visual feedback activity and visual stimuli without force activity. Of the studies
that have controlled for both conditions, none have reported brainstem activity. Here, we employed
a novel fMRI paradigm focused on the brainstem and cerebellum to systematically investigate the
hypothesis that the pons and midbrain are critical for the integration of visual information for
motor control. Visuomotor activity during visually-guided pinch-grip force was measured while
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controlling for force without visual feedback activity and visual stimuli without force activity in
healthy adults. Using physiological noise correction and multiple task repetitions, we
demonstrated that visuomotor activity occurs in the inferior portion of the basilar pons and the
midbrain. These findings provide direct evidence in humans that the pons and midbrain support
the integration of visual information for motor control. We also determined the effect of
physiological noise and task repetitions on the visuomotor signal that will be useful in future
studies of neurodegenerative diseases affecting the brainstem.
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1. Introduction

Vision is the most relied upon sensory input for directing movement in humans. Studies in
non-human primates and cats have shown that visual information of object location projects
from the inferior parietal lobe to the pontine nuclei in the brainstem, and from the pontine
nuclei through mossy fibers to the cerebellum (Albus et al., 1981; Mishkin et al., 1983;
Glickstein, 2000). However, differences between mammals in cortical visual area projections
to pontine nuclei and midbrain connectivity have been demonstrated and thus it is unknown
how much of this knowledge translates to visuomotor processing in humans (Brodal, 1972;
Glickstein et al., 1985; Aravamuthan et al., 2009; Alam et al., 2011). Although animal
studies provide an essential foundation for our understanding of the visuomotor system,
functional neuroimaging studies in humans with appropriate control conditions are
necessary to fully understand how visual information is integrated for motor control in
humans.

Many functional neuroimaging studies have investigated the visuomotor system in humans.
However, few have done so while appropriately controlling for other processes that occur
during visually-guided motor control. Both force without visual feedback activity and visual
stimulus without force activity must be controlled for to isolate activity related to the
integration of visual information for motor control. Furthermore, the force produced during
the visually-guided motor task should match the force produced during the motor task
without visual feedback because force amplitude is directly related to functional magnetic
resonance imaging (fMRI) blood-oxygen level dependent (BOLD) signal amplitude (Dai et
al., 2001; Spraker et al., 2007, 2012). The visual stimuli should also be identical to the
feedback given in the visually-guided motor task since saccadic processing has been
demonstrated in the brainstem and cerebellum (Ellermann et al., 1998; Miall et al., 2000).

Inherent properties of fMRI limit the quality of the signal in the brainstem (Brooks et al.,
2013; Beissner, 2015). Brainstem visuomotor activity in humans is rarely detected in
functional imaging studies despite almost all reporting extensive activation of the cerebellum
(Ellermann et al., 1998; Jueptner, 1998; Miall et al., 2000; Vaillancourt et al., 2003; Nitschke
et al., 2005; Kuhtz-Buschbeck et al., 2008; Keisker et al., 2010). Furthermore, to our
knowledge visuomotor activity in the brainstem has never been detected while controlling
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for both force without visual feedback activity and visual stimuli without force activity. The
brainstem signal is susceptible to motion artifacts and physiological noise due to its
proximity to surrounding CSF, the pulsatile motion of the basilar artery, and the natural
elongation during respiration (Klose et al., 2000; Harvey et al., 2008; Chang et al., 2009;
Beissner et al., 2011). In the current study, RETROICOR (Glover et al., 2000) was used to
reduce the effects of physiological noise from respiration and heart rate. Inspired by
electroencephalography literature (Kappenman and Luck, 2010), signal averaging was also
explored as a technique to enhance the visuomotor brainstem signal. We analyzed the
effectiveness of these approaches to improve signal quality and determine the most effective
procedures for detecting brainstem functional activity in humans.

In the current study, we tested the hypothesis that, in humans, the pons and midbrain are
directly involved in visuomotor processing. Three variations of a visually-guided motor task
were used to detect visuomotor activity while controlling for activity related to the visual
stimulus alone and the production of force alone. Functional imaging of the brainstem and
cerebellum required the development and implementation of a scan protocol and processing
pipeline optimized for this region of the brain. To better understand the factors that enable
the detection of the brainstem fMRI signal, activity maps were computed with and without
correction for physiological noise. Additionally, subsets of the total number of task
repetitions were analyzed independently to determine the effect of these repetitions on the
brainstem signal.

Materials and methods

Participants

Data was collected on 20 healthy right-handed individuals (Male:Female = 9:11; age range =
19-26 years). The subjects all had corrected or normal vision and none of the subjects had
any history of neurological disorder. All participants gave written informed consent and all
procedures were approved by the local Institutional Review Board. The work described has
been carried out in accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans. Anonymized data and code are
available from the corresponding author upon reasonable request.

Experimental design

Fig. 1 illustrates the key aspects of the experimental design. Participants laid supine in the
MRI scanner and performed a pinch-grip task using their right thumb to press an MRI-
compatible force transducer. Force applied to the force transducer bends an embedded fiber-
optic cable that was connected to an SM130 Optical Sensing Interrogator (Micron Optics).
The force was then digitized at 125 Hz and converted to Newtons using a custom program
built in LabVIEW (National Instruments). The fiber-optic force transducer was subsequently
able to achieve a resolution of 0.025 N. Visual feedback according to the task condition was
provided to the participant inside the scanner through a screen visible from within the
scanner using a mirror. The screen showed two horizontal bars and was otherwise black to
minimize visual stimuli unrelated to the task.
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Participants performed 3 different tasks in a 30-s block paradigm (alternating between rest
and task). The three tasks (Fig. 1B) were force-vision, force-only, and vision-only. In the
force-vision task, two horizontal bars were visible to the participant. The bottom bar moved
linearly to indicate the force produced and the static top bar indicated the target force. The
goal of the task was to press on the force transducer such that the bottom bar overlapped
with the top bar. The bottom bar turned green to indicate when the participant should press
and turned red to indicate when they should stop pressing. The target force was set to 15%
of each participant’s maximum voluntary contraction (MVC). During the 30 s force-vision
task block, participants alternated between 2 s of applying the target force and 1 s of rest for
10 iterations.

In the force-only task, participants were instructed to apply force at 15% of MVC but to do
so without visual feedback. The color of the visual feedback bar switched from red to green
to indicate when the participant should press on the force transducer, however, the bar did
not move when the force transducer was pressed. During the 30 s force-only task block,
participants alternated between 2 s of applying force and 1 s of rest for 10 iterations, as in
the force-vision condition.

In the vision-only task, participants were instructed to not apply any force during the
duration of the 30 s task block. During the vision-only task, the subjects were shown a
recording of the visual feedback they received in a previous trial of the force-vision task.
Each fMRI scan consisted of four 30 s task blocks of each of the three tasks (force-vision,
force-only, vision-only). Each 30 s task block was preceded and proceeded by a 30 s rest
block and the task fMRI scan was repeated three times. Before the start of the scan, all
participants were trained on the three tasks and were allowed to practice all task conditions
two times.

Maximum voluntary contraction calculation and force data processing

The participant’s MVC for the task was calculated before the scan. Participants were
instructed to produce their maximum force for 5 s for 3 trials. The MVC was taken as the
average sustained force across the three trials and used in the subsequent experiments in the
scanner. Force metrics during the experiment were calculated for each participant from the
middle 1 s of each 2 s pulse to capture the error in the sustained force portion of the pulse.
The average force amplitude produced and root-mean-square error (RMSE) were calculated
separately for the force-vision and the force-only tasks.

fMRI acquisition

MRI images were collected on a 3T Siemens Magnetom Prisma. The scanner was equipped
with a 64-channel head/neck phased array coil with 48 channels in the head region and 16
channels in the neck region. Functional MRI scans were collected using an EPI sequence:
repetition time = 2500 ms, echo time = 30 ms, flip angle = 80°, echo spacing = 0.64 ms,
field of view = 240 x 240 mm, voxel size = 2.5 mm isotropic, no gap between slices,
transverse interleaved slices = 40, measurements = 300, and a GRAPPA imaging scheme
was employed with an acceleration factor of 2 in the phase encoding direction. The field of
view was positioned inferior to the corpus callosum and superior to the inferior edge of the
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medulla oblongata. Whole-brain T1-weighted images were collected to improve image
registration (repetition time = 2000 ms; echo time = 2.99 ms; inversion time = 1010 ms; flip
angle = 8°; field of view = 256 mm; voxel size = 0.8 mm isotropic, no gap between slices,
transverse interleaved slices = 208). For the duration of the fMRI scans, pulse and
respiration rate data were recorded using a pulse oximeter placed on the middle finger of the
left hand and a respiration belt placed on the torso. Small cushions were placed around the
participant’s head to restrict head motion.

fMRI data analysis

Task fMRI data were processed using a combination of custom shell scripts, the AFNI
toolbox (https://afni.nimh.nih.gov), and the SUIT Matlab toolbox (http://
www.diedrichsenlab.org/imaging/suit.htm). fMRI data were preprocessed using the
afni_proc.py script from the AFNI toolbox. The first 3 vol. of each fMRI scan were removed
to allow for the stabilization of the T1 signal. The scans were despiked and the effects of
pulse and respiration on the fMRI signal were removed using the RETROICOR method
(Glover et al., 2000). The pulse and respiration timeseries data were converted into slice-
based regressors using the RetroTS.m script from the AFNI toolbox for regressing out
components of heart rate, respiration, and respiration volume per time from the fMRI signal.
Slices within each volume were time-shifted to that of the first slice and each volume was
spatially registered to the last volume for motion correction. 6 motion parameters (roll, pitch,
yaw, and their first derivatives) were saved from the spatial registration step for use as
regressors of no interest during the regression analysis. If the head motion between adjacent
volumes exceeded 0.5 mm, both volumes were excluded from the regression analysis. The
average head motion between adjacent volumes was 0.09 + 0.03 mm and the average
number of volumes removed was 5.0 £ 10.6 vol. (300 vol. per scan). The EPI image was
linearly registered to the subject’s T1 image and each voxel’s timeseries was scaled to have
a mean of 100 and range of 0 to 200. The general linear model analysis was then performed.
The BOLD signal during the task periods was modeled by boxcar regressors convolved with
a finite impulse response function (A(H=F£e" !/ [4*¢~4]) for each task (Friston et al., 1995;
Cox, 1996; Cohen, 1997). Beta-coefficient maps for each task condition from the general
linear model represent the amplitude of BOLD activation for that task.

Beta-coefficient maps in subject-space were registered into SUIT template space
(Diedrichsen, 2006; Diedrichsen et al., 2009) using the SPM 8 and SUIT Matlab toolboxes.
The subject-space T1 anatomical images were aligned to the SPM 8 white-matter template.
The cerebellum and brainstem were then isolated and nonlinearly registered to the SUIT
template (Ashburner and Friston, 1999). The calculated transformations were applied to the
beta-coefficient maps in subject-space to warp them into SUIT template space (nearest-
neighbor interpolation). The SUIT template is at 1 mm isotropic resolution and thus the
registered beta-coefficient maps are also at 1 mm isotropic resolution. Beta-coefficient maps
in template space were then smoothed with a 2 mm full-width half-maximum Gaussian
kernel to reduce the effects of registration errors. The smoothed beta-coefficient maps in
template space represent the amplitude of BOLD activation for each task and were used in
the group-level statistical analysis.
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Group-level t-statistic maps were generated for the three task conditions and were
thresholded at p<0.001. We corrected for multiple comparisons by using the -Clustsim
option in AFNI’s 3dttest++. This yielded a family-wise error corrected p-value of 0.05
which was achieved as a voxel-level p-value threshold of 0.001 and a cluster threshold of 73
mm?3 (Cox, 1996). The cluster threshold was calculated by simulating noise-only random
volumes based on the input datasets. Importantly, this cluster threshold method controls for
the false positive rate without assuming a shape for the spatial autocorrelation function.
Contrast maps were created on the difference between force-vision and force-only in
addition to the difference between force-vision and vision-only. The force-vision vs. force-
only difference map statistically tests for regions of force-vision activity not associated with
the production of force. The force-vision vs. vision-only difference map statistically tests for
regions of force-vision activity not associated with the processing of the visual stimuli.
Regions of the brainstem and cerebellum common to both difference maps and the force-
vision map represent areas involved in the integration of visual information with motor
output for visually-guided motor control (visuomotor activity).

Characterization of the visuomotor activity clusters in the midbrain was difficult given the
size of brainstem nuclei and the lack of overt landmarks visible in a T1 scan. To locate the
region of the cuneiform nucleus, an MNI space atlas was used to identify surrounding
prominent regions on slice z=—6 including the red nucleus, substantia nigra, subthalamic
nucleus, and cerebral peduncle (Lucerna, 2002). Consultation of additional atlases and a
DBS neurosurgeon (co-author K. D. F.) led us to label the region of the cuneiform nucleus
(Naidich and Duvernoy, 2009; Mai and Paxinos, 2012) within slice z=—6. To locate the
region of the pedunculopontine nucleus, a procedure specific to identifying the
pedunculopontine nucleus was used (Zrinzo et al., 2008). This procedure is outlined in
Supplementary Fig. 1. Surrounding landmark regions from figures in Zrinzo et al., 2008
were outlined to aid in identifying the region of the pedunculopontine nucleus. Identification
of the region of the pedunculopontine nucleus was confirmed by a functional neurosurgeon/
neuroanatomist (co-author K. D. F.).

Anatomical evidence has shown that the descending cortico-ponto-cerebellar and cortico-
olivo-cerebellar pathways descend from the cortex to the ipsilateral brainstem and then cross
to the contralateral cerebellum (Glickstein et al., 1994; Kandel et al., 2000; Palesi et al.,
2017). To test the hypothesis that the force-vision activity is higher in the contralateral
brainstem compared to the ipsilateral brainstem (relative to the task), an ROl approach was
employed. A mask of the left (contralateral) brainstem activity was created and mirrored to
the right (ipsilateral) side to create left and right brainstem ROIs in template space. The
average activity (beta-coefficient) within these regions was calculated for each subject. This
analysis was repeated in the cerebellum to determine if the force-vision activity is greater in
the ipsilateral cerebellum compared to the contralateral cerebellum. The left and right force-
vision activity masks for the brainstem and cerebellum are shown in Supplementary Fig. 2.

Protocol development analyses

Primary hypotheses were tested using all data across the three scan repetitions,
corresponding to 12 task block repetitions (four task block repetitions per scan) for each task
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condition. This amount of data (360 s per task condition) was collected in anticipation of
poor signal quality in the brainstem and the majority of task-fMRI studies do not collect
such a large amount of data per task condition. To determine the minimum amount of data
necessary for robust detection of visuomotor brainstem activity we used a signal averaging
approach in the statistical ANOVA. Here, signal averaging is defined as averaging the beta-
coefficients within the context of the ANOVA as a repeated factor. All statistical analyses
were repeated using either one (120 s per task condition), two (240 s per task condition), or
three scan (360 s per task condition) repetitions from each subject. The total volume of
activity within the brainstem and cerebellum was then calculated for each analysis condition.

To determine the effect of physiological correction on the detected brainstem activity during
visuomotor processing, the fMRI analysis was repeated (using all 3 scan repetitions) without
including physiological regressors in the regression analysis. A force-vision activity map
without correction for physiological signals was subsequently created for comparison to the
force-vision activity map with physiological correction. The average signal to noise ratio
(SNR) and peak signal to noise ratio (PSNR) were calculated on each subject’s force-vision
beta-coefficient map, with and without physiological correction.

2.7. Statistical analyses

Statistical analyses were performed using AFNI tools and SPSS. Comparisons of the force
produced between force-vision and force-only task conditions were assessed with 2 x 3
ANOVAs (2: force-vision and force-only, 3: scan repetition). Voxel-wise ANOVAs (3 levels:
scan 1, scan 2, and scan 3) were used to create the force-vision, force-only, and vision-only
maps as well as the contrast maps (force-vision vs. force-only and force-vision vs. vision-
only). Left and right force-vision activity were compared using 2 x 3 ANOVAs (2: left and
right; 3: scan repetition). For the scan repetition analysis, a voxel-wise one-way ANOVA (2
levels: scan 1 and scan 2) and voxel-wise one-sample #test were used to create the force-
vision maps that only included data from 2 scans and 1 scan respectively. For all statistical
maps, a p-value threshold of 0.001 was applied and a cluster threshold of 73 mm3 was used.
The method used to calculate the threshold is described above. Statistical comparison of the
effect of physiological correction on the SNR and PSNR was performed using two 2 x 3
ANOVAs (2: with and without physiological correction; 3: scan repetition).

3. Results

3.1

Force production in young healthy adults

Participants had an MVC of 71.75 + 11.42 N (mean * SD) and were tasked with producing a
force of 15% of their MV C. During the force-vision task, the mean force of each pulse was
14.51 + 0.41% MVC with a root-mean-square error of 0.76 + 0.35 N for a duration of 2.03 +
0.10 s. During the force-only task, participants produced a force of 14.58 + 4.67% MVC
with a root-mean-square error of 3.92 + 1.52 N for a duration of 1.95 + 0.13 s. No
significant differences (p>0.5) in force produced or force produced relative to MVC was
found between the force-vision and force-only task conditions.
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3.2. Force-vision task induces activity in the brainstem and cerebellum

Fig. 2 (rows 1-3) shows the brainstem and cerebellum activation maps for the three task
conditions. Table 1 gives the center of mass of significant clusters in MNI coordinates for
each task condition. The brainstem activity related to the force-vision task was observed in
the midbrain, pons, and medulla, with a prominent cluster in the caudal region of the basilar
pons. This force-vision activity in the brainstem was bilateral, however, a significantly larger
average BOLD signal was found in the left brainstem, contralateral to the force-producing
hand (p= 0.001) (Fig. 3A). The force-vision task also induced broad and bilateral activation
in the cerebellum, with a large area of activation centered at right lobule VI of the
cerebellum. Comparison of left and right cerebellar activity in each subject showed a
significantly larger force-vision BOLD signal in the right cerebellum, ipsilateral to the force-
producing hand (p<0.001) (Fig. 3B). The force-only task induced activity in a smaller set of
regions of the cerebellum compared to the force-vision task (Fig. 2, row 2 and Table 1). This
activity was observed bilaterally but was largely centered on right lobule V1 of the
cerebellum. Force-only activity was not observed in the brainstem. The vision-only task did
not induce any statistically significant activity in the brainstem or cerebellum.

3.3. Visuomotor activation observed in the pons and midbrain

To determine the regions activated in visuomotor processing, difference maps for force-
vision compared to force-only and force-vision compared to vision-only were computed.
The force-vision vs. force-only difference map demonstrated that force-vision produced a
higher degree of activation in the midbrain, pons, and cerebellum compared to force-only
(Fig. 2, row 4 and Fig. 3C). The force-vision vs. vision-only difference maps demonstrated
that force-vision produced a higher degree of activation in the midbrain, pons, medulla, and
cerebellum compared to vision-only (Fig. 2, row 5 and Fig. 3C). Regions commonly
activated in force-vision, and the two difference maps are regions that are unique to visually-
guided force production and likely involved in the integration of visual information for
motor output. As shown in Fig. 3C, three regions (designated by green, blue, and pink
circles) were observed to be commonly activated in force-vision and the two difference
maps: right posterior basal pons (center of mass [x,y,z]: [4,—-33,-43]), region of the left
cuneiform nucleus (center of mass [x,y,z]: [-7,-28,—7]), and region of the right
pedunculopontine nucleus (center of mass [x,y,z]: [6,-32,-17]) (Lucerna, 2002; Zrinzo et
al., 2008; Naidich and Duvernoy, 2009; Mai and Paxinos, 2012). To better visualize regions
common to the force-vision, force-vision vs. force-only difference map, and force-vision vs.
vision-only difference map, a binary overlap map was created (Fig. 4A). The region of the
cuneiform nucleus and region of the pedunculopontine nucleus were identified relative to
surrounding regions traced from MNI-space atlases (Fig. 4B) (Lucerna, 2002; Zrinzo et al.,
2008; Mai and Paxinos, 2012).

3.4. Detection of significant visuomotor activity in the brainstem was dependent on
collecting a large number of task repetitions
To determine the minimum number of task repetitions necessary for robust detection of
activity in the brainstem, subsets of the task-fMRI dataset were created using 4 and 8 task
repetition blocks (30 s each) for comparison to the full dataset (12 task repetition blocks).
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The force-vision activation maps were re-computed using the task repetition subsets (Fig. 5).
Four repetitions of the 30 s task blocks (120 s of task duration) produced 1317 mm3 of
activity in the brainstem using our scan protocol and optimized processing procedure (Fig.
5B, row 1). A total of eight task block repetitions produced a 123% increase in detected
activity (2939 mm3) in the brainstem (Fig. 5B, row 2). When using 12 task block repetitions
we observed a total of 5497 mm? of activity in the brainstem (317% increase compared to 4
task block repetitions) with a large cluster of activity in the posterior region of the basilar
pons (Fig. 5B, row 3). The cerebellum followed a similar trend although the increases in
activity volume were less pronounced. 120 s of task duration produced 24,344 mm 3 in the
cerebellum and this increased by 59% and 102% for 240 s and 360 s of task duration,
respectively.

3.5. Effects of retroicor correction for physiological noise on the visuomotor brainstem

signal

Fig. 6 illustrates the effects of the physiological noise correction on the detected force-vision
activity. SNR and PSNR were calculated for each subject’s force-vision beta-coefficient
map. An ANOVA was run and the estimated marginal means for the effect of physiological
correction are given in Fig. 6A and B. No significant differences were found between
corrected and uncorrected data in both SNR or PSNR metrics (p > 0.05). Group-wise force-
vision activity maps reveal subtle differences between the corrected and uncorrected maps
(Fig. 6C).

4. Discussion

In this study, a novel fMRI paradigm was developed to systematically investigate
visuomotor activity in the brainstem and cerebellum. Using physiological noise correction, a
template specialized for the brainstem and cerebellum, and a large number of task
repetitions, visuomotor activity was detected reliably for the first time in the pons and
midbrain while controlling for force-only and vision-only activity. Furthermore, our results
corroborate prior studies detecting visuomotor activity in the cerebellum. An investigation
into the effects of task repetitions revealed that doubling and tripling the amount of data
collected per subject increased the group-level volume of significant activity in the
brainstem by 123% and 317%, respectively, whereas the volume of activity in the
cerebellum only increased by 59% and 102%, respectively. Correction for physiological
noise was observed to not significantly change the SNR or PSNR of the force-vision beta-
coefficient images. Overall, our results provide direct evidence in humans that the pons and
midbrain are critical for integrating visual information for motor control. Our unique
protocol and task paradigm illustrates the importance of task repetitions, particularly in the
brainstem, and may prove useful in future studies of neurodegenerative diseases affecting the
brainstem.

Pontine projections are a major brainstem target of efferent fibers from the visual and motor
cortical regions (Glickstein, 2000). Studies in non-human primates, cats, and excised human
brain tissue have revealed robust structural connections from the motor (Leichnetz et al.,
1984; Schmahmann and Pandya, 1997) and visual (Albus et al., 1981; Glickstein et al.,
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1994) cortical regions to pontine nuclei and from pontine nuclei to the cerebellum (Tomasch,
1969). Functional evidence of the role of cortical and cerebellar regions in visually-guided
motor control has been demonstrated through neural recordings in non-human primates
(Mushiake et al., 1991; Mushiake and Strick, 1993), PET imaging studies in humans
(Jueptner, 1998), and fMRI studies in humans (Ellermann et al., 1998; Miall et al., 2000;
Vaillancourt et al., 2003; Nitschke et al., 2005; Kuhtz-Buschbeck et al., 2008; Keisker et al.,
2010), though the role of the pons is not well known. By controlling for both force-only and
vision-only activity, our findings provide direct evidence in humans that the pons is critical
for the integration of visual information for motor control. Furthermore, our results
corroborate the previously well-established role of the cerebellum in visuomotor control.

Force-vision activity was observed throughout the midbrain, however, only the
pedunculopontine nucleus and cuneiform nucleus areas were differentially activated in
force-vision compared to force-only and vision-only activity. These regions make up the
mesencephalic reticular formation which has been most commonly associated with
locomotion in animals (Shik et al., 1966; Mori et al., 1978; Takakusaki et al., 2003).
Recently, these regions have been explored as potential targets for deep brain stimulation to
alleviate gait disturbances in Parkinson’s disease patients (Mestre et al., 2016; Chang et al.,
2020). Furthermore, it is also thought that these two regions are involved in the integration
of sensory information for motor output (Ryczko and Dubuc, 2013). Optogenetic stimulation
in the mesencephalic locomotor region in mice has been shown to increase the gain of visual
responses even at stimulation levels that do not evoke overt movement (Lee et al., 2014).
Although together the cuneiform nucleus and pedunculopontine nucleus form the
mesencephalic locomotor region, evidence suggests that each of these regions has unique
connectivity and function.

The cuneiform nucleus is located caudal and lateral to the superior colliculus and medial to
the lateral lemniscus. The cuneiform nucleus has connections to and from many regions
related to sensory input and motor output such as the superior colliculus, hypothalamus,
periaqueductal gray, zona incerta, preoptic area, and lateral geniculate nucleus (Edwards and
de Olmos, 1976; Zemlan and Behbehani, 1988; Gatto and Goulding, 2018). Although
associated with gait, the function of the cuneiform nucleus is complex and, in fact, is not
essential to gait as illustrated by a lesion study in rats that showed that excitotoxic lesions of
the cuneiform nucleus had no significant effect on spontaneous or accumbens-stimulated
locomotion (Allen et al., 1996). Stimulation studies in rodents have shown that the
cuneiform nucleus is associated with the integration of sensory information for motor
control in the context of aversive behaviors (Mitchell et al., 1988; Depoortere et al., 1990;
Gatto and Goulding, 2018) and nociceptive reflexes (Zemlan and Behbehani, 1988). Our
results in combination with these findings preliminarily suggest that the cuneiform nucleus
area integrates visual information for movements beyond aversive locomotion behaviors to
include upper limb motor control in humans. Additional functional imaging studies are
needed in humans to establish the mechanisms behind this observation.

The pedunculopontine nucleus is located in the dorsolateral portion of the ponto-
mesencephalic tegmentum and, compared to the cuneiform nucleus, has a more diverse set
of connected regions including the motor cortex, basal ganglia, thalamus, brainstem,

Neuroimage. Author manuscript; available in PMC 2021 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chuetal.

Page 11

cerebellum, and spinal cord (French and Muthusamy, 2018). There is abundant evidence
relating the pedunculopontine nucleus to the modulation of locomotion, with recent work
identifying the unique roles of glutamatergic and cholinergic pedunculopontine nucleus
neurons in mice (Caggiano et al., 2018). Anatomical and functional evidence exists that
suggests that the pedunculopontine nucleus plays a role in the integration of visual
information for motor control. The pedunculopontine nucleus receives inputs from multiple
regions involved in visual processing including the superior colliculus, lateral geniculate
nucleus, and the pulvinar. Furthermore, it has been shown in a cohort of Parkinson’s disease
patients that stimulation of the pedunculopontine nucleus influences visual contrast
sensitivity (Strumpf et al., 2016). There is also evidence suggesting that the role of the
pedunculopontine nucleus could extend beyond lower limb motor control required for
locomotion to include upper limb motor control. In a diffusion MRI study, it was shown that
connections between the pedunculopontine nucleus and upper extremity portion of the motor
cortex were detected in 87.5% of patients while connections to lower extremity and trunk
regions of the motor cortex were detected in 62.5% and 56.25% of patients, respectively
(Muthusamy et al., 2007). Furthermore, in a study involving Parkinson’s disease patients
that had received deep brain stimulation electrodes placed in the pedunculopontine nucleus,
it was shown that significant pre-movement potentials were observed preceding wrist
movements (Tsang et al., 2010). Our observation that the pedunculopontine nucleus region
is involved in the integration of visual information for motor control aligns with these
findings and suggests that the role of the pedunculopontine nucleus region may extend
beyond sensory integration for locomotion to include upper limb motor control.

The topography of force-vision activity in the brainstem and cerebellum aligns with known
anatomical patterns of laterality and the role of the cerebellum. Although force-vision
activity was observed bilaterally in the brainstem, the activity was significantly higher in the
left brainstem, which was contralateral to the hand producing force. In the cerebellum,
bilateral force-vision activity was also observed, however, the right cerebellum had increased
activity, which is ipsilateral to the hand producing force. It is well known that the
contralateral motor cortex is activated in unilateral movement. The downstream cortico-
ponto-cerebellar, cortico-olivo-cerebellar, and upstream cerebello-thalamo-cortical pathways
connect the cortex to the cerebellum and are integral to vision and motor control. These
pathways have been shown to pass from the cortex through the ipsilateral brainstem and
cross to the contralateral cerebellum (Glickstein et al., 1994; Kandel et al., 2000; Palesi et
al., 2017).

While other functional imaging studies in humans have examined activity during visually-
guided movement, activity in the brainstem is rarely detected. Previous fMRI studies on
visually-guided motor control typically collect a total duration of data (epoch duration x
epoch repetitions x subjects) within the range of 422—-3200 s for a single task condition
(Ellermann et al., 1998; Miall et al., 2000; Vaillancourt et al., 2003; Kuhtz-Buschbeck et al.,
2008; Keisker et al., 2010; Holmstrom et al., 2011; Mayhew et al., 2017). In this study, we
demonstrate that a relatively large number of task repetitions (twelve 30 s force-vision task
blocks in 20 subjects = 7200 s) was necessary to detect large clusters of force-vision activity
in the brainstem. It should be noted that even with more than three times more data collected
than a typical fMRI study, we do not appear to have reached a plateau in force-vision signal
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improvement. Thus, it is possible that if more data were collected the force-vision signal
would improve further. We also demonstrate that the effect of signal averaging is not
consistent throughout the brain and is more pronounced in the brainstem compared to the
cerebellum. This is expected, given that physiological noise in the brainstem is high relative
to the rest of the brain (Beissner et al., 2011; Brooks et al., 2013) and thus there is more
room for improvement by signal averaging. A limitation of this analysis is that we are
unable to obtain a ground-truth of the force-vision activity and thus must interpret the results
under the base assumption that averaging the signal from a larger sample of data increases
the likelihood that the average is closer to the true signal.

RETROICOR accounts for the effects of physiological noise by deconvoluting pulse and
respiration signals collected during the scan from the fMRI signal (Glover et al., 2000). In
this study, we did not find a significant difference between with and without physiological
correction in the SNR or PSNR of the force-vision beta-coefficient maps. A slight reduction
in activation volume is visible in the group-wise force-vision activity map with physiological
correction compared to without physiological correction. Previous analyses on the
RETROICOR technique have shown improvements in temporal SNR, however, the authors
warn that RETROICOR may reduce task activity signals if the physiological noise and the
task-related activity are correlated (Glover et al., 2000). It should be noted that
RETROICOR is not the only technique for using physiological signals to reduce noise in
fMRI signals; other techniques such as RETROKCOR (Hu et al., 1995) and DRIFTER
(Sérkka et al., 2012) may produce more stark improvements in data quality.

5. Conclusions

In this study, we provide the first detailed functional imaging evidence of pontine and
mesencephalic involvement in visuomotor control in humans by applying appropriate
control conditions and a specialized imaging protocol. We show that the posterior region of
the basal pons and the mesencephalic reticular formation are specifically involved in the
integration of visual information for upper limb motor output. Furthermore, we determined
the effects of signal averaging and physiological correction on the brainstem visuomotor
signal. We demonstrated that signal averaging improved the visuomotor activity signal and
had a disproportionately large effect on the brainstem signal. The results from this study
provide a much-needed window into the complex functions of the human brainstem. Our
analyses into the factors that affected the detection of brainstem activity can inform future
fMRI studies aiming to explore pathological or therapeutic modulators of brainstem activity.
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Task paradigm A) During the task fMRI scan, participants pressed on a force transducer
with their right hand. As they pressed, a screen projecting to a mirror within the scanner
gave visual feedback on the force they were producing. Throughout the scan, pulse and
respiration signals were recorded using a pulse oximeter and respiration belt respectively.
B) Participants performed 3 task conditions with periods of rest in between each task block.
During the rest blocks, the bottom bar was red and participants did not produce a force
(column 1). During the force-vision task condition, the bottom bar turned green and
participants pressed on the force transducer. The bottom bar rose proportionately with the
applied force and the goal was to make the bottom bar overlap with the top bar (column 2).
During the force-only task condition, the bottom bar turned green, and participants pressed
on the force transducer but the bottom bar did not move up; thus there was no visual
feedback on the force produced (column 3). In this task condition, participants were
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instructed to try to produce the same amount of force as in the force-vision condition.
During the vision-only task condition, participants were shown a video of the visual stimulus
from a previous trial but did not press on the force transducer (column 4).
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Task activation maps BOLD signal activity maps from the three task conditions are shown
(rows 1-3). Green lines in the final row designate the locations of the displayed coronal,

sagittal, and transverse plane slices.

Force-only and vision-only task conditions enable controlling for force-only and vision-only
activity. Force-vision vs. force-only (row 4) and Force-vision vs. vision-only (row 5)
contrast maps highlight regions of activity while controlling for force and vision activity
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Fig. 3.
Force-vision activation patterns in the brainstem and cerebellum

Box plots comparing left (contralateral to the force-producing hand) and right (ipsilateral to
the force-producing hand) brainstem (A) and cerebellum (B) force-vision activity. (C)
Sagittal slices spanning the brainstem show the topography of the force-vision activity map,
force-vision vs. force-only difference map, and force-vision vs. vision-only difference map.
Green, blue and pink circles highlight three regions common to the force-vision activity and
two difference maps. These regions best align with the region of the cuneiform nucleus,
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basal pons, and region of the pedunculopontine nucleus. These regions are unique to the
force-vision task condition and thus likely are regions involved in the integration of visual
information for motor control.
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Fig. 4.
Visuomotor mask and midbrain localization

(A) A binary overlap mask was constructed to highlight regions common to the force-vision,
force-vision vs. force-only difference map, and force-vision vs. vision-only difference map.
Green, blue and pink circles highlight three regions common to the force-vision activity and
two difference maps. These regions best align with the region of the cuneiform nucleus
(CN), basal pons, and region of the pedunculopontine nucleus (PPN). (B) Horizontal plane
slices of the CN and PPN activity clusters. Surrounding regions are outlined in red and were
traced from an MNI atlas (Lucerna, 2002) and a paper outlining the PPN localization
procedure used (Zrinzo et al., 2008). Cerebral peduncle (Cep), subthalamic nucleus (STN),
red nucleus (RN), substantia nigra (SN), superior colliculus (Sco), superior cerebral
peduncle (SCP), central tegmental tract (CTT), lemniscal system (Lem).
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Fig. 5.

Br%\instem and cerebellum activity as a function of task repetitions

A) The volume of force-vision activity in the brainstem and cerebellum are plotted against
task repetitions.|

B) Activity maps illustrate the detected force-vision activity in the brainstem and cerebellum
that results from 120, 240, and 360 s of task duration which corresponds to 4, 8, and 12
repetitions of the 30 s task blocks.
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Fig. 6.

Efgfect of physiological correction on visuomotor signal

A and B) Estimated marginal means for the effect of physiological correction on the signal
to noise ratio (SNR) and peak signal to noise ratio (PSNR) of each subject’s beta-coefficient
map are shown. Error bars designate one standard deviation. No significant effect (N.S.) was
found in SNR and PSNR between with and without physiological correction. C) Force-
vision activity maps with and without correction for physiological signals.
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