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Cerebellar contributions to spatial and non-spatial attention

ABSTRACT

The current study represents the first comprehensive examination of spatial, temporal and
sustained attention following cerebellar damage. Results indicated that, compared to controls,
cerebellar damage eliminated the onset of inhibition of return (IOR) during the reflexive covert
attention task, and reduced the ability to detect successive targets during an attentional blink task.
However, cerebellar damage had no effect on voluntary covert attention or the sustained
attention to response task (SART). Lesion overlay analysis indicated that impaired performance
on IOR and the attentional blink were associated with damage to Crus Il and lobule V11 (tuber)
and VIII (pyramis) of the left posterior cerebellum. Critically, subsequent analyses indicated our
results are not due to either general motor impairments or to damage to the deep cerebellar
nuclei. Collectively these data demonstrate, for the first time, that the same cerebellar regions are
involved in both spatial and temporal visual attention. Furthermore, these data suggest that
damage to the cerebellum may induce a form of “attentional dysmetria,” such that performance
suffers under conditions in which the rapid deployment of attention (either spatial or temporal) is

required.
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Introduction

Traditionally, the cerebellum is considered to be important for the timing and
coordination of motor outputs and motor learning (Glickstein, Strata et al., 2009; Glickstein,
Sultan et al., 2011). However, more recent research has highlighted a role in a diverse array of
cognitive, affective, and perceptual processes, including language, working memory, executive
control, emotion and motion perception (Adamaszek, D'Agata et al., 2017; Baumann, Borra et
al., 2015; Marvel & Desmond, 2010; Sacchetti, Scelfo et al., 2009; Schmahmann, Guell et al.,
2019; Schmahmann & Sherman, 1998; Stoodley, MacMore et al., 2016; Stoodley &
Schmahmann, 2009; Stoodley & Stein, 2011).

The role of the cerebellum in cognition is supported by anatomical evidence demonstrating
connections from the ventral dentate nucleus to non-motor regions of posterior parietal and
prefrontal cortex (Clower, West et al., 2001; Dum & Strick, 2003; Strick, Dum et al., 2009). In
addition, studies examining functional connectivity have revealed a number of distinct networks
in the cerebellum that are functionally connected to different cortical networks known to be
involved in a variety of cognitive functions (Buckner, Krienen et al., 2011; Wang, Buckner et al.,
2013).

One area of contention regarding the cerebellum’s role in cognition concerns its potential
involvement in attention. Courchesne and colleagues demonstrated that patients with cerebellar
lesions were slower to shift attention between streams of auditory or visual events (Akshoomoff
& Courchesne, 1992, 1994) and were slower to orient attention towards peripheral targets
(Townsend, Courchesne et al., 1999). Subsequent studies, however, failed to identify clear
attentional deficits in cerebellar patients (Dimitrov, Grafman et al., 1996; Golla, Thier et al., 2005;

Yamaguchi, Tsuchiya et al., 1998). This has led some to suggest that initial findings likely
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reflected slowed motor responses (i.e., slowed button presses or eye movements) masquerading as
attentional impairments (Glickstein et al., 2011; Haarmeier & Thier, 2007; Ravizza & Ivry, 2001).

There are a number of potential reasons for these conflicting findings. First and foremost,
a majority of studies have included a mix of patients with cerebellar lesions, degeneration, and
development disorders (Glickstein et al., 2011; Haarmeier et al., 2007; Ravizza et al., 2001). Such
an approach implicitly assumes that all regions of the cerebellum are equally involved in all aspects
of the cognitive task being tested. That is, lesion location was, at least initially, not given serious
consideration in the analysis or the model of cerebellar involvement in cognition. More recent
neuroimaging research, and studies examining patients with circumscribed cerebellar lesions,
suggest that distinct cerebellar regions are involved in spatial and non-spatial attention (Baier,
Dieterich et al., 2010; Schweizer, Alexander et al., 2007; Striemer, Cantelmi et al., 2015; Striemer,
Chouinard et al., 2015; Townsend et al., 1999).

Specifically with respect to visuospatial attention, a number of studies have employed the
well-known covert attention paradigm developed by Posner and colleagues (Posner, Rafal et al.,
1985; Posner, Snyder et al., 1980). In this task, participants fixate centrally while detecting
peripheral targets that can appear at a previously cued location (i.e., a valid trial) or in the location
opposite the cue (i.e., an invalid trial). Cues can be either predictive of the impending target
location (presumably evincing voluntary allocation of attention) or non-predictive (evincing
reflective orienting processes). Previous studies showed deficits in covert attention for predictive
cues (Baier et al., 2010; Townsend et al., 1999). However, a recent patient study from our group
(Striemer, Cantelmi, et al., 2015) demonstrated that patients with lateral cerebellar lesions showed

deficits of reflexive covert orienting. Specifically, cerebellar patients showed smaller cueing
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benefits early SOAs (50ms) and a diminished inhibition of return (IOR) — the typical reversal of
the cueing effect found at a longer SOAs (Klein, 2000; Posner et al., 1985).

Functional neuroimaging work from our group supports the role of lateral cerebellar
regions in reflexive covert orienting (Striemer, Chouinard, et al., 2015). We found significant
BOLD activation in lobule VI of the left cerebellum for both reflexive and voluntary covert
attention, with or without eye movements and controlling for manual responses. Importantly,
activation in the cerebellar ROl was greater for reflexive compared to voluntary attention, and was
significantly correlated with increased BOLD activity in superior and inferior parietal lobes, and
the frontal eye fields — nodes of the fronto-parietal attention network.

Spatial orienting represents just one kind of attentional process. Attention must also be
oriented in time and sustained over time (Husain & Nachev, 2007; Robertson, Manly et al., 1997).
Previous research demonstrated an impairment in temporal attention following cerebellar damage
using the well-known attentional blink (AB) task (Schweizer et al., 2007). Here participants must
identify two targets within a rapid stream of stimuli presented in central vision (Raymond, Shapiro
etal., 1992). Schweizer and colleagues (2007) found that cerebellar patients had a larger AB. That
is, they were less accurate at detecting the second target when it appeared shortly after the first.
Importantly, patients achieved equivalent target two accuracy levels at about the same time as
healthy controls. In other words, their AB was larger in magnitude, but was not prolonged in
duration as it is for patients with inferior parietal or superior temporal damage (Husain, Shapiro et
al., 1997; Shapiro, Hillstrom et al., 2002).

To our knowledge, no previous studies have examined sustained attention following

cerebellar damage. Fundamentally, sustained attention tasks require prolonged focus of attention
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over longer periods of time, without necessarily taxing the temporal allocation of attention itself
(for reviews see Esterman & Rothlein, 2019; Marois & Ivanoff, 2005).

Here we contrasted performance on three standard attention tasks in patients with
cerebellar damage and age-matched controls. Participants completed two versions of the Posner
cuing paradigm to examine reflexive and voluntary orienting with a view to replicating and
extending our prior work. Next, we examined temporal and sustained non-spatial attention by
having participants complete versions of the AB task and the Sustained Attention to Response
(SART) task (Manly, Robertson et al., 1999; Robertson et al., 1997). Lesion overlay analyses were
used to identify specific regions of the cerebellum linked to observed deficits. The current study
is the first comprehensive investigation of the effects of cerebellar lesions on spatial and non-
spatial attention in the same patient group. Our results demonstrate, for the first time, that lesions
to Crus Il and Lobules VII and VI of the left cerebellum disrupt reflexive spatial attention and
the temporal allocation of attention (the AB), while showing no influence on voluntary spatial

attention or sustained attention.

Methods
Participants

Fourteen patients with cerebellar lesions participated in the current study (mean age 63.57
years; SD=12.57; range 38-83; 6 females). All lesions were a result of cerebellar stroke classified
as either a left (n=8), right (n=2), or bilateral (n=4) based on clinical notes and confirmed via MRI
(n=8) or CT scans (n=6). All patients were right-handed and had no additional neurological
deficits. Testing occurred in the chronic stages post-stroke (mean time post stroke= 4.5 years;

Table 1). Patients were recruited form the Neurological Patient Database maintained by the
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University of Waterloo (Heart and Stroke Foundation funded) in which the patients had previously
provided consent to be contacted for research studies.

For comparison, we tested 24 age-appropriate healthy controls (mean age=70.76 years;
SD=8.83; range 54-82; 20 females). The two groups did not differ in mean age (t(21)=1.88,
p=.073). Control participants were all right-handed and had no history of neurological impairment.
Healthy age-appropriate controls were recruited from either the Waterloo Research in Aging Pool
(WRAP; Waterloo, Ontario, Canada), or from the MINERVA Senior Studies Institute at MacEwan
University (Edmonton, Alberta, Canada). All participants gave written consent prior to the first
testing session.

This project was approved by the MacEwan University Research Ethics Board, the
University of Waterloo Research Ethics Board, and the Tri-Hospital Research Ethics Board

(Kitchener-Waterloo, Ontario). All participants were compensated $10 per hour for each session.

-- Insert Table 1 here —

General procedures.

All participants completed four attention tests: reflexive and voluntary covert attention,
the AB, and the SART. Each test is described in detail below. All participants completed the four
tasks over two separate testing sessions. All button-press responses (when required) were made
with the right (dominant) hand. One session tested covert spatial attention (reflexive followed by
voluntary covert attention) and the other session tested non-spatial attention (AB and SART;
counterbalanced). We always tested reflexive prior to voluntary covert attention in order to avoid

any potential carryover effects of the predictive cue contingency in the voluntary task from
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influencing performance on the reflexive task. The order of the testing sessions (spatial vs. non-
spatial attention) was counterbalanced between patients and controls. Some patients (n=8)
attended a third session where we obtained a high-resolution T1 MRI anatomical scan of their
brain. The remaining patients (n=6) were either unable to attend a third session or were
precluded from having an MRI for medical reasons. To assess the presence of motor deficits in
the cerebellar patients we administered a modified version of the International Cooperative
Ataxia Rating Scale (ICARS Trouillas, Takayanagi et al., 1997). The ICARS assessment was
administered in the same session as the covert attention tasks in order to keep the two sessions

roughly the same length.

International cooperative ataxia rating scale (ICARS).

The ICARS (Trouillas et al., 1997) examines a patient’s walking capacity, gait speed,
standing capacities and balance. The test also examines dysmetria and intention tremor in each of
the upper and lower limbs using the finger-to-nose test, as well as the heel-to-toe test and the
timing and coordination of limb movements using alternating pronation and supination of the
hands. Finally, the ICARS assesses oculomotor functions by searching for evidence of gaze-
evoked nystagmus, deficits in oculomotor pursuit, or saccadic dysmetria. All tests were scored
using the established ICARS scoring procedure (Trouillas et al., 1997). The modified ICARS
had a total possible score of 56 (18 (posture and gait) + 32 (limb coordination) + 6 (oculomotor
functions)) with higher scores indicative of greater impairment. All ICARS assessments were
video recorded for offline analysis and confirmed by two separate raters to check for inter-rater

reliability.
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Apparatus.

All attention tasks were administered in a dimly lit room on a PC laptop computer with a
53cm x 30cm screen (1920 x 1080 resolution, 60 Hz refresh rate), while resting their head in a
chin rest placed 57cm from the screen. All tasks were run using Superlab 5 software

(https://www.cedrus.com/superlab/) with responses collected using a Cedrus RB-730 response

pad with + 2-3ms reaction time resolution.

Reflexive covert attention.

For the reflexive covert attention task (Figure 1) a 1cm x 1cm white fixation cross was
presented centrally on a uniform black background. Two white boxes 2cm x 2cm size, located
10cm (10°) to the left and right, represented potential target locations. Box size was increased to
2.5cm x 2.5 cm to function as a cue. Targets were an asterisk (‘*’) 1 cm in diameter presented in
the center of one of the two boxes. Participants were asked to fixate centrally while attending to
the boxes to the left and right. Fixation was monitored (and recorded) using a Logitech 720 HD
webcam zoomed in on the participant’s eyes. Participants were periodically reminded to maintain
fixation. Fewer than 5% of trials were excluded due to fixation problems.

Each trial began with a 1000 Hz tone followed by a fixation period of between 1 to 3
seconds (randomly selected equally often at 500ms increments). Following fixation, one of the
peripheral boxes appeared to brighten acting as a reflexive cue to attract attention to that location.
Following a stimulus-onset-asynchrony (SOA) of either 50, 100, 300, or 600 ms the target
appeared at either the cued location (i.e., “valid trials”), or the uncued location (i.e., “invalid

trials”). The peripheral cue remained present until the target appeared and was not predictive of
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the target’s location (i.e., 50% valid). Participants responded via button press as quickly and
accurately as possible following target onset.

Participants completed two blocks of 190 trials, which consisted of 10 validly and invalidly
cued left and right targets for each of the four SOAs, as well as 10 trials in which no cue was
presented prior to target onset (i.c., ‘no cue’ trials). Each block also contained 10 ‘catch’ trials in
which the cue was presented but no target appeared. Catch trials were used to ensure that
participants were reacting to the onset of the target and not the cue. Participants responded on 3%
(or less) of catch trials. Participants completed 12 practice trials prior to completing the main

experiment to ensure they understood the task.

Voluntary covert attention (spatial attention).

The setup for the voluntary covert attention task (Figure 1) was similar to the reflexive
covert attention task, with a few differences. First, target locations were cued via a central arrow
symbol (1cm tall x 2cm wide) that accurately predicted the target location on 70% of trials. This
version of the covert attention task utilized SOAs of 250, 350, and 550 milliseconds. Participants
completed two blocks of 130 trials with 12 invalid trials and 28 valid trials for each SOA for both
left and right targets. In addition, we also included 10 no cue trials and 10 ‘catch’ trials. Participants
were specifically told about the predictive nature of the cue. For both covert attention tasks the
primary dependent measure was the reaction time (RT) to respond to each trial type (valid vs.
invalid) by SOA combination. In addition, to analyze the effect of cue validity as a function of
SOA, we calculated cue effect sizes (CES) for each cue x SOA combination by subtracting the RT
for valid trials from the RT for invalid trials. The CES represents the benefit of the cue while

controlling for overall response speed such that a positive CES reflect a cueing benefit (i.e., faster
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RTs) for validly cued trials, whereas a negative CES reflects a cueing benefit for invalidly cued

trials (i.e., IOR).

--Insert Figure 1 here--

Attentional blink (AB) task.

For the attentional blink (AB) task (Figure 2) we adopted the procedure utilized by
Schweizer and colleagues (2007). Participants were presented with an RSVP stream of individual
uppercase white or red letters on a black background (67-point font) at a rate of 130ms per letter.
Within the AB task there were two types of trials, 1-Target trials and 2-Target trials. 2-Target trials
were essential for eliciting the AB effect, whereas 1-Target trials were used as a control condition.

For all 2-Target trials participants were instructed to report the presence of target letters
which would always consist of a red H or S (T1) followed by a white X or Y (T2). T1 (red H or S)
always appeared prior to T2 (white X or Y) in the letter stream. Non-target letters were drawn
from the remaining letters of the alphabet (randomly selected) and were presented in white. In a
single 2-Target trial 6-9 non-target letters (with equal probability) were presented prior to T1 (a
red H or S), with equal probability. Then a total of 9-12 letters were presented (with equal
probability) following T1 in which T2 (a white X or Y, with equal probability) could appear at
each of 6 positions or ‘lags’ (1, 2, 3, 4, 8, or 12 letters after T1, with equal probability). In addition,
there were always 1-4 letters presented after T2. Following the letter stream participants were
asked to indicate whether any red target letters were presented (H or S, or “no”), and whether a
white X or Y was presented. After each trial the researcher coded the participant’s responses using

the keyboard before pressing the spacebar to move to the next trial. For 2-Target trials the primary
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dependent measure was the participant’s accuracy in identifying T2 after correctly identifying T1
as a function of lag.

1-Target trials were similar to 2-Target trials except that, for 1-Target trials, T1 (the red H
or S) was replaced by a white non-target letter (randomly selected) which was then followed by
T2 (a white X or Y) presented under the same constraints as in 2-Target trials (described above).
Following the letter stream participants were again asked to identify if any red letters were
presented (H, S or “no”) and whether a white X or Y was presented. The primary dependent
measure on these trials was the accuracy in identifying T2 in the absence of T1.

Participants performed 180 trials with 1/3 being 1-Target trials, and 2/3 being 2-Target
trials. 1-Target and 2-Target trials were intermixed and randomly presented. Participants were
given 10 practice trials before completing the main task and were offered a short break halfway

through.

Sustained attention to response task (SART).

In the SART the digits 1-9 were presented one at a time in the center of the screen in
random order. Each digit was presented for 300ms, followed by a 1000ms mask. Participants
pressed the space bar of the computer keyboard as quickly and accurately as possible for every
number except ‘3. When a ‘3’ appeared, participants were told to withhold their response. All
digits were a standard white Arial font that varied in size (48, 72, 94, 100 or 120pt font) and were
presented on a black background. The mask was a large white circle with an X in the center. There
were 225 numbers presented in total with each number presented 25 times in random order (25 of
them being 3). Participants were given 15 practice trials prior to the experimental trials to ensure

they understood the task. Here, we measured the percentage of commission errors (i.e., presses for
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‘3”), and misses (or omission errors — failing to press for numbers other than 3), as well as the RTs

for errors and correct responses.

--insert Figure 2 here--

Lesion analysis.

To explore the association between lesion location and behaviour we acquired medical
imaging data for each of the 14 patients and performed lesion overlay analyses. For 8 patients we
acquired high resolution 160 slice Imm ISO-voxel T1-weighted MRI scans collected on a 1.5T
Philips scanner (Grand River Hospital, Kitchener, Ontario). The remaining six patients were either
unable to undergo an MRI scan due to safety concerns (e.qg., surgical implants, metal in their body),
or elected not to do so for personal reasons. For these patients we acquired existing MRI or CT
scan data from their medical records. For all patients lesions were traced by an experienced

neurologist (B.A.) using MRIcron software (http://people.cas.sc.edu/rorden/mricron/index.html).

All patient anatomicals and lesion masks were normalized onto a high-resolution CT template
using the Clinical Toolbox for SPM 12 (Rorden, Bonilha et al., 2012). The normalized individual
lesion masks were then combined to make a group lesion mask in MRIcron which was overlaid
onto the same high-resolution CT template. We then extracted the MNI coordinates for the regions
of maximum lesion overlap and converted them into Talairach coordinates. These Talairach
coordinates were used to localize the lesioned regions using the Talairach Daemon Atlas

(http://www.talairach.org/). In addition to examining lesion overlap for the overall group, we also

examined each patient’s scan for damage to the cerebellar dentate output nuclei using the

probabilistic dentate atlas developed by Dimitrova and colleagues (Dimitrova, Zeljko et al., 2006).
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Statistical analyses.

Statistical analyses were carried out using SPSS 25. All within-subject ANOVASs were
computed using a Greenhouse-Geisser correction when necessary (Greenhouse & Geisser, 1959),
and all post-hoc tests were carried out using the Tukey procedure to control for familywise error

rate (p<.05).

Data availability statement.
The authors confirm that the data supporting the findings of this study are available within

the article and its supplementary material.

Results
International Cooperative Ataxia Rating Scale (ICARS).

We acquired International Cooperative Ataxia Rating Scale (ICARS) scores for 12 of the
14 patients, with one patient dropping out of the study prior to completing this portion and data
for a second patient lost due to experimenter error. ICARS data are shown in Table 2. There was

high inter rater reliability for overall ratings on the ICARS (r(11)=.98, p<.0001).

-- insert Table 2 here —

Spatial attention tasks.
All RT data for the covert attention tasks for each patient and the controls are presented in
Supplementary Tables 1 & 2. Of the 14 patients recruited, data was collected for the covert spatial

attention tasks on only 11 as the remaining three patients had lesions extending into occipital cortex


https://doi.org/10.1101/822635

bioRxiv preprint doi: https://doi.org/10.1101/822635; this version posted October 29, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

15
Cerebellar contributions to spatial and non-spatial attention

resulting in partial peripheral vison loss that made it difficult to view one of the peripheral boxes

when fixating. Which patients completed each attention task is noted in Table 1.

Reflexive covert attention.

We analyzed non-cued trials using a mixed model ANOVA with side of target (left vs.
right) as a within-subject factor and group (patients vs. controls) as a between-subject factor. This
analysis revealed no significant main effects or interactions (all p’s >.07). Given that there was no
effect of side of target we collapsed these data in subsequent analyses.

A mixed-model ANOVA with group (patients vs. controls) as a between-subject factor,
and cue (valid vs. invalid) and SOA (50, 100, 300, 600) as within-subject factors, revealed main
effects of cue (F(1,34)=111.58, p<.0001, n?=.77), SOA (F(2.3,78.8)=5.07, p=.006, n>=.13), and
group (F(1,34)=4.31, p=.045, n?=.11). Specifically, RTs were faster for valid (556ms) compared
to invalid (596ms) trials, RTs were slower overall at the 50ms SOA (590ms) compared to all other
SOAs (100=576ms; 300=568ms; 600=569ms; all p ’s <.05, Tukey corrected), and RTs were slower
overall for patients (612ms) compared to controls (540ms).

There was a significant cue x SOA x group interaction (F(2.7,90.4)=3.84, p=.016, n?=.10;
Figure 3A). This was driven by a difference in CES at 600 ms SOA. Patients showed a large,
positive CES (mean=49 msec), whereas for controls the CES was essentially not different from
zero (mean=-3 ms; t(34)=3.18, p<.05, Tukey corrected). CES sizes at all other SOAs did not differ

between groups (all p’s >.15, uncorrected; Figure 3B).

--insert Figure 3 here--
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Voluntary covert attention

A mixed-model ANOVA (group x side of target) analysis of the non-cued trial data
revealed no significant main effects or interactions (all p’s >.16). Again, given that there was no
effect of side of target we collapsed these data in subsequent analyses.

For cued trials, a mixed-model ANOVA (group x cue x SOA (250, 350, 550)) revealed
main effects of cue (F(1,33)=70.19, p<.0001, n?=.68) and SOA (F(2,66)=15.19, p<.0001, n>=.32),
with no other main effects or interactions (Figure 3C). For comparison to the reflexive covert
orienting task, we also compared CES (invalid—valid RT) between the two groups at each SOA

(Figure 3D). This analysis did not reveal any significant differences (all p’s >.10, uncorrected).

Non-spatial attention tasks.
All accuracy and RT data for the non-spatial attention tasks for each patient and controls
are presented in Supplementary Tables 3 & 4. For the non-spatial attention tasks, we collected data

from 13 of 14 patients as one dropped out of the study before completing this session.

Attentional blink (AB).

We first analyzed the percentage of errors for the 1-Target and 2-Target trials using a
mixed-model ANOVA with group (patients vs. controls) as a between-subject factor and trial type
(1-Target vs. 2-Target) and lag (1, 2, 3, 4, 8, 12) as within-subject factors (Figure 4A). This analysis
revealed significant main effects of trial type (F(1,33)=20.04, p<.0001, n?=.38), lag
(F(5,165)=16.82, p<.0001, n?=.34), and group (F(1,33)=4.66, p=.038, n?=.12). Specifically,

participants had lower accuracy for 2-Target trials (72%) compared to 1-Target trials (78%) and
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had higher accuracy in the longest 2 lags (8, 12) compared to the shortest 4 lags (1, 2, 3, 4; all t’s
>3.02, all p’s <.05, Tukey corrected). Patients also had lower accuracy overall (72%) compared to
controls (78%).

There was a significant trial type x lag interaction (F(5,165)=5.61, p<.0001, n2=.15). This
was driven by significantly larger difference in performance for the 2-Target compared to 1-Target
trials for first 3 lags (lag 1=11%, lag 2=15%, lag 3=12%) compared to the last 3 lags (lag 4=2%,
lag 8=-3%, and lag 12=-5%; all t’s > 3.02, all p’s <.05, Tukey corrected).

A trial type x group interaction (F(1,33)=5.66, p=.023, n?=.15) indicated that, overall, the
two groups had similar accuracy for 1-Target trials (patients=77% vs. controls=80%; t(33)=1.02,
p=.32, uncorrected). However, patients had significantly lower accuracy on 2-Target trials (67%)

compared to controls (77%; t(33)=2.89, p<.05, Tukey corrected; Figure 4B).

-- insert Figure 4 here --

Sustained attention to response task (SART).

For the SART we first compared the percentage of commission errors (i.e., presses for “3”)
and misses (i.e., omission errors) across the two groups (Figure 4C). This analysis revealed no
significant differences (commission errors; patients=38% vs. controls=31%; t(34)=1.06, p=.30;
omission errors; patients=5% vs. controls=3%; t(34)=0.78, p=.44). Next, we examined RTs by
comparing the average RTs for errors vs. correct responses between the two groups using a mixed-
model ANOVA with trial type (errors vs. hits) as a within-subject factor and group (patients vs.

controls) as a between-subject factor (Figure 4D). This analysis demonstrated a significant main
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effect of trial type with RTs for error trials (443ms) being faster than RTs for hits (498ms;
F(1,34)=15.07, p<.0001; n?=.31). No other effects were significant. Finally, we used a similar
ANOVA to compare the average RT for the three trials immediately preceding an error compared
to the average RTs for the three trials immediately following an error. This analysis also revealed
a significant main effect of trial type such that participants were faster to respond in trials
immediately preceding an error (469ms) compared to trials following an error (557ms;

F(1,34)=30.23, p<.0001; n?=.47). No other effects were significant.

Correlation analysis

In follow-up analyses in our cerebellar patients we examined the relationship between CES
on the covert attention tasks with performance on the AB (overall T2 minus T1 accuracy) and
SART (% errors). In addition, we also examined whether performance on any of the attention tasks
was correlated with time post stroke, lesion volume, or motor impairment (i.e., total ICARS score).
This analysis revealed a significant positive correlation between overall CES on the reflexive and
voluntary covert attention tasks (r(11)=.78, p=.005, uncorrected). There were no other significant
correlations between performance on the attention tasks (all p’s >.071, uncorrected).

There were also no significant correlations between overall CES on the two covert attention
tasks or performance on the AB or SART with either lesion volume, time post stroke, or the score
on the ICARS. However, there was a significant positive correlation between CES at the 600ms
SOA for the reflexive covert attention task (where patients demonstrated impaired performance)
and the overall score in the ICARS where higher scores reflect greater motor impairment
(r(11)=.62, p=.041, uncorrected). However, impaired motor performance alone cannot account for

the effects observed in the current study as the absence of an IOR effect was apparent in patients
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with isolated left cerebellar lesions (n=8) where right-handed movements were unaffected (see
Supplementary Material and Supplementary Figure 3). Furthermore, performance on the AB task
would not be affected by slowed RTs as the dependent measure used was target detection accuracy.

Finally, there was no correlation between time post stroke, lesion volume, or overall score

on the ICARS (all p’s >.073, uncorrected).

Lesion analysis

Lesion maps for each patient are available online (Supplementary Figure 1). The areas of
maximum lesion overlap in our group are the inferior semilunar lobule (i.e., Crus II; x=-16, y= -
78, z=-35and x=-19, y=-74, z=-38), tuber (lobule VII; x=-29, y=-79, z=-28), and pyramis (lobule
VIII; x= -16, y= -76, z=-30) of the posterior lobe of the left cerebellum (Figure 5). Note that
subsequent analyses of the group lesion masks for patients who completed the reflexive covert
attention tasks (n=11) and the AB task (n=13) revealed largely the same results (Supplementary
Figure 2; Supplementary Table 5).

To check for evidence of damage to the dentate nucleus we localized the dentate using the
probabilistic 3D atlas developed by Dimitrova and colleagues (2006). Based on their maximal
MNI coordinates for the left (X=-15, Y=-57, Z=-36) and right (X= 19, Y= -55, Z=-36) dentate,
only two patients had damage to the dentate nucleus (patient 909, left dentate; patient 523, probable
right dentate). Note that the absence of an I0R effect and the increased AB effect are still apparent
in our cerebellar patients even when the two patients with dentate damage are excluded from the

analyses (see Supplementary Material).

--Insert Figure 5 here--
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Discussion

Cerebellar damage impairs the ability to orient attention in both time and space.
Specifically, for reflexive orienting of spatial attention we demonstrated clear evidence that
cerebellar damage results in the absence of IOR (Figure 3A&B). Since voluntary covert attention
was unaffected by cerebellar damage, we provide a clear support for our earlier hypothesis that the
cerebellum plays a larger role in reflexive than voluntary covert attention (Striemer, Cantelmi, et
al., 2015; Striemer, Chouinard, et al., 2015).

In addition to the absence of IOR, cerebellar damage also resulted in an exaggerated AB
(Schweizer et al., 2007); (Figure 4 A&B). Although cerebellar damage resulted in problems with
the rapid allocation of attention over time as quantified by the AB, there was no problem with
sustained attention per se as cerebellar patients performed similarly to controls on the SART.
Specifically, patient’s error rates, RTs and post-error slowing on the SART were statistically
indistinguishable from controls, suggesting that the cerebellar regions damaged in our patients are
not involved in updating performance following attentional errors.

Lesion analysis revealed that the regions most consistently damaged in our patients were
lobule VII (tuber), lobule VI (pyramis) and Crus Il (inferior semi-lunar lobule) of the left
posterior cerebellum (Figure 5). We also examined each patient’s scan for any evidence of damage
to the cerebellar dentate nucleus with only two patients showing evidence of damage to this region
(in opposing hemispheres). This result is important given that damage to the dentate nucleus would
effectively disconnect the entire lateral cerebellar hemisphere from the cerebral cortex. Thus, the
deficits observed here are due to damage to lobule VII, VIl and Crus 11 of the left cerebellum, and

not the disruption of an entire cerebellar hemisphere. This was further reinforced by follow-up
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analyses (see Supplementary Material) where the absence of the I0R effect and the increased AB
effect were still present in our cerebellar patients even when the data from the two patients with
dentate damage were removed. Resting state functional connectivity data indicate that the same
cerebellar regions damaged in our patients are functionally connected with the dorsal and ventral
attention networks (Brissenden, Levin et al., 2016; Buckner et al., 2011; Guell, Schmahmann et
al., 2018; Wang et al., 2013) and are active during divided attention tasks (King, Hernandez-
Castillo et al., 2018).

The attentional deficits from cerebellar lesions were most apparent after damage to the left
cerebellum. This is consistent with our previous fMRI study (Striemer, Chouinard, et al., 2015)
demonstrating significant BOLD activity in the left cerebellum during covert attention tasks, and
with the fact that regions of the left cerebellum such as lobule VI, VIII and Crus Il are functionally
connected to the ventral attention network in the right hemisphere (Buckner et al., 2011; Wang et
al., 2013).

The attentional deficits observed in our cerebellar patients are not due to motor
impairments. A follow up analysis (see Supplementary Material) demonstrated that patients with
isolated left cerebellar lesions whose right limbs were unaffected displayed the same absence of
an IOR effect that was present in the overall group. Furthermore, the increased AB effect in
cerebellar patients cannot be attributed to a motor impairment as the primary dependent measure

was accuracy and not RT.

What role does the cerebellum play in attention?
Our findings support the notion that cerebellar damage disrupts the rapid allocation of

attention across spatial and temporal domains resulting in a form of “attentional dysmetria.” One
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prominent theory suggests that the cerebellum coordinates motor output by comparing it to
predicted sensory consequences (Ghajar & Ivry, 2009; Sokolov, Miall et al., 2017). The
cerebellum may then “generate time-based expectancies of sensory information” in order to more
efficiently synchronize predicted with actual sensory input in order to help reduce performance
variability (Ghajar et al., 2009). This prediction is similar to suggestions that lesions to the
cerebellum produce “dysmetria of thought™ through disrupting the timing and coordination of
cognitive processing (Schmahmann et al., 2019; Schmahmann et al., 1998). Our data directly
support these theories by demonstrating, for the first time, that lesions to same cerebellar regions
(left lobules VII, VIII and Crus Il) lead to an impairment on the AB (see also Schweizer et al.,
2007) and reflexive covert attention tasks where shifts of attention must be deployed rapidly across
temporal or spatial domains. In contrast, performance was unaffected on the SART and voluntary
covert attention tasks where the rate of stimulus presentation was slower and the required shifts of
attention occurred over longer time scales.

In summary, we have demonstrated, for the first time, that damage to Crus Il and lobule
VIl (tuber) and VI (pyramis) disrupt the onset of IOR and reduces the capacity to detect
successive targets during a rapid serial visual presentation (i.e., an increased AB effect). This
“attentional dysmetria” was more apparent in tasks that required rapid shifts of attention between
different locations (i.e., IOR during reflexive covert attention) or between different stimuli in the
same location (i.e., AB). In contrast, performance during tasks that involved slower rates of
stimulus presentation that required attention shifts over longer time intervals (i.e., voluntary covert
attention and SART), were unaffected by these same lesions. Importantly, anatomical studies in
non-human primates, as well as connectivity and task-based functional neuroimaging studies in

humans, have demonstrated that these cerebellar regions are linked with cortical networks that are
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known to be involved in attention. These data therefore provide direct evidence that 1) the
cerebellum plays a critical role in attention, and 2) that the same cerebellar regions are implicated

in both spatial temporal attention.
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Table 1: Clinical data for the 14 cerebellar patients. Symbols: + completed the covert attention tasks; ¢ completed the non-spatial attention
tasks; * indicates that a new high-resolution MRI was acquired. T indicates damage to the cerebellar dentate nucleus.

Patient | Age | Sex | Handedness | Time post Affected Lesion Imaging notes
ID stroke hemisphere volume
(days) (cm®)

29 75 F R 2955 Left 14.61 Infarct to left posterior inferior cerebellar arteries (PICA)

61#p™ 78 R 2791 Left 46.80 Attenuation of left cerebellar hemisphere keeping with acute cerebral
infarct

117¢* 73 F R 3707 Bilateral 13.45 Large left cerebellar lesion with smaller lesion in right cerebellar
hemisphere

182+ ¢* | 66 M R 2398 Left 9.90 Subacute ischemic stroke in left cerebellar hemisphere

309 o* | 73 M R 2018 Left 34.30 Acute left cerebellar ischemic infarct resulting from thromboembolic
event of the posterior inferior cerebellar artery (PICA)

378+ o* 53 M R 1857 Right 16.87 Infarct of right posterior cerebellar hemisphere

522+ 67 F R 1343 Left 27.26 Subacute left cerebellar infarct

523#p*f | 83 F R 982 Right 12.30 Subacute ischemic stroke in right cerebellar hemisphere. Possible damage
to right cerebellar dentate nucleus.

564+* 54 F R 1154 Left 2.28 Large central middle and inferior middle infarct of the left cerebellum

670¢ 54 M R 802 Bilateral 6.39 Subacute infarct of right cerebellar hemisphere and a small sub-
centimeter hypodensity in the left cerebellar hemisphere

678 61 M 784 Left 47.99 Subacute infarct of left posterior inferior cerebellar artery (PICA)

867+ 65 M 139 Bilateral 55.94 Bilateral posterior inferior cerebellar artery (PICA) infarcts

9096 38 M R 1742 Bilateral 24.08 Bilateral posterior inferior cerebellar artery (PICA) infarcts with
extension into left visual cortex. Damage to left cerebellar dentate
nucleus.

9534p* 50 F R 536 Left 0.79 Infarct of the left superior cerebellar artery (SCA)
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Table 2. International cooperative ataxia rating scale (ICARS) data for the cerebellar patients (n=12). Total scores for each subtest and
overall scores are listed for each patient (side of lesion in brackets). Larger numbers indicate greater motor impairment. Percentage
impairment scores were calculated by dividing the patient’s raw score by total possible score (Trouillas et al., 1997).

Patient ID:

Test: 29(L) | 61(L) | 117(B) | 182(L) | 309(L) | 378(R) | 522(L) | 523(R) | 564(L) | 678(L) | 867(B) | 953(L)
Walking /8 6 0 5 0 0 0 0 5 0 0 2 0
Gait /4 3 1 1 0 1 0 0 3 2 1 3 0
Standing /6 5 1 2 2 2 1 2 3 2 2 2 0
Total: Posture & 14 2 8 2 3 1 2 11 4 3 7 0
gait /18

L RILIRIL|R|LIR|L|/R|L|IR|L|IR|JL|R|L|R|JL|IR|JL|R]|L]|R
Heel-to-toe /4 1/1/0}0}2}1}]0l0O]1]0J]0]O0O|O0O]0O0|0O]O]O]O|JO]JO]OJO]3]0
Finger-to-nose /4 213,0|]0]|4]|]2|2]2]1)]1|]0]0}]2]0|J1]3]|]0]0J1Tj0O0]1r 2|10
Pronation- 3|4,0/0{4|2(2(0(0|O0O}jO]JO(2)0}1|2]|2]2|2|0]0]0]|2]0O0
supination /4
Total: Kinetic/ 24 6 /8/0]0]20/5|3]2|2]1|]0]0|2]0|2]|5|1|1]2]0]1]2]|]6]0
Nystagmus /3 0 0 1 1 0 0 0 1 1 0 1 0
Pursuit /2 1 0 2 1 0 0 0 1 0 1 1 1
Saccade dysmetria 1 0 0 0 0 0 0 0 1 1 0 0
/1
Total: Oculomotor 2 0 3 2 0 0 0 2 2 2 2 1
6
Total: Overall /48 30 2 26 9 6 1 4 20 8 7 12 7
Percent
impairment: 63% 4% 54% 19% 13% 2% 8% 42% | 17% | 15% | 25% | 15%
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Figure 1. For the reflexive covert attention task (top panel) a single trial began with a fixation period of 1-3s followed by a peripheral
cue on the left or right. Following a stimulus onset asynchrony (SOA) of 50, 100, 300 or 600ms a target (*) subsequently appeared
either at the cued (i.e., valid) or uncued (i.e., invalid) location with equal probability. For the voluntary covert attention task (bottom
panel) a central arrow cue was used, and the target appeared at the cued location on 70% of trials following an SOA of either 250, 350
or 550ms. Note that for both tasks the cue remained on the screen until the target appeared.

Reflexive covert attention task: Valid target=50%

Peripheral cue:
(50, 100, 300, 600ms)

Fixation: 1-3 s

Voluntary covert attention task:

Central cue:
(250, 350, 550ms)

Fixation: 1-3 s

Invalid target=30%

L+ L
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Figure 2. During the attentional blink (AB; top panel) task participants were presented with a rapid serial visual presentation (RSVP;
133ms/letter) where they were asked to indicate the presence of a red H or S or a black X or Y. On 1-Target trials only a black X or Y
was presented. On 2-Target trials a black X or Y was presented either 1, 2, 3, 4, 8, or 12 letters after the presentation of ared H or S.
For the sustained attention to response task (SART; bottom panel) participants were to press a button each time a number appeared on
the screen except for ‘3’. Each number appeared for 300ms followed by a mask period of 1000ms.

Attentional blink (AB) task

433mS | |
| ' Y T
| T J T2
. B
T  '
Time

Sustained attention to response task (SART)

1000ms [
300ms | | ! X>
[
| 3
| ® 7 no press
9 press
press  '
Time
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Figure 3. Reaction time (RT) data for the reflexive (A) and voluntary (C) covert attention tasks are presented as a function of group
(patients vs. controls) cue (valid vs. invalid) and stimulus onset asynchrony (SOA). Error bars represent the within-subject standard
error (Loftus & Masson, 1994). Cue effect size data (i.e., invalid minus valid RTs) for the reflexive (B) and voluntary (D) covert
attention tasks are presented as a function of group (patients vs. controls) and SOA. Error bars represent standard error. * indicates a
statistically significant difference.

A. Reflexive covert attention: Cue x SOA x group B. Reflexive cueing effect: Patients vs. controls
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700 Cerebellar patients Controls 0 r
650 r .
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0o N v % 30 |
§500 - " jou
4 @ 10 r
450 8 1
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SOA SOA
C. Voluntary covert attention: Cue x SOA x group D. Voluntary cueing effect: Patients vs. controls
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Figure 4. Accuracy data for the attention blink task (panels A & B) are presented as a function of group (patients vs. controls), trial
type (1-Target vs. 2-Target) and lag (1, 2, 3, 4, 8, 12). Percentage or errors or misses (panel C) and reaction time (RT) data (panel D)
for the sustained attention to response task (SART) are presented as a function of response type (hit, miss or error). Error bars for
panel A represent the within-subject standard error (Loftus et al., 1994). Error bars for the remaining panels (B-D) represent the
standard error. * indicates a statistically significant difference.

A. Attentional blink: Trial type x lag x group B. Attentional blink: Trial type x group
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Figure 5. Lesion overlap for the cerebellar patient group (n=14). The regions of maximum lesion overlap are the inferior semilunar
lobule (i.e., Crus IlI; x=-16, y=-78, z= -35 and x= -19, y=-74, z= -38), tuber (lobule VII; x=-29, y=-79, z=-28), and pyramis (lobule
VIII; x=-16, y=-76, z=-30) of the posterior lobe of the left cerebellum.
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Supplementary material:

Absence of an IOR effect in left cerebellar patients.

To further verify that the absence of an IOR effect in our cerebellar patients could not be
explained by slowed motor responses in the right hand that was used to respond in our tasks, we
re-analyzed the CES data from the reflexive covert attention task including only the data from
the patients with isolated left cerebellar lesions (n=8). The cerebellum controls the ipsilateral
limbs so damage to the left cerebellum would be expected to impair movements of the left but
not the right limbs. This was verified by examining ICARS scores for the left and right limbs
from the kinetic subscale (see Table 2 in the main manuscript) in the patients with isolated left
cerebellar lesions. One-sample t-tests confirmed that, in patients with left cerebellar lesions, the
ICARS score for kinetic impairments for the left limbs (2.75; SD=2.19) was significantly greater
than zero (t(7)=3.55, p<.005, 1-tailed). In contrast, the ICARS score for kinetic impairments with
the right limbs (1.5; SD=2.73) was not significantly different from zero (t(7)=1.55, p=.08, 1-
tailed). Therefore, left cerebellar lesions selectively influenced motor responses with the
ipsilateral (left) limbs.

Similar to the initial ANOVA analysis including all patients, a follow-up ANOVA
analysis comparing only patients with left cerebellar lesions (n=8) to controls revealed
significant main effects of cue (F(1,31)=102.92, p<.0001, n2=.78), SOA (F(3,93)=3.80, p=.013,
n2=.11) and group (F(1,31)=5.16, p=.03, n2=.14), as well as a significant cue x SOA x group
interaction (F(3,93)=4.60, p=.005, n2=.13). Again, this three-way interaction was related to the
fact that the CES for cerebellar patients at the 600ms SOA (63ms) was significantly larger than
controls (-3ms; (t(31)=3.70, p<.05, Tukey corrected). There were no significant differences

between patients with left cerebellar lesions and controls at any of the other earlier SOAs (all t’s
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<1.6, all p’s >.12). Therefore, the absence of the IOR effect in our cerebellar patients cannot be
related to slowed motor response with the right hand because the same effect was observed in a
group of left cerebellar patients whose right limb movements were unaffected by their lesion.
Furthermore, the absence of an IOR effect in our cerebellar patients cannot be attributed to
damage to the dentate nucleus as none of the 8 patients in our left cerebellar lesion sample had

damage to the dentate nucleus (see lesion analysis results in the main manuscript).

Increased attentional blink (AB) effect in patients without damage to the dentate nucleus.

To ensure that the increased AB effect observed in the overall group was not due to lesions to the
dentate nucleus in two of our patients (see Table 2 in the main manuscript) we re-analyzed the
AB data with these patients removed. This analysis revealed a significantly larger AB effect (i.e.,
the difference in accuracy for the 1-Target compared to the 2-Target task) in patients without

dentate damage (9.46%) compared to controls (2.86%; t(21)=2.30, p=.032).
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Supplementary Table 1: Mean reaction time (RT) data for the reflexive covert attention task for patients (n=11) and controls (n=24) as a function of cue (valid
vs. invalid) and stimulus onset asynchrony (50, 100, 300, 600ms).

Patient (lesion): | Valid 50 | Valid 100 | Valid 300 Valid 600 Invalid 50 | Invalid 100 | Invalid 300 | Invalid 600
29 (L) 991 925 967 859 998 955 1080 1057
61 (L) 507 516 512 565 584 553 583 575
182 (L) 592 514 607 542 605 613 589 635
309 (L) 587 545 482 490 627 584 481 471
378 (R) 454 463 493 490 497 507 470 480
522 (L) 563 494 501 485 613 591 567 605
523 (R) 606 566 528 494 621 596 595 551
564 (L) 610 593 592 600 677 699 652 699
678 (L) 458 457 453 461 484 490 448 442
867 (B) 626 604 596 656 678 702 663 644
953 (L) 719 676 674 729 730 785 816 750

Patient mean 610 (148) | 577 (132) 582 (144) 579 (125) 647 (137) 643 (135) 631 (181) 628 (172)

(SD), n=11

Control mean 528 (68) 513 (69) 519 (73) 536 (69) 574 (69) 571 (77) 542 (76) 533 (78)

(SD), n=24

Supplementary Table 2: Mean reaction time (RT) data for the voluntary covert attention task for patients (n=11) and controls (n=24) as a function of cue (valid
vs. invalid) and stimulus onset asynchrony (250, 350, 550ms).

Patient (lesion): | Valid 250 | Valid 350 | Valid 550 | Invalid 250 | Invalid 350 | Invalid 550
29 (L) 738 851 745 976 828 797
61 (L) 442 437 432 479 488 493
182 (L) 556 543 591 586 615 584
309 (L) 397 352 319 425 382 395
378 (R) 445 440 453 469 469 462
522 (L) 532 566 464 556 620 579
523 (R) 598 530 569 592 590 556
564 (L) 587 579 563 724 640 745
678 (L) 408 361 321 411 412 313
867 (B) 671 645 669 693 682 692
953 (L) 656 627 561 640 779 633
Patient mean 548 (115) | 539 (143) 517 (134) 596 (163) 591 (143) 568 (147)
(SD), n=11

Control mean 515 (81) 496 (80) 493 (80) 553 (86) 545 (98) 517 (89)

(SD), n=24
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Supplementary Table 3: Mean percent accuracy on the attentional blink task for patients (n=13) and controls (n=24) as a function of trial type (1-Target vs. 2-
Target) and Lag (1-4, 6 or 12).

Patient (lesion): | 1T-L1 | 1T-L2 | 1T-L3 | 1T-L4 | 1T-L6 | 1T-L12 | 2T-L1 | 2T-L2 | 2T-L3 | 2T-L4 | 2T-L6 | 2T-L12
29 (L) 85 100 50 92 69 60 47 37 50 63 88 85
61 (L) 43 67 75 62 40 83 30 72 63 20 100 76
117 (B) 67 50 100 70 87 85 65 71 69 77 84 63
182 (L) 92 100 100 81 75 67 55 75 65 77 92 89
309 (L) 67 43 67 85 100 60 47 38 73 70 100 80
378 (R) 71 90 20 88 100 79 68 60 63 80 65 94
523 (R) 44 63 50 56 78 33 44 44 69 56 65 38
564 (L) 82 75 64 57 89 89 46 48 39 78 76 84
670 (B) 86 73 86 77 100 83 61 65 63 83 84 88
678 (L) 50 100 100 71 92 88 79 72 57 76 100 92
867 (B) 91 88 71 89 100 91 53 54 47 54 80 88
909 (B) 70 75 91 65 100 100 50 77 58 80 74 75
953 (L) 88 62 100 71 86 83 52 78 33 80 78 75
Patient mean 72(17) | 76 (19) | 75 (25) | 74 (12) | 86 (17) | 77 (18) | 54 (12) | 61 (15) | 58 (12) | 69 (18) | 84 (12) | 79 (15)
(SD), n=13

Control mean | 76 (16) | 80 (17) | 80 (15) | 80 (13) | 82 (17) | 80 (16) | 70 (18) | 65 (16) | 72 (15) | 81 (15) | 88(9) | 87 (11)
(SD), n=24
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Supplementary Table 4: Mean percentage of errors and misses and mean reaction times (RT) for errors, hits, as well as the three trials preceding and following an
error for patients (n=13) and controls (h=24) for the sustained attention to response task (SART).

Patient (lesion): | % error RT % misses Hits RT Errors: 3 Errors: 3
errors Prior RT Post RT
29 (L) 48 567 39.5 696 691 878
61 (L) 36 561 3.5 475 525 497
117 (B) 56 555 4.5 673 784 827
182 (L) 36 319 0.5 415 418 462
309 (L) 92 294 5 301 291 280
378 (R) 68 324 0.5 307 302 339
523 (R) 12 469 1 603 543 665
564 (L) 24 473 7 556 505 638
670 (B) 28 391 2.5 590 435 632
678 (L) 52 408 1 457 458 558
867 (B) 12 424 1 564 509 720
909 (B) 20 514 0.5 582 503 664
953 (L) 12 424 0 465 400 536
Patient mean 38 (24) 440 (94) 5.1(11) 514 (125) 490 (136) 592 (173)
(SD), n=13
Control mean 31(17) 445 (103) 3(5.6) 481 (78) 449 (67) 523 (119)
(SD), n=24
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Supplementary Table 5. Talairach coordinates associated with regions of maximum lesion overlap for cerebellar patients who completed the covert spatial
attention (n=11) and non-spatial attention (n=13) tasks.

Covert spatial attention (n=11): Talairach coordinates:
X Y Z
Left cerebellum, posterior lobe, uvula (lobule 1X) -18 -82 -25
Left cerebellum, posterior lobe, tuber (lobule VII) -29 -78 -28
Left cerebellum, posterior lobe, inferior semi-lunar -20 =77 -36

lobule (Crus I1)
Non-spatial attention (AB + SART; n=13)

Left cerebellum, posterior lobe, tuber (lobule VII) -28 -78 -28
Left cerebellum, posterior lobe, pyramis (lobule VIII) -27 =77 -33
Left cerebellum, posterior lobe, inferior semi-lunar -23 -73 -49

lobule (Crus I1)



https://doi.org/10.1101/822635

Supplementary Figure 1 Part 1. Individual lesion maps for each of the patients (patient number located to the right). See Table 2 in the main
manuscript for clinical details for each patient. Images are presented in neurological convention.
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Supplementary Figure 1 Part 2. Individual lesion maps for each of the patients (patient number located to the right). See Table 2 in the main
manuscript for clinical details for each patient.
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Supplementary Figure 1 Part 3. Individual lesion maps for each of the patients (patient number located to the right). See Table 2 in the main
manuscript for clinical details for each patient.
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Supplementary Figure 2. Group Lesion maps for A) COVAT patients only (n=11); and B) attentional blink patients only (n=13).
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Supplementary Figure 3. Group lesion mask for left cerebellar patients (n=8).
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