Neuropsychology Review (2020) 30:362-385
https://doi.org/10.1007/511065-020-09432-w

REVIEW

®

Check for
updates

Cerebellar Contributions to Proactive and Reactive Control
in the Stop Signal Task: A Systematic Review and Meta-Analysis
of Functional Magnetic Resonance Imaging Studies

Sarah V. Clark’ - Tricia Z. King "% - Jessica A. Turner '

Received: 19 July 2018 / Accepted: 17 February 2020 /Published online: 18 March 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

The cerebellum facilitates and modulates cognitive functions using forward and inverse internal models to predict and control
behavior, respectively. Despite neuroimaging evidence that regions of the cerebellum are active during executive function (EF)
tasks in general, little is known about the cerebellum’s role in specific EFs and their underlying neural networks. Inhibitory
control specifically may be facilitated by cerebellar internal models predicting responses during proactive control (withholding),
and controlling responses during reactive control (inhibiting). The stop signal task (SST) is an inhibitory control task often used in
neuroimaging studies to measure neural responses to both proactive and reactive control. Thus, in this review, we examine
evidence for the cerebellum’s role in inhibitory control by reviewing studies of healthy adults that utilized the SST in event-
related functional magnetic resonance imaging (fMRI) experiments. Twenty-one studies that demonstrated cerebellar results
were eligible for review, including 749 participants, 28 contrasts, and 38 cerebellar clusters. We also performed activation
likelihood estimation (ALE) meta-analysis of contrasts derived from reviewed studies. This review illustrates evidence for the
cerebellum participating in inhibitory control independent of motor control. Most significant cerebellar clusters were located in
the left posterior cerebellum, suggesting that it communicates with the established cortical right-lateralized inhibitory control
network. Cerebellar activity was most consistently observed for contrasts that measured proactive control, and ALE analysis
confirmed that left Crus I is most likely to be activated in studies of proactive control measuring monitoring and anticipation.
Results suggest that the left posterior cerebellum may communicate with right frontal and parietal cortices, using forward models
to predict appropriate responses. Reactive control contrasts indicated a possible role for cerebellar regions in enhancing inhibition
efficiency through inverse models, but ALE meta-analysis did not confirm this hypothesis. Limitations in the current literature,
clinical implications, and directions for future research are discussed.
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Introduction

The cerebellum, long known to be an important motor modu-
lator, is now also known to be a modulator of thought (Keren-
Happuch, Chen, Ho, & Desmond, 2014; Stoodley &
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Schmahmann, 2009). Koziol, Budding, and Chidekel (2011)
proposed that the cerebellum participates in executive functions
(EFs) in particular, due to its unique structure and function.
Cognitive and behavioral deficits were observed after cerebel-
lar lesions as early as the 1800s (Schmahmann & Sherman,
1998), and more recently, functional magnetic resonance imag-
ing (fMRI) studies have demonstrated cerebellar activity during
EF tasks broadly (Keren-Happuch et al., 2014; Niendam et al.,
2012). Inhibitory control may be one EF influenced by the
cerebellum specifically, as disorders of poor inhibitory control
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(e.g. attention deficit/hyperactivity disorder [ADHD] and sub-
stance abuse) also often show cerebellar dysfunction (Lipszyc
& Schachar, 2010; Nowrangi, Lyketsos, Rao, & Munro, 2014;
Wilcox, Dekonenko, Mayer, Bogenschutz, & Turner, 2014).
However, neuroimaging studies tend to have a cortico-centric
bias, often failing to report or discuss cerebellar findings. There
are also few studies of cerebellar activity during specific EFs,
which contain both shared and unique variance (Miyake &
Friedman, 2012). Therefore, the cerebellum’s role in inhibitory
control in healthy individuals and its potential clinical signifi-
cance remain understudied.

The cerebellum has a modular functional architecture
based on cortical input (Caligiore et al., 2016; Ramnani,
2006; Stoodley & Schmahmann, 2009). Tracing studies have
illustrated closed-loop, multi-synaptic anatomical connections
between the cerebellum and contralateral cortical areas that
generate motor or cognitive commands (Bostan, Dum, &
Strick, 2013; Hoshi, Tremblay, Féger, Carras, & Strick,
2005). The anterior and inferior cerebellum are active during
motor tasks, whereas the posterior cerebellum is active during
cognitive tasks (Stoodley & Schmahmann, 2010). See Fig. 1
for an illustration of cerebellar lobules. The cerebellum’s
densely interconnected neurons and diverse connections with
cortical and subcortical areas indicate it is capable of modu-
lating numerous cognitive processes, and importantly, most of
the cerebellar cortex appears not to be associated with motor
function (Ramnani, 2006).

Functionally, control theory posits that the cerebellum uti-
lizes forward and inverse internal models to predict and con-
trol behavior, respectively (Caligiore et al., 2016; Ito, 2008;
Ramnani, 2006; Wolpert & Kawato, 1998). A forward model
creates an efference copy of a controlled object, such as a plan
or a movement of a limb, compares the outcome to the pre-
diction, and sends feedback to the input system to adjust future
commands. Inverse models create signals that act on the con-
trolled object after receiving feedback from the control system
(Ramnani, 2014). Koziol et al. (2011) argued that that cere-
bellar internal models facilitate and automate efficient plan-
ning and coordination of EFs because executive functioning
(i.e., working memory, cognitive flexibility, and inhibitory

Fig. 1 Cerebellar topography,
according to Diedrichsen’s (2006)
Spatially Unbiased Infra-
Tentorial Template (SUIT) atlas.
Left, coronal view; right, sagittal
view. Left side of the figure rep-
resents left side of the cerebellum

control (Diamond, 2013)) essentially refers to predicting and
controlling behavior.

Previous neuroimaging meta-analyses demonstrated poste-
rior cerebellar activity during EF tasks in lobules VI and VIIb
and Crus I and II (Keren-Happuch et al., 2014; Stoodley &
Schmahmann, 2009). However, these meta-analyses limited
searches to studies that included the term “cerebellum” or
variants, which likely resulted in overlooking some studies
in which cerebellar findings were not discussed in the text.
Additionally, these meta-analyses only included one study of
inhibitory control, which is correlated with other executive
functions and is also highly correlated with a “common EF”
latent variable, indicating that it may be superordinate to other
EFs (Miyake & Friedman, 2012; Miyake et al., 2000).

Inhibitory control is the ability to suppress inappropriate or
irrelevant actions (Verbruggen & Logan, 2009), and there are
multiple cognitive processes that result in a cumulative effect
of successful response inhibition (Aron, 2011; Bari &
Robbins, 2013; Braver, 2012). The stop signal task (SST) is
a model inhibitory control task that measures these processes;
it includes a period in which participants monitor for a stop
signal and suppress responses proactively (proactive control),
a period after stop signal presentation in which the response is
inhibited reactively (reactive control), and an error processing
period when participants respond incorrectly (Chevrier,
Noseworthy, & Schachar, 2007). During the SST, individuals
perform a reaction time (RT) task, responding to “go” stimuli
as quickly as possible (Matzke, Verbruggen, & Logan, 2018,
Verbruggen & Logan, 2008b). On a minority of trials, a “stop”
signal is presented at varying delays after the go stimulus,
which signals the participant should not respond (see Fig. 2
for a detailed description of the SST and independent race
model of inhibition).

The primary advantage of using the SST over other inhibi-
tory control tasks (i.e., Go/No Go) is that it indirectly measures
latency of response inhibition (stop signal reaction time; SSRT;
Bari & Robbins, 2013). Shorter SSRT reflects a relatively faster
“stop” process and represents better inhibitory control ability.
Thus, inhibitory control ability of different populations and
effects of different experimental manipulations can be
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Fig. 2 Typical SST design and independent race model. A) A fixation
symbol is usually presented for a period of 1-5 s, followed by a “Go”
signal. On a minority of trials (25-33%), a “Stop” signal is presented after
the Go signal. The critical stop signal delay (SSD) is usually varied using
a staircase procedure, whereby the SSD is increased by a fraction of a
second following a successful stop and decreased following an unsuc-
cessful stop. The critical SSD is the SSD at which the participant achieves
50% correct on Stop trials. Stop signal reaction time (SSRT) is computed
by subtracting the critical SSD from the mean or median go reaction time

compared (Matzke et al., 2018). While different populations
may have different speeds of responding and the distribution
of go RT can affect the probability of responding or inhibiting,
the SST is designed so that all participants achieve 50% suc-
cessful stops, regardless of go RT. This strategy enables com-
puting the SSRT, and thus inhibition efficiency, from the stop
signal delay needed to achieve 50% accuracy.

Functional neuroimaging studies use the SST, contrasting
neural activity during different phases of the task, to measure
brain activation for both proactive and reactive control, as well
as attention, error, and motor processing. For example, con-
trasting the blood oxygen level dependent (BOLD) hemody-
namic response on successful stop trials with go trials or un-
successful stop trials presumably reveals brain regions under-
lying to inhibitory control (Verbruggen & Logan, 2008D).
Likewise, contrasting go trials with successful stop trials re-
veals motor activity. Investigators also measure parametric
effects of different phases of the task, such as anticipation of
the stop signal, by including parametric regressors in their
models (S. Hu, Ide, Zhang, & Li, 2015).

A widespread brain network is consistently activated by the
SST. The right inferior frontal cortex (IFC) is most often as-
sociated with reactive inhibitory control, but studies also dem-
onstrate bilateral IFC activity during the SST (Bari &
Robbins, 2013; Swick, Ashley, & Turken, 2011). Other im-
portant regions include the basal ganglia, pre-supplementary
motor area (pre-SMA), thalamus, and parietal cortex (Aron,
2011; Botvinick, Braver, Barch, Carter, & Cohen, 2001;
Braver, 2012; S. Hu, Ide, Zhang, Sinha, & Li, 2015).
Further, reactive inhibitory networks may be primed before
stop signal presentation (Aron, 2011), and the medial and
dorsolateral prefrontal cortex (PFC) may be specific to proac-
tive control (Braver, 2012; Verbruggen & Logan, 2008Db).

@ Springer

Time
Fixation Go (RT)
SSD Stop (SSRT)
|__Proactive Control | Reactive Control |

(RT) and is an indirect measure of inhibitory control ability. A trial is
completed when the participant responds or after the stop signal is pre-
sented for approximately one second. B) The independent race model
assumes that going and stopping are independent processes that are initi-
ated upon presentation of the go and stop signal respectively. Response
inhibition occurs when the stop process finishes before the go process.
Proactive control is considered to occur prior to stop signal presentation,
whereas reactive control is initiated after stop signal presentation

Cerebellar activity has also been observed during the SST,
but investigations tend to have had a cortical bias, thus poten-
tially overlooking the cerebellum’s significance. The cerebel-
lum may communicate with the IFC during the SST, as meta-
analytic connectivity modeling demonstrated that the cerebel-
lum is often active during the same tasks as the IFC (Sebastian
et al., 2016). Additionally, the posterolateral cerebellum is
structurally and functionally connected to much of the pre-
frontal and parietal cortices associated with EF (Bostan
et al., 2013; Buckner, Krienen, Castellanos, Diaz, & Yeo,
2011). A few recent SST functional connectivity studies in-
cluded the cerebellum in their analysis, suggesting that the
posterior cerebellum may be functionally connected to the
fronto-parietal network during successful reactive inhibition,
and the anterior cerebellum may influence motor control dur-
ing errors (Zhang & Li, 2012; Zhang et al., 2015). However,
previous functional neuroimaging meta-analyses of inhibitory
control either did not include the cerebellum in analyses, only
investigated reactive control (Swick et al., 2011), or did not
investigate the SST (Keren-Happuch et al., 2014; Niendam
et al., 2012; Stoodley & Schmahmann, 2009), and thus were
unable to comment on the cerebellum’s role in proactive ver-
sus reactive control or inhibition efficiency.

Brain circuits involved in inhibitory control are important
transdiagnostic factors in mental illness (Insel et al., 2010),
and when investigating these circuits, it is important to include
all possible regions, both cortical and subcortical. The
Research Domain Criteria (RDoc) framework developed by
the National Institutes of Mental Health (NIMH) designated
cognitive control and specifically response inhibition as mean-
ingful constructs of analysis in the etiology of mental disor-
ders (Insel etal., 2010; Patrick & Hajcak, 2016). Indeed, struc-
tural and functional cerebellar deficits are observed in
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disorders marked by inhibitory control challenges such as at-
tention deficit/hyperactivity disorder (ADHD), substance de-
pendence, obsessive-compulsive disorder (OCD), and schizo-
phrenia (Arnsten & Rubia, 2012; Bari & Robbins, 2013;
Lipszyc & Schachar, 2010; Nowrangi et al., 2014;
Schmahmann, 2004; Stoodley, 2015; Wilcox et al., 2014),
suggesting clinical importance for understanding cerebellar
function specifically regarding inhibitory control. In addition,
cerebellar noninvasive stimulation can modulate both cogni-
tion and emotions, which indicates it could be a treatment
target for psychiatric and neurological conditions (Grimaldi
et al., 2016, 2014).

In general, there is evidence for cerebellar involvement in
inhibitory control processing and disorders marked by inhib-
itory control deficits; however, specific cerebellar regions that
contribute to successful inhibitory control in healthy individ-
uals have yet to be comprehensively explored. Therefore, we
aimed to review functional magnetic resonance imaging
(fMRI) investigations of the SST in healthy control partici-
pants to specify which cerebellar subregions are active during
the SST and hypothesize how the cerebellum may influence
both proactive and reactive inhibitory control. We also aimed
to quantify these review findings with activation likelihood
estimation (ALE) meta-analysis (Eickhoff, Bzdok, Laird,
Kurth, & Fox, 2012).

Methods
Search and Inclusion/Exclusion

Searches were performed using the PubMed, PsycInfo, and
MEDLINE databases, including the terms “stop signal AND

fMRI.” The term “cerebellum” was not included because stud-
ies often find cerebellar activations but do not report them in
the text. See Fig. 3 for search strategy and results.

Search results were filtered by age (over 18), species
(humans), and empirical articles in peer-reviewed journals.
In keeping with previous work (e.g., Keren-Happuch et al.,
2014; Bernard & Mittal, 2015), the primary inclusion criterion
was reporting cerebellar activity during the SST, as we were
specifically interested in cerebellar regions active during pro-
active and reactive control. Articles were eligible for inclusion
if they employed event-related fMRI utilizing the SST, report-
ed whole-brain activation results for healthy adults (ages 18—
65), were group studies, included the cerebellum in both im-
aging and analysis, and reported cerebellar activity in standard
coordinates. Event-related designs were utilized specifically
because the vast majority of SST studies use event-related
designs and it is an effective way of establishing the prepo-
tency of the “go” response across the entirety of the task
(Garavan, Ross, & Stein, 1999). Event-related designs also
allow for the direct comparison of specific trials and exclusion
of other trials (such as errors), in contrast to block designs
(Garavan et al., 1999). Titles and abstracts of 247 articles were
screened for appropriate methods and population. Full-texts
and supplementary material were then examined for cerebellar
activations. Imaging parameters of studies that were eligible
for inclusion were assessed for a minimum 120 mm field of
view in the z-direction, which likely covers the entire cerebel-
lum in at least 10% of participants (Mennes et al., 2014).
Using a more stringent cutoff would have excluded nearly
all studies (but see discussion for limitations).

Following full-text examination, 16 articles were deter-
mined to have null cerebellar findings, either due to observa-
tion of cerebellar activity in a non-control group or group

Fig. 3 Search strategy and Search: stop signal AND fVRI
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contrast, or contacting authors to verify cerebellum inclusion
in statistical analyses. Although observing cerebellar activity
in clinical groups is important, the aim of this review was to
investigate cerebellar activity in healthy adults, so future work
with clinical populations may have a baseline for comparison.
Four of these studies did not report coordinates of their con-
trasts within the main text or supplementary materials. In ad-
dition, 14 articles did not report any cerebellar activity but it is
still unclear if the cerebellum was part of their analyses.
Presumably, of the 14 remaining studies that were unclear
about cerebellar inclusion, some had null cerebellar findings
and others had significant findings that were not reported.
Further, two studies showed cerebellar activity in a figure,
but the authors were unable to provide coordinates. A total
of 21 articles that reported cerebellar activity were included in
this review.

Within articles, results were examined for contrast measure
and location, size, and T or Z statistic of significant activation
clusters. MRIcron (Rorden, 2007) was utilized to determine
lobular locations, using both the Spatially Unbiased Infra-
tentorial Template (Diedrichsen, Balsters, Flavell, Cussans,
& Ramnani, 2009) and Automated Anatomic Labeling
(Tzourio-Mazoyer et al., 2002) atlases. The SUIT probabilis-
tic atlas was utilized to determine location and probability of
coordinate location based on normalization methods (i.e., nor-
malized to the MNI template using SPM or FSL programs).
When coordinates were reported in Talairach space, the MNI-
2-Tal online conversion tool was used to convert coordinates
to Montreal Neurological Institute (MNI) space for localiza-
tion using the AAL atlas (Lacadie, Fulbright, Constable, &

Papademetris, 2008). Additionally, study quality was assessed
using eight criteria, established based on recommendations for
reporting in fMRI studies (Poldrack et al., 2008) and recom-
mendations for imaging the cerebellum (Diedrichsen, 2006),
as well as criteria specific to the goals of this review (Table 1).

ALE Meta-Analysis

We used the data extracted for the systematic review (Tables 2
and 3) to perform a confirmatory activation likelihood estima-
tion (ALE) meta-analysis (Eickhoff et al., 2012; Eickhoff,
Laird, Grefkes, Wang, Zilles, & Fox, 2009; Turkeltaub,
Eickhoff, Laird, Fox, Wiener, & Fox, 2012). All papers were
entered into the BrainMap database and the Sleuth 3.0.1 soft-
ware was used to compile all contrasts and coordinates report-
ed in Table 3, in MNI space (Fox et al., 2005; Fox &
Lancaster, 2002; Laird, Lancaster, & Fox, 2005). Because
one study’s results were received through personal communi-
cation and the cerebellar cluster was part of a larger cuneus
cluster (Hu & Li, 2012), it was not included in the ALE anal-
ysis. We separated coordinates into two files: one that
corresponded to proactive control activations and one that
corresponded to reactive control activations, as reported in
Table 3. Sleuth converted Talairach coordinates to MNI coor-
dinates using the Lancaster transform (Laird et al., 2010;
Lancaster et al., 2007) and created a text file of activations
by experiment that we then entered into the GingerALE 3.0
program for meta-analysis (Eickhoff et al., 2012, 2009;
Turkeltaub et al., 2012). Activation likelihood estimation re-
veals consistencies in studies by estimating the probability

Table1  Criteria for rating study quality. Studies were given three points for each “high” criterion met, two points for each “medium” criterion, and one
point for each “low” criterion
Quality Criteria High Medium Low
Sample size N> 50 20>N=>50 N<20
Scanner field 3 Tesla 3 Tesla < 3 Tesla
strength
Coverage in the > 140 mm 120 mm>z> 140 mm <120 mm

z-direction

Preprocessing Slice timing correction, realignment, Slice timing correction, realignment, Slice timing correction, realignment,
optimized for normalization to MNI template, normalization to MNI template, normalization to MNI template,
cerebellum smoothing with a kernel <6 mm smoothing with a kernel smoothing with a kernel >8 mm

6 mm>x>8 mm

Thresholding and ~ Whole brain familywise error correction Clusterwise correction with uncorrected Uncorrected p value or clusterwise
multiple or false discovery rate correction p<.001 (and report method to determine correction with uncorrected p >.001
comparisons cluster extent)
correction

Image available Yes Yes No

Reported cluster Yes Yes No
size

Discussed cerebellar Yes No No
findings or
investigated
further

@ Springer



367

Neuropsychol Rev (2020) 30:362-385

(@v) @oudpuadop [oyoore M
S[enpIAIpul 0} pareduiod S[ONU0d

ul 193uons sem 109139 [enuanbog -
TS 1o10ys pey os[e (13 05 pue
Teusis dojs e jo Anjiqeqoid usamioq
drysuonerar aanisod) ooy

(S100) M "D 11 % ¥ ‘vyuIs

[enuanbas,, urmoys sfenplAIpuy - uonedonuy Isno T Anande [ew o3 uo (doig)d jo 10939 sinowered [ensip/[ensiA  (€4) 0L “g ‘Sueyz “SrOpl ‘S ‘NH 1
A RINqQo[ Y
(IA 2Inqo]
¥ Tedu) apIsino
(IA 9Inqo] [(hasuo
T 1eau) SpIsInO 03) 10113 doj§ < ssa00ns dojg] < [(3osuo
nquyut 0} Sutredord A RPINqOL Y uonexy) 10110 dojg < ssooons doyg]  [ensip/ensIA  (9) 16 (z100) r1PUR NH O]
10119 JO $s909ns dojs
pUE SUOJBATIOR JE[[9qAI0 SSO00NS
doys-jsod uoam1aq suone[oLI0d ON -
Suimors Isnoy
Jo119-)s0d pajensuowdp syuedonied - Surssaoo1d [0nU0D JOIFU0I-)SOJ JIsno T ssedons dojs 0350 < ssooons dojs doys-)sog  [ensip/fensip  (0€) 09 (0107) ‘Te 19 YPUPUH 6
Aniqejreae
103dodar ourwedop oyepned
[JIM PIJB[OIIOD SEM JOISN]O JUBdIUSIS - KOUQIO1Jo uonIqIyup I sy 1SS Yim uone[a11od— on) < ssaoons doyg  Axoypny/ensin - (01) 81 (Z102) Te 10 lewRIyeyn
(3osuo [euSis 03)
Aoenooe aseyd asuodsar Jo 10939 dLnowRIR] [(0107) reyoeyos pue
j0U Jnq TYSS YA PIJR[OLIOd uonedonuy I s T (10su0 Io11AY)) st sjuedioned owes)
Kjoanisod sem aseyd uoneredard ayy, - uonedonuy [sno T uonexyy) aseyd Arojeredod Jo 1090 omoweIey  [BNSIA/[ENSIA (8) ¥1 (S102) Te 19 PUAYD [
[010 “reyoeyos
11 snd T (10suo Teusis 03) 29 1011AdY)) se sjuedioned ouwres]
uonedonuy qIIIA °Inqo[ Y aseyd asuodsar Jo 109]J9 oLpoweIed [ensIA /[ensIp ®) 1 (LO07) Te R PUAYD 9
1010 Joye
SuIMO[S J0119-)S0 qIIA 9[nqo] Y SUIMO[S UBIPW UeY) 10Jed1S JO J00J9 oLjoweIe  [eNSIA/[ensIA (8) ¥1 (0107) Teyoeyos pue JOLAYD) ¢
(0019
uoniqryut 1ase. A1 T IMSS Hoys SuLnp) 1110 dojg < ssaoons dojg  [ensip/[ensiA - (V/ND 0€ (6000) 2R 0RYD ¢
3sey dojs jou Suunp
1 08 ueyy 103uof sem [y dojs JoN -
sty dojs jou ueyy
Teusis doys Sunp 10)sej sem [y 0O - uonIqIyuy deudp T oD < ssodons do)g  [ensip/fensip  (ST) 9T (1107) Sunoypue1e) ¢
IA Qo] ¥
100N IA 9Inqo[ T doyg <on Aompnyy/ensip - (L7) 09 (¥107) Te 10 ueURRY T
[ s T
s
qIIA 9[Mqo] T
SuImors paonpur-joryuod Jur [ s (reonuo eudis dojs uoym)
-15033ns ‘s10110 yquyui-dojs Sumnp 11 snd T oD < ssadons doyg
1 03 [enbo pue sfeLn oS uey) 10Mo[s uoniqyuy  (QIA 9[nqo| (TeonLouOU
sem s[ewy puodsar-dojs Sutmp 1 - Surojuowr JOIFU0) T Jedu) opIsO Teusis dojs uoym) on < puodsar  doyg,, Aroypny/ensiA - (0]) ST (L007) Te@uory |
(doyg/00))
s3urpury JsenUO)D) (uoneAnoy Ajrepojn
[ed1ur[)/[eIoiARYdY S[qRION Aq pauru)o( uonoun,j yedd) (S)uorsay Jsenuo)) snnums - (S.A) N JponIy

SOIpMYS [ JOJ UOTPENXd BB ¢ d|qel

pringer

fHs



Neuropsychol Rev (2020) 30:362-385

368

SurSewromau (srewn
pue [YSS U9oMI0q SUOIL[ILIOD ON] - POpIEMAIUN PUE PAPILMAT
4SS 10Q) J09JJ9 UTeW $$900NS 1A 9[mqor SS000NS JO J09JO UIBI
[ pae|aLI0d Aoudim pajiodaryog - uoniqryug [sn T op<doig  [ensip/ensiA  (97) 6 (¥102) Te 10 2qIM 1T
[opow oY) Ul PapN[oul Sem Uonensni] -
uopensny pajodal-Jjos pue
SIOLID JO JOQUINU UIMII] UONR[ALIO)) - Surssoooid 10117 A 2Inqo[ ¥ ssooons dojg < Jo110 doyg  A1ojipny/[ensip 9 s1 (Z102) ‘Te @ wunds o7
a3e yum pIe[aLInd
AjoAnisod o1om uonEANOE TIIA A RINqO[ T (L002)
SIULIOA PUE A 9[NqO[ JYSLI pue oy - uonIqIyuy 1A 9[nqo] Jomo doys < ssooons doyg  [ensip/ensiA  ([7) g Jownuelq 29 I0[Ae] ‘WPIWS ‘eIqny G
X1 STULoA
9eIudp T
TASS Yim paje[orrod I s T (orex euSis dojs uoym)
JOU 2IOM SI)SN[O JB[[GI)) - SULIONUOIA] J0I[FU0D) I s T 00 < ssaoons dojg  [ensIp/[ensip (8) 91 (9107) 'Te 10 eZURIA] 8]
(sren 0sea100p paads
03 1oye dn Jurpaads) Sunyer-ysry 11 s Y 03-1504 < 9searoul paads 03-1504 fensip/ensiA - (07) €€ (6002) Te@IT LI
(BTIIA oInqo]
1 Jedu) ApIsINQO
LSS Suof yim AITT9INqo1 | LSS Hoys < Suo] yiim sfenprarpur
S[enpIAIpUL Ul $5355NS UONIqIYU] A STULOA ur 11 dojg < ssooons dojg  [ensip/ensiA - (0€) 0€ (8007) T80 1T 91
s1ouoyrad Jood
Ul PASea1odp Jnq SIOULIOFId JUaIoJo
UI PISBAIoUI SYO0[q e[ ‘SA A[Ied
UL QOUQISIIP 1S9JeaI3 Y} PIMOYS
Jey) JOISN] JB[[9qaI0 A} Ul ANANOY -
(uonIqIyUuI JUSIOIJ Apreq < ]
a10uI) [SS 10MO[ [IIM POJE[OLIOD AJ1e0 "SA 9)e] ‘AouaroTo (AIVT
sem AJADOR Je[[0qaI00 1Fuons - uonIqIYUI USMIOq OUAIIPIJ  B[IIA 9[nqo] T 1SS YA UOIB[AIIOd — 0f) < $s99ons doig
$300[q 107e] SuLnp (ore) Adudrorye uoniqryuy  B[IIA 9[Nqo[ T (ATava)
I10)5N[5 JuedYIUSIS A[YSIY Jsouwr pue (A11e9) Aouaroryo uoniqryuy I s 1 IMSS Yim uone[aiod — o3 < ssaoons doig
15051e] O} SEM IOISN]D JE[[qAId0 AT, - ([Te19A0) AOUSIOTFO UONIqIYU] A 9qor ¥ TASS YIM uone[orrod — o3 < sseoons dojg  [ensip/ensiA  (97) 9f ($107) ‘Te 10 emwif G
IASS IOMO[s Jou Jnq Iy 10MO[s
M PIJBIOOSSE QIOM OJRUTIILIOSIP (I sno
0} JNOIIP SIOWI AIOM JeT} I[NUNS - J0JO[N T Jedu) opIsinQ ssa0ons doig < on)  A10yIpny/[ensip (L) €T (S107) 'Te 10 Lejyer ]
1091J0 [enuanbas e pajensuowdp
(8L/€L) syuedroned 150 - uonedonuy [su T Ananoe e 03 uo (doyg)d jo 3090 owjowrered  [ensiA/ensiA - (0€) 8L (9100) TeR NH €1
(doyg)d
M PIJR[II0D A[9AESOU J)eI JOLID ((dog)d-q 10 [010Z “Te 30 yyoupuay sopnpout]
SUSS PIM 9)B[aLI0D Jou PIp Inq JOLIF uonaIpald [sno T (doyg)d-1) Jowo uonorpaid Jo 10939 oLpoweIe ] G100 4D
PaJensuOwop Sem J090 [enusnbog - uonedonuy [sno T Ananoe femm oS uo (doig)d Jo 1000 omowerey  [enSIA/ENSIA  (V/N) $11 ‘TT129 ©'S ‘Sueyz “S [ 0p1 “S ‘N T
dnoi3
v oy ur yyuowr jsed oy T SULIP
JO Ioqunu yim uone[orIod danisod
B POMOYS [A SIULIOA UI 19ISN[O Y -
(dorg/0D)
s3urpurj JsenuO)) (uoneAndy AjrepoIN
[eorur[)/[eIOIARYR] S[qBION Aq pautuid)o( uonoung yes ) (s)uordoy 1seUO)D) snnums  (SBN) N NIy

pringer

(ponunuod) g J[qeL,

A's



Neuropsychol Rev (2020) 30:362-385

369

that a given voxel is activated for a task of interest (ALE
statistic). GingerALE performs a nonparametric permutation
test of statistical significance, testing the null that foci are
evenly spread throughout the brain. We used a cluster forming
threshold of p <.001, a cluster-based familywise error (FWE)
corrected threshold of p < .05, and 1000 permutations, as sug-
gested by Eickhoff et al. (2012).

We ran six ALE analyses to test both cerebellar and whole
brain activity. We first performed analyses exclusively with
cerebellar coordinates to generate patterns of cerebellar activ-
ity specifically, similar to previous work (Keren-Happuch
et al., 2014; Bernard & Mittal, 2015). The proactive control
analysis included 483 subjects, 13 experiments (individual
contrasts), and 28 foci. The reactive control analysis included
348 subjects, 12 experiments, and 22 foci. Then, we per-
formed analyses of the same contrasts but included whole
brain coordinates to observe if the cerebellar activity was still
present in the context of whole brain activation. The proactive
control analysis included 483 subjects, 13 experiments, and
206 foci. The reactive control analysis included 394 subjects,
12 experiments, and 211 foci.

Finally, we ran whole-brain ALE analyses including the 12
studies with null cerebellar findings (see supplementary
references). Within the 16 articles that were found to have null
cerebellar findings, four could not be included in meta-
analysis because they did not present coordinates of their
whole brain findings in the control group alone. Seven (nine
experiments) were included in the whole brain proactive con-
trol meta-analysis and five (six experiments) were included in
the reactive control meta-analysis. Notably, seven out of nine
proactive control contrasts added measured a form of risk-
taking or pre- or post-error processing. The proactive control
analysis included 739 subjects, 22 experiments, and 292 foci.
The reactive control analysis included 441 subjects, 18 exper-
iments, and 279 foci.

Results
Data Extraction

Data extraction for results is presented in Tables 2 and 3.
Table 2 lists studies alphabetically; Table 3 lists them accord-
ing to inhibitory control function measured and includes neu-
roimaging details. Figures 4 and 5 illustrate locations of cere-
bellar activations according to function. Studies included 749
participants, 28 contrasts, and 38 cerebellar clusters. Most
SSTs (n=11) utilized a simple RT task, with stop signal pre-
sentation on 25-30% of trials. In addition, most of these stud-
ies used the same task. Eight studies used a choice RT task,
and two utilized complex visual stimuli. All studies used a
staircase procedure based on the race model to determine the
critical SSD that resulted in 50% success on stop trials. This

method was employed by starting with an SSD of approxi-
mately 200 ms and increasing the delay by 30-70 ms if the
response was inhibited or decreasing the delay if the response
was not inhibited. In most studies (» =16), the go and stop
stimuli were visual; five studies used a tone stop signal. One
study designated relevant (inhibit) and irrelevant (do not in-
hibit) stop (or not stop) or go signals of different colors or
shapes (Aron, Behrens, Smith, Frank, & Poldrack, 2007).
While studies demonstrated much consistency in their stimuli
and behavioral analyses, they varied substantially in their neu-
roimaging analyses, yielding a variety of contrasts that en-
compass various cognitive processes involved in inhibitory
control. The most common contrast for proactive control
was the parametric effect of the hemodynamic response at
either go or fixation cross onset (8 contrasts). The most com-
mon reactive control contrast was contrasting the hemody-
namic response on successful stop trials with go trials (8 con-
trasts). Only four studies contrasted successful stop trials with
stop error trials.

Study quality was determined to be comparable across
studies. Using a system in which each study could earn a total
of 24 points (8 categories in which they could earn 1, 2, or 3
points for low, medium, and high quality), 17 studies scored
above 16. Five studies earned scores of 20 or higher. The four
studies that scored 14 or 15 all used 1.5 T scanners. The
greatest weaknesses across studies were imaging parameters
and preprocessing techniques: most studies likely did not ob-
tain full cerebellar coverage in all participants and most used a
relatively large smoothing kernel for investigating cerebellar
activity (> 8 mm). These weaknesses will be discussed further
regarding limitations of this review, but studies were generally
comparable in quality.

Cerebellar Correlates of Proactive Control
Anticipation

Five studies investigated proactive control during the fore-
period as participants awaited presentation of the go signal.
Three studies from the same group measured stop signal an-
ticipation using a Bayesian model in which predicted proba-
bility of encountering a stop signal is assumed to affect behav-
ior and neural activity during go trials (J. Hu et al., 2016; S.
Hu, Ide, Zhang, & Li, 2015; S. Hu, Ide, Zhang, Sinha, et al.,
2015). It is hypothesized that these processes represent con-
flict anticipation and proactive control. These studies found
that greater activity in left Crus I during go trials was associ-
ated with greater stop signal anticipation. In addition, greater
anticipation was associated with longer go RT, interpreted as
the behavioral effect of withholding responses. Internal
models are also hypothesized to work via Bayesian prediction,
so using a Bayesian framework for SST tasks may tap into
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Number of Contrasts Reporting Activity in Cerebellar

Lobules by Domain Assessed
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Activity in Cerebellar Hemispheres
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Fig. 4 Number of contrasts reporting activity in cerebellar lobules. Each instance of a contrast that reported an activation peak within a specific lobule

was plotted

cerebellar internal models specifically (Wolpert &
Ghahramani, 2000).

Two studies investigated anticipation during the fore-
period without Bayesian prediction. Chevrier, Cheyne,
Graham, and Schachar (2015) modeled activity of go trials
at fixation and go onset together, finding activation during

Fig. 5 Approximate locations of cerebellar clusters, plotted on the
Spatially Unbiased Infra-tentorial Template (SUIT) cerebellum
(Diedrichsen, 2006). Peak activation of each individual cluster was plot-
ted, according to function measured by the contrast. Activations with a

the fore-period in medial left Crus I/vermis that was positively
correlated with SSRT (greater activity was related to less effi-
cient inhibition). The authors interpreted this relationship to
represent preparation for motor execution rather than prepara-
tion to inhibit. Hu and Li (2012) used two linear models to
separate activity related to preparation for inhibition and

' Anticipation

A Monitoring

Inhibition

Motor

focus outside the cerebellum were not plotted. Left side of the figure is left
side of the cerebellum and numbers represent MNI coordinates.
Locations are approximate to within 5 mm for visualization purposes
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preparation for motor execution. Their study showed activity
in a large cluster that encompassed right lobule V and bilateral
lobule VI (though the focus of the lobule VI clusters was
outside the brain according to the SUIT atlas) before success-
ful inhibition. However, this cerebellar cluster is part of a
larger cluster with a peak in the cuneus, which may have
arisen partially due to registration and smoothing methods
(Schlerf, Wiestler, Verstynen, & Diedrichsen, 2014).

Two studies of the same participants parametrically
modeled anticipation at go signal onset, showing activity in
right lobule VIIIb and left Crus II (Chevrier et al., 2015,
2007). Right lobule VIII contains a secondary motor represen-
tation of the right hand (Buckner et al., 2011), so lobule VIII
activity could represent an inverse model for withholding a
response after the go signal until a decision is made, whereas
left Crus II activity could represent a forward model for
predicting the trial outcome or withholding, similar to Hu
et al.’s Bayesian model. The authors argued that this activity
is measuring a withholding process that is engaged after go
signal onset, as opposed to the preparation-related activity that
is engaged at fixation onset (the anticipation period).

Most cerebellar activity during anticipation was observed
in the left superior posterior cerebellum, which demonstrates
modularity for cognitive function (Stoodley & Schmahmann,
2010). Therefore, it is possible that left Crus I is creating
internal models of task instructions that are governed by the
prefrontal cortex. However, there is disagreement about how
to best model this activity, lenient thresholds were used which
increases the likelihood of false-positive results, and all stud-
ies were from two research groups, so these findings should be
considered preliminary.

Monitoring

Conlflict and error monitoring studies compared neural effects
of monitoring for a salient signal or adjusting behavior based
on previous trials. One study measured monitoring using dif-
ferent types of stop trials in which participants were either
required to stop or to respond anyway despite a conflicting
signal (Aron et al., 2007). This method purportedly measured
inhibition preparation and conflict-induced slowing. Aron
et al. (2007) observed similarly located activity during both
monitoring and inhibition, in multiple clusters located in left
Crus I and II and near left lobule VIIb. However, the focus of
one large cluster was outside of the brain, reflecting issues in
cerebellar imaging and normalization, and an image of these
clusters was not available. Despite some weaknesses in imag-
ing methodology and a small sample size, Aron et al.’s (2007)
study tentatively suggests activity during monitoring and in-
hibition may represent coupled forward and inverse models
for predicting and controlling responses, respectively
(Wolpert & Kawato, 1998).
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Another conflict monitoring study demonstrated anterior
cerebellum activity for motor activity when stop signals were
common (and go signals were more salient), left posterior
cerebellar activation for inhibition activity when stop signals
were rare (salient), and left posterior cerebellum and vermis
activation for the conjunction of inhibition success when stop
signals were salient (Manza et al., 2016). They did not report
coordinates for the first two contrasts, so it is unclear where
the foci of these clusters were, though their figures clearly
depict cerebellar activity. These findings suggest that the cer-
ebellum possibly predicts or controls the more salient re-
sponse based on previous trials. The cerebellum may therefore
be part of a conflict-monitoring network, helping to predict
and slow responses until conflict is resolved by conditional
rule retrieval (Aron et al., 2011).

Two studies measured error monitoring, but in different
ways. S. Hu, Ide, Zhang, and Li, (2015) observed cerebellar
activation in left Crus I following Bayesian prediction error
(thought to represent surprise when a stop signal was expected
but did not occur), which may represent updating internal
models (den Ouden, Kok, & de Lange, 2012). Spunt,
Lieberman, Cohen, and Eisenberger (2012) used a mixed design
including SST blocks and go-only blocks, finding right lobule V
activation for stop errors during SST blocks. This activity is
likely motor-related because lobule V is known to contain motor
modules and stop error includes a motor response.

Regarding post-trial behavioral adjustment, Hendrick, Ide,
Luo, and Li (2010) contrasted activity during post-conflict cog-
nitive control (post-stop stop success — post-go stop success),
finding activations in left Crus II and right Crus I. Chevrier and
Schachar (2010) measured post-error slowing by combining
parametric effects of BOLD responses to error responding, er-
ror detection, and slowing on the trial subsequent to the error.
They observed activity in right lobule VIIb. Interestingly, the
cerebellar cluster was more strongly positively associated with
post-error slowing than other clusters, and activity in
dopamine-related areas was negatively associated with post-
error slowing, suggesting a potential role for the posterior cer-
ebellum in mediating reward signaling in response to errors. In
contrast, Li, Chao, and Lee (2009) found right Crus II activity
during post-go speeding (“risk-taking”). Notably, both post-
error adjustment studies demonstrated right hemisphere activity
and suggest a potential reward circuit process.

Generally, monitoring studies have been more variable in
their approaches than anticipation studies, but cerebellar ac-
tivity was fairly consistent. Most studies seem to suggest that
the left posterior cerebellum predicts the appropriate response,
in agreement with anticipation studies. Conflict monitoring
and post-trial behavioral adjustment in posterior cerebellar
lobules may represent fine-tuning and automation of task per-
formance (Ramnani, 2006) or response to reward. Few studies
observed cerebellar responses to error processing, so its pri-
mary role in proactive control may be predicting.
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Cerebellar Correlates of Reactive Control
Inhibition

Eight studies observed cerebellar effects during reactive con-
trol, including studies that compared relevant and irrelevant
“stop” signals, studies that compared successful stop trials and
go trials, and studies that measured inhibition efficiency. Two
utilized multiple types of trials in which participants were
instructed to either stop or ignore the stop signal. Cai and
Leung (2011) found activation in the left dentate nucleus
(the output nucleus of the cerebellum) for successful stopping
during a mixed event-related and block design incorporating a
SST and “Not Stop Task”. Dentate activity suggests that the
cerebellum is sending information to the cortex during the
SST. Howeyver, it is unclear how accurate this result is because
this study likely did not image the inferior cerebellum in many
participants. Aron et al. (2007) found activity in left posterior
(Crus I and II) and midline inferior (left lobule VIIb) cerebellar
regions during successful stopping in tasks that included
uncertain and certain go trials. Both studies required
participants to keep rules in mind about which stimuli were
associated with stopping, but Cai and Leung (2011) indicated
rules at the beginning of trial blocks, presumably reducing
cognitive load. Therefore, participants in Aron’s study may
have been more engaged in conflict monitoring and rule re-
trieval on single trials, engaging the superior posterior lobules
that are also associated with proactive control and other EFs.

Regarding studies that compared stop trials with go tri-
als, Rubia et al. (2007) observed left lobule V and right
lobule VI activity during successful inhibition, opposite to
what would be expected when participants were using their
right hand. Wilbertz et al. (2014) found activity for all stop
trials (successful and failed) in left Crus I and a main effect
of success in right lobule VI. Their task used two different
stop stimuli that indicated whether the participant would get
a reward or not for successful inhibition; therefore, partic-
ipants may have been more motivated to perform well on
some trials than others.

Four studies investigated neural relationships with inhibi-
tion efficiency, two that included SSRT as a predictor in the
neuroimaging model and two that contrasted long and short
SSRTs. The two studies that included SSRT as a predictor in
their neuroimaging model found that in general, greater
cerebellar activity was associated with better inhibitory
control performance. Ghahremani et al. (2012) found that
shorter SSRT was associated with bilateral posterior cerebel-
lum activity, with a focus in right Crus II. The second study to
include SSRT in their neuroimaging model investigated the
relationship between successful stopping and SSRT across
time (Jimura et al., 2014). Right lobule V activity was nega-
tively correlated with SSRT over the entirety of the task, pos-
sibly representing motor modules influencing inhibition

efficiency. Further, whereas left Crus II activation was associ-
ated with shorter SSRT during the first half of the task, left
lobule VIlIa activation was associated with shorter SSRT dur-
ing the second half of the task. The lobule VIIla cluster was
the largest and strongest result in their study. The relationship
between SSRT and left lobule VIIIa became significantly
more negative during the task, due to stronger activation in
good performers and lower activation in poor performers;
therefore, lobule VIIIa may have helped to optimize perfor-
mance in good performers (Ramnani, 2014).

Two studies of efficiency that utilized the same task inves-
tigated differences between short and long SSRTs. A within-
subjects study observed that stopping success during shorter
SSRT blocks was associated with greater activation in left
lobule I-IV (Chao, Luo, Chang, & Li, 2009). Differences in
left lobule I-IV when participants were using their right hand
is curious, but they used a larger smoothing kernel than other
studies (10 mm), which may blur cerebellar activations
(Schlerf et al., 2014). Nevertheless, this study suggests that
motor-related modules may influence inhibition efficiency. In
contrast, a between-subjects study found activations in right
lobule I-IV, vermis VI, and a small cluster with a maximum
outside the brain but near left lobule VIIla during successful
stopping in individuals with longer SSRT (Li, Yan, Sinha, &
Lee, 2008). As a longer SSRT decreases the probability of
inhibiting a response (Matzke et al., 2018), this ipsilateral
motor lobule activity may represent a compensatory process
in contrast to contralateral motor lobule activity observed by
Chao et al. (2009).

In general, studies of efficiency demonstrated activity in
lobules with motor representations (lobules I-V and VIII).
Studies that investigated inhibition efficiency across the en-
tirety of the task observed activity in the anterior (motor) lob-
ules; however, Jimura et al. (2014) suggested that neural ac-
tivity may change to secondary motor lobules over the course
of the task. These studies of inhibition efficiency demonstrat-
ed stronger cerebellar than cortical activity, whereas studies
that did not include efficiency in their models generally ob-
served stronger cortical activity. Thus, motor-related cerebel-
lar lobules (I-V and VIII) may be the brain regions most
strongly associated with performance optimization as a person
becomes more experienced with the task, consistent with con-
trol theory (Ramnani, 2014).

Locations of reactive control-related activity are more
variable than those of proactive control, though some pat-
terns emerged. There was activity in similar regions to pro-
active control contrasts, including left Crus I and II, as well
as distinct activity in the left inferior posterior lobules.
Anterior lobules appear to be implicated in studies of inhi-
bition efficiency in particular, as well. Therefore, different
cerebellar internal models may be facilitating proactive and
reactive control, and both may be active during different
phases of the SST. Additionally, it appears that studies with
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more complex stimuli or rules demonstrated activity in
prediction-related regions, possibly related to greater cog-
nitive processing demands. Notably, inhibition-related
findings may include proactive control effects because they
are not parsed apart when comparing successful stopping
and going (Chevrier et al., 2007).

Motor Activity

Two studies observed cerebellar activation during go trials.
Berkman, Kahn, and Merchant (2014)1 observed activity in
bilateral lobule VI when comparing go and successful stop
trials, with left lobule VI activity stronger than right. Because
this cluster was located in the anterior part of lobule VI, part of
this cluster may encompass motor-related lobule V, and part of
the hand representation in the cerebellum is located in contra-
lateral lobule VI, as well (Buckner et al., 2011). Jahfari,
Waldorp, Ridderinkhof, and Scholte (2015) reported cerebellar
activity in a large cluster that likely includes much of the left
hemisphere; however, the maximal focal location appears to be
outside the brain and no image was available for inspection.

Concurrent Activity outside the Cerebellum

Cerebellar activity was present with cortical and subcortical
regions previously associated with the SST (Bari & Robbins,
2013; Swick et al., 2011). The thalamus, which is a relay station
between the cerebellum and cortex (Buckner, 2013), was active
during most studies, providing evidence that the cerebellum is
sending information to the cortex. The inferior parietal lobule
(TPL) and insula, parts of attention/executive and salience net-
works (Dosenbach, Fair, Cohen, Schlaggar, & Petersen, 2008;
Dosenbach et al., 2006), were active most often during proac-
tive control studies. Thus, anticipation may be more related to
attention, monitoring, and maintaining task sets than directly
inhibiting, which echoes the predictive role of forward models.
The Hu group studies all demonstrated pre-SMA and Crus |
activation during anticipation, but studies of reactive control
did not observe pre-SMA activity and less frequently reported
Crus T activity, suggesting Crus I may communicate with the
pre-SMA to predict appropriate motor responses.

The right orbitofrontal cortex (OFC) was also frequently
active during proactive control, most often with left Crus I and
II. The OFC is associated with numerous functions, including
inhibitory control, reward processing, prediction error, and
cognitive mapping of task demands (Fettes, Schulze, &
Downar, 2017; Kringelbach & Rolls, 2004; Stalnaker,
Cooch, & Schoenbaum, 2015). The OFC and cerebellum
have both been associated with prediction, and thus may

! These results were not published in the article, but the analyses were per-
formed as part of the published study and received through personal
communication.
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communicate to predict the appropriate response during
proactive control. Stalnaker et al. (2015) hypothesized that
the OFC abstractly represents task requirements which sug-
gests it could provide the posterior cerebellum with rules for
forming internal models. The OFC has been strongly associ-
ated with processing of abstract reward and emotion, as well
(Kringelbach & Rolls, 2004), which may be related to moti-
vation to perform well on the SST or reaction to errors (pun-
ishment). If the OFC is communicating with the cerebellum,
error signals from the cerebellum may influence performance
through reward or rule processing in the OFC.

The IFC was active for nearly all reactive control contrasts
and a few monitoring studies; it was not active during anticipa-
tion. Thus, it may be the center responsible for generating stop-
ping commands that inform cerebellar internal models of
inhibiting, consistent with previous work (Swick et al., 2011).
Motor-related lobules (I-V and VIII) were only active during
reactive control, so they may contain inverse models for control-
ling motor inhibition from commands originating in the IFC
(Ramnani, 2006). However, this idea is speculative because
two contrasts with results in lobule VIIla were from the same
study (Jimura et al., 2014) and results from reactive control stud-
ies were inconsistent.

Potential Moderators

A few potential moderators of cerebellar activity during SST
performance were observed in this review. For example, com-
plex stimuli may engage more perceptual or attentional process-
ing than simple tasks. Some simple SST studies demonstrated
inferior results, whereas choice SSTs more often had superior
posterior results, and potentially reflect more monitoring-related
activity (e.g., Aron et al., 2007; Cai & Leung, 2011; Wilbertz
et al., 2014). However, the study with the most complex stimuli
only observed motor activity (Jahfari, Waldorp, Richard
Ridderinkhof, & Steven Scholte, 2015), which appears to be
counterintuitive.

Jimura et al.” (2014) observation of changes in brain-
behavior relationships over time indicates that imaging results
may be affected by practice or a large number of trials, consis-
tent with the cerebellum’s role in associative learning and op-
timization (Ramnani, 2014). Other studies finding activity in
inferior cerebellar regions employed either long practice runs
(Cai & Leung, 2011) or over 400 trials (Cai & Leung, 2011;
Jimura et al., 2014; Manza et al., 2016). Thus, superior cere-
bellar regions may be active early in the task when more con-
scious processing is required, and activity may shift to inferior
regions as internal models are updated and processing becomes
more automatic. Alternatively, internal model function may
shift from predicting to controlling appropriate responses.

Emotional or motivational factors may also impact SST per-
formance and neural activity (Braver, 2012; Leotti & Wager,
2010), as studies that measured these processes (i.e., risk-
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taking, reward, frustration) found right cerebellar hemisphere
activity in lobules V and VI (Li et al., 2008; Wilbertz et al.,
2014; Spunt et al., 2012). Keren-Happuch et al. (2014) and
Stoodley and Schmahmann (2009) both observed unique
emotion-related activity in their meta-analyses in right lobule
VI, suggesting that emotion may influence cerebellar activity,
as well.

ALE Meta-Analysis

Cerebellar ALE analyses revealed two significant posterior cer-
ebellum clusters during proactive control contrasts. The first
cluster was centered on left Crus I, extending to left lobule VI
and left dentate nucleus. The second cluster was also located in
left Crus I, medial to the first cluster. During reactive control,
one significant cluster was present in left lobule VIIla and left
Crus II. Figures 6 and 7 and Table 4 display these significant
results.

With regard to proactive control, whole brain ALE analyses
replicated cerebellum-specific analyses and also included a wider
network of activation. Proactive control contrasts activated the
same, but smaller, clusters centered on left Crus I, and also acti-
vated right OFC, bilateral IPL, right thalamus, and right red
nucleus. When studies of proactive control that had null

Fig. 6 Cerebellar results of activation likelihood estimation (ALE) meta-
analyses for proactive and reactive control contrasts. Analyses were
performed in the cerebellum only and the whole brain. Further whole-
brain analysis included studies with null cerebellar results, but no
significant cerebellar activations were observed. Analyses utilized 1000

cerebellar results were included in the meta-analysis, the cerebel-
lar, thalamic, and red nucleus clusters were no longer significant.
Whole brain reactive control ALE analysis demonstrated signif-
icant clusters in the left IFG and right thalamus, but no significant
clusters were present in the cerebellum. Reactive control ALE
including null papers showed the same IFG and thalamus clus-
ters, plus further activation in the left insula and left claustrum.

Discussion

This review provides evidence that the cerebellum participates
in cognitive inhibitory control processes during the SST.
Contrasts measuring proactive control demonstrated cerebel-
lar activity most often in the superior posterior cerebellum,
and ALE analyses of these same contrasts confirmed high
likelihood of activation spanning left Crus I/II and lobule
VI. Studies of reactive control showed more variable activity
in both anterior and posterior lobules, with more activations
located in the posterior cerebellum. ALE analysis including
only cerebellar coordinates showed a high likelihood of acti-
vation during reactive control in left lobule VIlla; however,
this result was not replicated with whole-brain ALE analysis,
leaving this association tenuous. Results of this review and

Reactive Control
(Cerebellum Only)

. Proactive Control
(Cerebellum Only)

. Proactive Control
(Cerebellum Only and
Whole Brain Overlap)

permutations, a cluster-forming threshold of uncorrected p < .001, and
cluster-level family-wise error corrected threshold of p < .05. Results
were plotted on the SUIT template using MRIcron (nitrc.org/projects/
mricron). The left side of the figure represents the left side of the brain
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Fig. 7 Cortical results of whole-brain activation likelihood estimation
(ALE) meta-analyses for proactive and reactive control contrasts.
Analyses were performed with papers reviewed and including studies
with null cerebellar results. Analyses utilized 1000 permutations, a

meta-analysis support previous findings of posterior cerebellar
activation during EF processes (Buckner et al., 2011; Keren-
Happuch et al., 2014; Stoodley & Schmahmann, 2009), and
extend them to proactive and reactive inhibitory control
specifically.

Performing both cerebellum-specific and whole brain ALE
meta-analyses allowed us to quantitatively show which re-
gions of the cerebellum are most likely active, and whether
the cerebellum is consistently among the brain regions active
during proactive and reactive control. Consistent with the
findings of the review, we demonstrated that given studies of
the SST that find cerebellar activity, studies of proactive con-
trol are more likely to activate the left Crus I/II and lobule VI;
studies of reactive control are more likely to activate lobule
VIIla and Crus II. Second, we showed that these same studies
of proactive control activate a fronto-parietal-thalamo-
cerebellar circuit, consistent with known cerebello-cortical
connectivity (Bostan et al., 2013; Buckner et al., 2011) and
previous literature on executive functioning (Keren-Happuch
et al., 2014; Niendam et al., 2012). While including proactive
control contrasts with null cerebellar findings eliminated the
significant cerebellar and thalamic activity, it is important to
consider that the studies that did observe cerebellar activations
mainly investigated stop signal anticipation and conflict mon-
itoring (10/13 contrasts), whereas the majority of the null
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cluster-forming threshold of uncorrected p < .001, and cluster-level
family-wise error—corrected threshold of p < .05. Results were plotted
on the Colin27 template using MRIcron (nitrc.org/projects/mricron). The
left side of the figure represents the left side of the brain

studies measured activity related to making errors or risk-
taking (7/9 contrasts). Therefore, these two meta-analyses
may actually be capturing different cognitive processes. We
originally classified any papers that included error monitoring,
conflict monitoring, anticipation, or risk-taking as proactive
control because these processes are ongoing prior to stop sig-
nal presentation and there were very few studies that measured
any aspect of proactive control; however, the results of the
meta-analysis indicate that multiple cognitive processes are
occurring during proactive control. What our findings suggest
is that the posterior cerebellum is likely active during conflict
monitoring and predicting when a stop signal will occur. It
may be less important for error processing and risk-taking/
aversion. In addition, while ALE analysis did show activity
during reactive control in the left [IFG and right thalamus,
well-established inhibitory control regions, it also suggests
that the cerebellum may not be necessary for reactive control,
at least on the SST (Swick, Ashley, & Turken, 2008; Swick
etal., 2011).

Regarding location, two broad results suggest the cerebel-
lum facilitates successful performance in the SST through
influencing executive control. First, posterior cerebellar activ-
ity during contrasts that controlled for motor activity indicates
that the posterior cerebellum participates in cognitive process-
ing, as previous work demonstrated cerebellar segregation for
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Table 4 Significant clusters
resulting from activation Cluster  x y z BA ALE Value P Z Label (Nearest Gray
likelihood estimation (ALE) me- # Matter within 5 mm)
ta-analyses. Analyses were per-
formed in the cerebellum only Proactive Control - Cerebellum Only
and the W}}Ole brail?. FUﬁhef 1 -32 =72 28 N/A 0.01740602 5.72E-08  5.302258 L CrusI
whole-brain analysis included 1 26 -70 -32 NA 001654747  1.50E-07 5.123919 L Crusl
studies with null cerebellar re-
sults. Analyses were performed in 1 28 =70 22 N/A 0.01091998 1.38E-05  4.192065 L Lobule VI
MNI space. Analyses utilized 1 -18 62 32 N/A 0.00798235 439E-04 3.3268542 L Dentate
1000 permutations, a cluster- 2 -12 80 26 N/A 0.0221949 5.14B-10  6.1049204 L Crusl
forming threshold of uncorrected Reactive Control - Cerebellum Only
p<.001, and cluster-level
familywise error corrected 1 —-12 —-64 —46 N/A 0.02133421 3.59E-10  6.162231 L Lobule Vlila
threshold of p <.05. L, left; R, 1 -18 72 38 N/A 0.00813069 2.24E-04  3.5105553 L CrusII
right Proactive Control - Whole Brain
1 36 58 -2 10 0.0302213 9.91E-10  5.999289 R Middle Frontal Gyrus
2 56 —42 48 40 0.0237091 1.57E-07 5.1149297 R Inferior Parietal
Lobule
2 48 —48 56 40 0.01458694 1.06E-04  3.7048268 R Inferior Parictal
Lobule
3 8 -18 —12  N/A 0.01943064 3.53E-06 4.492023 R Red Nucleus
4 -32 72 28 N/A 0.01740603 1.45E-05 4.1804914 L CrusI
4 26 =70 32 N/A 0.01654749 2.74E-05 4.0345416 L CrusI
5 58 —46 40 40 0.020789 1.35E-06  4.6930375 L Supramarginal Gyrus
5 58 —40 48 40 0.01652463 2.79E-05  4.030187 L Inferior Parietal
Lobule
6 -12 -80 26 N/A 0.02348679 1.85E-07  5.083593 L CrusI
7 14 -12 8 N/A  0.02171442 6.96E-07 4.82613 R Thalamus
Reactive Control - Whole Brain
1 —44 46 2 45 0.01995472 1.95E-06 4.616189 L Inferior Frontal Gyrus
1 40 36 0 47 0.01935691 2.98E-06 4.527632 L Inferior Frontal Gyrus
2 10 -6 6 N/A  0.02293638 1.92E-07 5.076678 R Thalamus
Proactive Control — Whole Brain with Null Studies
1 36 58 -2 10 0.03022155 1.22E-08 5.578212 R Middle Frontal Gyrus
2 56 —42 48 40 0.02370922 1.08E-06  4.7382326 R Inferior Parietal
Lobule
Reactive Control — Whole Brain with Null Studies
1 —42 48 4 10 0.024222739  2.45E-07  5.030038 L Middle Frontal Gyrus
1 —-40 36 0 46 0.019385377 8.04E-06 43133397 L Inferior Frontal Gyrus
2 10 -6 6 N/A  0.03066832 1.79E-09  5.9022512 R Thalamus
3 32 22 2 13 0.017918473  2.14E-05 4.0913696 L Insula
3 -32 16 -8 N/A  0.017587323  2.66E-05  4.040802 L Claustrum

cognitive activity in posterior lobules (Stoodley &
Schmahmann, 2010). Second, left cerebellar hemisphere ac-
tivity suggests that the cerebellum works with the right-
lateralized cortical inhibition network, because the cerebellum
is mainly contralaterally connected to the cortex (Bostan et al.,
2013). Activation of a fronto-parietal-thalamo-cerebellar cir-
cuit during proactive control was confirmed via whole-brain
meta-analysis, indicating that left Crus I/Il and lobule VI assist
the OFC and IPL to predict and coordinate appropriate
behavior.

Altogether, the cerebellum is likely more involved in pro-
active control (i.e., anticipation and conflict monitoring) than
reactive control, supporting the hypothesis that the cerebellum
largely acts as a short-term predictor via internal models
(Caligiore et al., 2016; Ito, 2008; Ramnani, 2006, 2014). It
may utilize forward models in left Crus I and II to predict the
appropriate response guided by cortical networks and there-
fore facilitate withholding inappropriate responses.
Speculatively, left crus I and II may receive information re-
garding rules, goals, and intentions from the PFC, and then
create internal models to predict and monitor task
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Fig. 8 Hypothesized cerebello-
cortical circuits involved in pro-
active (dark gray) and reactive
(light gray) control. Proactive
control is hypothesized to utilize
internal models in the superior
posterior cerebellum to predict
appropriate behavior via rules
encoded in the orbitofrontal cor-
tex and sensory information syn-
thesized by the parietal cortex.
Reactive control may function via
forward and/or inverse models to
control motor responses when in-
hibition is initiated by the inferior
frontal gyrus, and may function to
optimize performance. Dashed
lines indicate that there was less
empirical support for the reactive
control pathway as it was not
supported by whole-brain meta-

Hypothesized Networks

Inferior

Inferior
Posterior

analysis

Proactive Contro!

Cerebellum

Reactive Control

»

performance that are updated as the task progresses via sen-
sory information received from the parietal lobes (Fettes et al.,
2017; Munakata et al., 2011). See Fig. 8 for hypothesized
fronto-parietal-thalamo-cerebellar circuits for proactive con-
trol. Behaviorally, the studies reviewed suggest that resulting
behavior may include preemptive RT slowing and improved
conflict monitoring (Aron et al., 2007; Chevrier et al., 2015,
2007; S. Hu, Ide, Zhang, & Li, 2015).

However, because fMRI cannot determine which specific
neural processes are occurring, future work should aim to
determine whether and how the cerebellum creates internal
models during inhibitory control (Huettel, 2012; Logothetis,
2008). It is possible that concurrent activation patterns ob-
served are simply coincidental, but the literature supports
functional and anatomical connections between these cerebel-
lar and cortical regions (Bostan et al., 2013; Buckner et al.,
2011). Future investigations should characterize these connec-
tions utilizing effective functional connectivity with whole-
brain and region of interest methods, including the cerebellum
(Friston, 2011). These methods can elucidate directional in-
formation flow to demonstrate if the cortex initiates inhibitory
control commands and then the cerebellum creates internal
models, sending updated information back to the cortex.
Bayesian prediction models of proactive control may measure
forward models specifically, so future studies using this
framework may elucidate the nature of internal models during
inhibitory control (Wolpert & Ghahramani, 2000). Methods
with better temporal resolution such as electroencephalogra-
phy (EEG) and combined fMRI/EEG could also possibly help
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characterize interactions among brain regions at millisecond
resolution to investigate internal model formation during in-
hibitory control (Laufs, 2008).

Although there was less consistent evidence for a cerebellar
role in cognitive aspects of reactive control, it is possible that
multiple paired forward and inverse models are operating to
predict and control responses, which may be demonstrated by
the greater variability of activation locations in anterior and
posterior cerebellum (Wolpert & Kawato, 1998). In addition,
the cerebellum may be primarily involved in automating and
optimizing SST performance, supported by stronger cerebel-
lar than cortical activity within the few studies of inhibition
efficiency (Koziol et al., 2011; Ramnani, 2014). Specifically,
the three studies that observed cerebellum — SSRT correlations
found negative relationships and stronger cerebellar than cor-
tical effects (Chao et al., 2009; Ghahremani et al., 2012;
Jimura et al., 2014). This idea is also potentially supported
by Jimura et al.’s (2014) finding that cerebellum — SSRT re-
lationships became more strongly negative over time and may
have enhanced performance. Automatic and unconscious pro-
cessing have both been demonstrated during the SST, so the
cerebellum may facilitate these processes, eventually reducing
processing load on the PFC (van Gaal, Ridderinkhof, van den
Wildenberg, & Lamme, 2009; Verbruggen & Logan, 2008a).
These changes in activity over time could not be investigated
via meta-analysis, but suggest that future studies should inves-
tigate dynamic changes in neural activity during the SST and
other inhibitory control tasks, and they should specifically
include the cerebellum.
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Fig. 9 Possible questions for future research raised by this review and possible methods to address those questions. SST, stop signal task; ICA,
independent components analysis; EEG, electroencephalography; fMRI, functional magnetic resonance imaging

Findings of this review may have clinical implications that
future studies should elaborate. In accordance with the dysmetria
of thought hypothesis (Schmahmann, 2004), if the cerebellum is
more of a facilitator than generator of thoughts or actions, cere-
bellar dysfunction will not completely disrupt inhibitory control,
but reduce efficiency or accuracy. Because many disorders are
associated with both inhibitory control and cerebellar deficits
(Armnsten & Rubia, 2012; Lipszyc & Schachar, 2010; Nowrangi
et al., 2014), cerebellar function, or internal models specifically,
could be investigated as possible endophenotypes. For example,
Bernard and Mittal (2015) argued that malfunctioning internal
models in the cerebellum may result in uncoordinated or ineffi-
cient EF abilities in schizophrenia.

Regarding potential interventions, studies of cerebellar
stimulation have shown promise for regulating prefrontal ac-
tivity and working memory, so this work may be extended
into other domains (Caligiore et al., 2016; Grimaldi et al.,
2016, 2014; Pope & Miall, 2012). This review only focused
on studies of healthy individuals, but future work can build
from this review’s findings and investigate relationships

between cerebellar activity and inhibitory control across
disorders.

While patterns emerged that generally support previous
literature and theories of cerebellar function, limitations must
be considered. There is still disagreement among researchers
about the most effective way to measure inhibitory control
with neuroimaging contrasts due to myriad processes in-
volved in the SST (Li et al., 2008); therefore, there was sub-
stantial heterogeneity among contrasts. This was evidenced by
the proactive control contrasts particularly, as when we added
the null studies of risk-taking and error processing into our
meta-analysis, our cerebellar cluster became nonsignificant.
The SST also relies on many assumptions, but investigators
attest to its utility as a model paradigm (Bari & Robbins,
2013). Logan et al. (2014) and Matzke et al. (2018) noted that
the independent race model continues to be the most useful
model for go and stop processes, but that assumptions may be
violated. For instance, proactive control may violate the inde-
pendence assumption if processing during the fore-period af-
fects go and stop processes. All studies included in this review
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referenced the independent race model, but future work may
consider exploring other models that may better account for
interactions between go and stop processes during different
task phases (Logan et al., 2014; Matzke et al., 2018). These
considerations may be especially important for studies of pro-
active control. Importantly, we did not investigate multiple
EFs and thus cannot directly assess the similarities and differ-
ences between inhibitory control and other subcomponents of
executive functioning; however, this study adds to the broader
literature on the cerebellum’s role in EF by analyzing proac-
tive and reactive control in a task that has not been included in
previous reviews or meta-analyses. Further, our review and
meta-analysis suggest that the posterior cerebellum is likely
working with the PFC to predict responses, which is a process
common to other EFs (Miyake et al., 2000). The SST neuro-
imaging literature is still quite limited compared to other EF
tasks, but with more studies published each year, hopefully an
updated EF meta-analysis can be completed in the future.

Imaging parameters of studies in this review are a ma-
jor concern, because they are not optimized to investigate
cerebellar activity (Diedrichsen et al., 2009; Schlerf
et al., 2014). Researchers often sacrifice cerebellar cov-
erage in favor of frontal cortex coverage and shorter scan
times. While this review excluded studies that reported
partial cerebellar coverage, many studies probably only
covered the inferior cerebellum in a minority of partici-
pants, potentially biasing results by excluding regions
such as lobule VIII (Mennes et al., 2014). Notably, Jimura
et al. (2014) ensured complete cerebellar coverage and they
found robust lobule VIII activity, so there may be a “file drawer”
issue concerning this lobule. In addition, Diedrichsen (2006)
pointed out that traditional normalization methods distort the
cerebellum, and large smoothing kernels and artifacts from vas-
culature can blur cerebellar activations. Due to these issues, some
activations in this review appeared to be outside the brain, and
others are probably inaccurate or even potentially artifacts.
Further, because most studies did not present images of cerebellar
findings and some did not report cluster size, it is unclear which
areas significant clusters spanned. Using the SUIT probabilistic
atlas (Diedrichsen et al., 2009) is the most accurate way to deter-
mine cluster locations within the cerebellum, but locations should
still be considered approximate. Future studies that truly want
“whole brain” coverage or are interested in the cerebellum must
increase their field of view and optimize registration and spatial
smoothing methods (Schlerf et al., 2014).

Finally, this study specifically aimed to investigate cerebellar
activity during the SST and therefore may be inherently some-
what biased due to excluding studies without significant cerebel-
lar results from the review. However, by not including “cerebel-
lum” or variants in the search terms, this review included studies
that did not discuss significant cerebellar findings and would
have been overlooked by a more limited search. No SST studies
were specifically interested in cerebellar function, so it is possible
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that many further investigations observed but did not report cer-
ebellar activation. Most importantly, we performed whole-brain
ALE analysis including studies of null cerebellar findings, which
ameliorated possible bias and resulted in partial support of our
review hypotheses. Based on results of the present literature re-
view and meta-analysis, it is somewhat likely that the posterior
cerebellum participates in proactive control in a predictive role,
but these findings should still be interpreted cautiously due to the
heterogeneity and sparsity of the current literature. It is not the
intent of this review to overstate the cerebellum’s role in inhibi-
tory control, but patterns observed do support previous cerebellar
research and raise questions for future areas of inquiry. See Fig. 9
for potential research questions generated by this review and
possible methods to answer them.

In sum, this review shows that the left posterior cerebellum is
likely to be active during the SST in a predictive role, along with
the right OFC and IPL, for conflict monitoring and predicting
responses. Inferior posterior cerebellar activity may influence
efficiency of reactive control, but these findings were less con-
sistent. Future investigators must report cerebellar activations
when they are observed and investigate the cerebellum specifi-
cally so that a potentially important component of inhibitory
control and general EF ability is not overlooked.
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