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Everyday life & Experimental Habits

Abstract

The dorsolateral striatum plays a major role in stimulus-response habits that are
learned in the experimental laboratory. Here, we use meta-analytic procedures to identify the
neural circuits activated during the execution of stimulus-response behaviours acquired in
everyday-life and those activated by habits acquired in the laboratory. In the case of
everyday-life habits we dissociated motor and associative components. We found that
motor-dominant stimulus-response associations developed outside the laboratory engaged
posterior dorsal putamen, supplementary motor area (SMA) and cerebellum. Associative
components were also represented in the posterior putamen. Meanwhile, newly learned
habits relied more on the anterior putamen with activation expanding to caudate and nucleus
accumbens. Importantly, common neural representations for both naturalistic and laboratory
based habits were found in posterior left and anterior right putamen. Our findings suggest a
common striatal substrate for behaviours with significant stimulus-response associations,

independently of whether they were acquired in the laboratory or everyday-life.

Keywords: habits, everyday-life, probabilistic learning, cortex, striatum, meta-analysis, fMRI
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Everyday life & Experimental Habits

Introduction

Much of human behaviour can become automated and executed without conscious
thought and attention. Thus, over time, a vast array of sometimes sophisticated movements,
thoughts, attitudes and motivations can be performed under automatic stimulus-response
control. Typically, we refer to such behaviour as habits. Throughout life, repeated
associations between representations of specific stimuli and particular responses enable
stimulus-evoked behaviour to be enacted without conscious intervention *. This allows us to
perform tasks with reliable stimulus-response components without thought, while at the
same time, allowing conscious attention to be directed to less predictable aspects of the
world. An obvious example would be not having to think about putting one foot in front of the
other when walking to an interview. Hence, numerous habitual routines are constructed by

humans to manage the simultaneous enactment of multiple tasks — walking and talking 2.

A significant feature of habitual behaviour is it occurs independently of how valuable
or appropriate the outcome is **. An example would be habitually pressing the lift/elevator
button taking you to the floor of your old office, rather than the new one. Automatic habitual
control is often contrasted with conscious goal-directed processing where action selection is
determined by the value/appropriateness of the predicted outcome 56, Typically, before
statistical regularities in the task are established, adaptive goal-directed control is slower but
more flexible. Thus, early in instrumental learning, and in uncertain situations, flexible goal-

directed control is normally deployed.

Until recently, habits have been studied in experimental settings where new stimulus-
response relationships are learned in the laboratory. However, it is of great interest to
understand how automatic habitual control operates in the normal circumstances of
everyday life. It is also important to understand how brain disorders such as Parkinson’s
disease "®, obsessive-compulsive disorder °, and drug addictions ' lead to clinically

dysfunctional patterns of habitual use of behaviour. Despite the importance of habitual
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Everyday life & Experimental Habits

control in daily life and clinical pathology, formal investigation of the inherent stimulus-
response associations established in everyday life is in its infancy. However, even at this
early stage, an important question is whether the neural circuits engaged by habits acquired
in daily life are the same or different to those activated when newly acquired habits are
performed in the laboratory. The purpose of the present investigation was therefore to
compare the patterns of neural activation evoked by long-acquired habits brought into the

laboratory with those established under formal experimental conditions.

Experimental research with animals has shown how instrumental learning occurs
through initial goal-directed computations that later transition into stimulus-response
mappings ''. The formal experimental paradigms (see Box 1 for a summary) used to
distinguish habits from goal-directed actions include (amongst others) outcome devaluation
or contingency degradation tests (Adams, 1982; Balleine and O’Doherty, 2010; Dickinson et
al., 1985; for a review see Foerde, 2018). In both cases, if the behaviour persists after the
outcome has been devalued or the outcome is no longer related to responding, the
behaviour is deemed to be under habitual control. The formal procedures developed in

%18 Significantly, human

animal studies have been imported into human experiments
neuroimaging studies have revealed activation of the rostro-medial (associative) striatum
during the initial stages of instrumental learning, which gradually shifted to caudo-lateral
(sensorimotor) regions of the striatum when habitual control of the instrumental task became
evident "'92* These findings concur with those in non-human animals that demonstrate a

similar involvement of the rostro-medial striatal territories early, and caudo-lateral regions

later in the acquisition of instrumental tasks .

To date, most of the literature investigating the neural basis of habits in humans has
relied on subjects developing new experimental habits in the laboratory under formal
experimental conditions (Box 1B). This approach, has provided important information about

the relationship between habitual and goal-directed neural systems ' and the factors
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95  (repetition, rewards or environmental cues) that promote the formation of habitual control 2.

96 However, this approach faces several challenges. The most pressing is the difficulty of

97  creating habits in an experimental situation that are equivalent to those developed in normal

98 everyday life. For example, a basic tenet of habit theory is that stimulus-response

99  associations typically get stronger with repetition. It is therefore, not exactly inspiring that
100  several studies have failed to report a direct positive relationship between the amount of

101  training and the strength of habitual responses measured in their experimental settings 2°2’.

102 An alternative and increasingly important way forward to study habits in humans is to
103  have everyday habitual behaviour learned during a subjects lifetime brought into the

104  laboratory for investigation. Certain behaviours in normal life including driving, eating,

105  dancing, reading, talking or walking have significant stimulus-response components that can
106  be performed automatically while the person’s conscious attention is directed elsewhere 222°.
107  ltis likely these components have been acquired through a life-time of everyday trials.

108  Therefore, such associations come to the laboratory fully formed and do not depend upon on
109 the multiple trial learning that is required to develop new experimental habitual behaviour.
110  The principal challenge in studying naturalistic habits is getting subjects to express long-

111 established stimulus-response behaviour in a laboratory setting. This is necessary so that

112 both the automatic behaviour and associated neural activity can be measured quantitatively.

113 Investigators of everyday habits have chosen behaviours that have critical automatic
114  stimulus-response components *° and versions that can be performed in the laboratory while
115  BOLD signals are measured by fMRI imaging. Examples of such tasks include reading,
116  where comparisons are made between real words of different familiarity and emotional

117  content, foreign words and pseudo-words *'; writing and drawing 23

walking on a special
118 apparatus 34 and driving an MR-compatible driving simulator (Box 1A; Choi et al., 2017;
119  Cummine et al., 2016; Huth et al., 2016; Karimpoor et al., 2015; Martinez et al., 2016, 2018;

120  Oberhuber et al., 2013; Varotto et al., 2020; Yang et al., 2018). The specific question we
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121 were interested in is whether recently established laboratory habits and those developed in

122 everyday life engaged the same, partially overlapping or separate neural circuits in the brain.

123 The purpose of the present investigation was therefore to directly compare the neural
124  signatures evoked by novel, laboratory-developed habits and those acquired over a life-time
125  (Figure 1). To answer this question, we conducted a quantitative meta-analysis to

126  investigate the neural substrates of everyday life and experimental habits. First, to select a
127  cohort of studies investigating naturalistic habits, we took data from 54 studies (a total of

128 1441 subjects) that had used diverse stimulus-response paradigms (walking, reading, writing
129  and driving). Imaging models that included automatic parameters on each task were chosen
130 (Table S1). Meanwhile, we included categorical variables that separated motor (walking,

131  driving) and cognitive (reading, writing) habits acquired in daily life, a further sub-division

132 motivated by the anatomo-functional gradient along fronto-striatal circuits *'. Second, we

133 sought to confirm the neural basis of experimental habits in the 40 studies (a total of 973

134  subjects) that had used probabilistic or discriminative learning, 2-step learning or sequential
135  tasks to test for the laboratory development of novel habits (Box 1B). Studies of

136  experimental habits were separated into two subcategories: probabilistic learning vs other
137  experimental tasks (Table S2), on the ground that probabilistic classification typically

138  activates more anterior portions of the caudate and the putamen, compared with other tasks
139 2. This novel approach allowed the neural signatures of stimulus-response behaviour

140  developed in the laboratory and in everyday life to be compared directly. Special interest
141  was focused on the system-level circuits involving the basal ganglia (Figure 1). The resulting
142  information provides important clues into the organisation of normal habits against which

143 pathologies of habit and the results of therapeutic interventions can be referenced.
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Everyday-life Walking Reading Writing Driving
Habits

Experimental
Habits

Instrumental Outcome Probabilistic
learning devaluation classification

Figure 1. Hypothesis diagram on striatal role in both everyday-life and experimental habits. Activities
part of daily life such as writing, reading, walking or driving were selected as everyday-life habits (see
Box 1 for task measurements and details) to expect a critical striatal role in executing these habits
forms. Similar striatal activities can be expected compared to experimental paradigms commonly
used in the cognitive science literature.

Methods

Selection of studies. We conducted 2 independent searches in PubMed to
identify fMRI studies investigating stimulus-response habits acquired (1) in everyday life and
(2) in experimental laboratories. The search of articles related to everyday habits was
focused on natural behaviours where an important automatic stimulus-response component
would be expected (e.g. walking, speech, reading, etc). Selection of these activities was
based on their potential link to fundamental basal ganglia functions (Figure 1). A summary of
typical measures used in these studies is presented in Box 1. In the search for laboratory
based habits we included articles referenced by Patterson & Knowlton (2018) plus all new

relevant articles published since their last search (June 22, 2017) and March 26, 2021. To
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161  enable direct comparison with, and extension of, the Patterson and Knowlton review (2018),
162  we conducted our literature search using the same key search terms and included the task
163  categories — probabilistic learning, discriminative learning and sequence learning (see Box
164  1). We also included relevant MeSH terms available in Pubmed. This allowed us to find

165 articles that do not include targeted keywords in the title or abstract but have proper MeSH
166  terms linked to their metadata. The complete list of our search terms can be found in

167  Supplementary Material. To set limits on inclusion, the articles were filtered according to the

168  following criteria:

169 (1) Spatial coordinates from human brain fMRI reported in standardized

170  stereotaxic space (MNI or Talairach space). Other functional imaging methods (e.g., PET,
171  EEG source imaging, etc) were excluded;

172 (2) Healthy subjects over 18 years old were included, as were the healthy

173  participants within clinical studies with independent analyses for the healthy controls;

174 (3) At least 6 subjects;

175 (4) Whole-brain analysis. ROl analyses were excluded as they can be biased by
176  the study hypothesis and may not report all significant regions;

177 (5) For studies using the two-step probabilistic tasks and analyzing prediction
178  errors from computational models, we included results associated with model-free (reward
179  prediction error, RPE), but not from model-based errors (state prediction error, SPE);

180 (6) When a study contained multiple experiments and/or contrasts, the contrasts
181  selected were based on the task condition and comparisons linked to stimulus-response
182  behaviours (see Table S1 and S2);

183 (7) Studies reporting original data and published in English peer-reviewed

184  journals (reviews and meta-analysis were excluded).

185 We then performed a second-step control using reference lists from already
186 included articles. From the list of references, we first excluded articles whose title had no

187  direct link to any of our inclusion criteria. From the remaining articles that met our inclusion
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188  criteria we found 17 that had investigated everyday-life habits and 14 articles that had

189  investigated laboratory-developed habits. Since our second exclusion step involved manual,
190 rather than online searching, we were able to include articles published before 2017 not

191 included in Patterson and Knowlton (2018). These additional references were selected

192  because: (1) we checked all references from the list of accepted papers, not only those in
193  maijor review articles; and (2) our criteria allowed us to include studies that did not report

194  putative habit-related activation of the dorsal striatum (caudate, putamen, or both). Figure S1
195 depicts the identification, screening, eligibility and selection stages we used to select studies

196  for inclusion.

197 We included a total of 54 studies investigating everyday-life habits (31 involved

198  cognitive tasks: writing, reading; and 23 studied motor tasks: walking, driving; Table S1). A
199 total of 40 studies involved reported experimental habits (20 involved probabilistic learning;
200 and 20 studied other experimental tasks; Table S2). Foci, scripts and statistical maps can be

201  accessed in the Open Science Framework (https://osf.io/w5ftm).

202 Data analysis. The latest version of the GingerALE software v3.0.2 *? was used to
203  compute activation likelihood estimations (ALE) “®. From each of the accepted articles, the
204  coordinates of peak activations were manually extracted and those in Talairach space were
205 transformed to Montreal Neurological Institute (MNI) space using the inverse transform of
206  icbm2tal from GingerALE **. The ALE method was implemented as follows: (1) for each

207  study a 3D Gaussian distribution was created around every peak activation (variance

208  proportional to the sample size of the study). This allowed us to use the higher statistical
209  power to reduce peak uncertainty in studies with larger sample sizes. This step was done for
210 every peak to produce one modelled activation (MA) map per study. The value for each

211 voxel in a MA-map represented the probability of that voxel containing an activation foci. (2)
212 Voxel probabilities in all MA-maps were merged to produce an ALE map. Following

213 recommendations of Eickhoff et al., (2016), the ALE map was thresholded using a cluster-
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214 level Family-Wise Error (FWE), with a cluster-forming threshold of .001 and a cluster-level

215  FWE of .05 (as stated in the GingerALE manual; Fox et al., 2013).

216 The first step in applying a cluster-level FWE was to threshold the ALE map at the
217  voxel-level (cluster-forming threshold). To do this, all possible combinations between all
218  peaks from each MA-map were tested. The ALE values provided a null distribution which
219  assumed the peaks would be randomly distributed following all potential combinations

220 amongst them. Here, an uncorrected p-value was used since in the next step, a FWE

221  correction was applied to correct for the possibility of multiple comparison errors.

222 Then, an additional threshold (cluster-level FWE) was applied to select only the
223 largest clusters. Peaks in every MA-map were distributed randomly and then combined into
224 a single ALE map, following the same union method described above for the voxel-level
225  threshold. The ALE maps were also thresholded with the same method used at the voxel-
226  level threshold. This procedure was repeated (1000 times for this meta-analysis) using

227  Monte Carlo permutations method, selecting on every run the largest cluster in the

228  thresholded ALE map (null distribution). Finally, we applied the selected threshold (0.05) to
229  obtain the FWE-corrected results. Using a 0.05 cluster-level threshold resulted in a

230  thresholded map where only 5% of the surviving clusters could have been introduced by

231  chance (false positives), following guidelines to discard non-significant clusters *.

232 Contrasts between thresholded ALE maps were computed to compare between our
233 conditions of interest (e.g. Everyday-life > Experimental maps). All foci in the selected

234  studies were pooled into a single dataset, which we then split in two datasets by randomly
235  assigning to each one the same number of foci in their original file. The ALE-scores of these
236  two random maps were then subtracted in a voxel-wise manner generating the map of their
237  ALE-scores differences (repeated 10000 times to record ALE-scores and generate a null
238  distribution of randomly spatially distributed foci). Finally, the actual two ALE maps

239  corresponding to the contrast were combined voxel-wise by subtracting the ALE-score of

10
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240  one map from the other. The resulting map of ALE-scores were then thresholded voxel-by-
241  voxel by comparing them with the null distribution previously obtained. We used the default
242 p-value suggested in GingerALE (0.01 uncorrected). All computations were run via in-house
243 python scripts to automate analyses in the GingerALE's interface. Thresholded maps are

244  reported in MNI152 space *'.

245

246  Results

247  Striatal role in everyday and experimental habits

248 To find the neural signatures of everyday habits, we obtained cluster activity

249  associated with stimulus-response behaviours learned throughout life, compared with those
250 newly learnt in an experimental laboratory. The main effects of naturalistic habits revealed
251  significant bilateral activity in the posterior putamen (Table 1; Figure 2A). Specifically, this
252 was sustained by activity in dorsal sections and left putamen activation that expanded to its
253  posterior boundary (Table 1; Figure 2A-B). For these tasks, other active regions were seen

254 in the cerebellum and cortical areas including the premotor and SMA (Table 1; Figure 2A-B).

255 Habits established in laboratory settings were also associated with increased levels
256  of activation in putaminal sections, but with larger representations in anterior striatum (Figure
257  2C). A gradient was seen along the rostro-ventral section of the putamen, right caudate and
258  the nucleus accumbens bilaterally (Table 2; Figure 2C). These results confirm the striatum
259  as the most significant region for newly acquired experimental habits (Table 2; Figure 2C) %2,
260 They were also consistent with the idea that stimulus-response associations learned in the
261 laboratory would depend more on rostral striatal activity. The right insula was one of the

262  extrastriatal hubs of activity associated with habits acquired in the laboratory (Table 2; Figure
263  2A). These findings align with the evidence that sensorimotor territories of the striatum are a

264  critical for the expression of habitual behaviour, but with more rostral patterns of activity

265  observed when experimental habits were developed in laboratory setting.

11
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266 Of particular interest in this investigation was the possibility that despite the

267 differences between neural activation patterns associated with everyday and experimental
268  habits, there may be a common neural substrate accessed by both forms of stimulus-

269  response behaviour. Common activations were seen in anterior right putamen and posterior
270  left putamen (Figure 2A). Although both categories of habits recruited dorsal sub-regions of
271  the putamen bilaterally, the activation by everyday habits was stronger (Figure 2C).

272 Unexpectedly, no activation in the caudate nucleus survived FWE-corrected thresholds with
273 everyday habits. In contrast, habits acquired in the laboratory showed a differential

274 recruitment of the nucleus accumbens, and to a lesser extent, the most antero-ventral

275  section of the right caudate nucleus and putamen (Figure 2C). Hence, while the striatum is a
276  common hub for both categories of habitual behaviour, antero-posterior differences were
277  reflected in the activation patterns of habits acquired in everyday life and the experimental

278  laboratory.

12
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Figure 2. Everyday-life and experimental thresholded activation maps. a) Axial views for the main
regions. Overlap regions at the right column are shown in blue. Note that there exists activation in the
cerebellar cortex for the case of everyday-life studies but it is omitted here for brevity. Z=52 view for
the experimental studies is shown as an unthresholded map for visualization purposes (ALE value =
0.01) (b) 3D striatum reconstruction showing all the activation that fall inside it. Overlap regions at the
right column are shown in blue. ¢) 3D striatum reconstruction showing the differential activation of the
Everyday -life > Experimental contrast (in green) and the Experimental > Everyday-life contrast (in
red).

Motor and associative segregation in life-long habits

13
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290 We next tested whether the neural correlates of everyday habits varied between

291  sensorimotor routines (walking or driving) and cognitive-associative ones (reading or

292 writing). While all representations of habitual behaviour are characterized by stimulus-

293  response associations, for different tasks these may be represented in different sensorimotor
294  networks with differential connections to the basal ganglia. Clustered activation in motor

295  tasks revealed a significant presence along the dorsal putamen compared with the

296  associative tasks (Figure 3A). In addition, motor tasks extended the pattern of activation into
297  more posterior sections of the right putamen, but only dorsally for the left putamen. This

298  cluster was present across all the antero-posterior axes (Figure 3B).

299 In the case of associative habits acquired in everyday life, we observed an activation
300 pattern in ventral sections of the putamen bilaterally (Figure 3A). This effect showed
301 significant bilateral asymmetry favouring the left putamen where activation extended into

302  more posterior regions. This was absent in the walking and driving tasks (Figure 3A).

303 Outside the striatum at the cortical level, the associative tasks acquired in everyday
304 life recruited premotor area and SMA. Activation was also observed in the cerebellum

305 (Figure 3A). The same cortical regions were recruited during the walking and driving tasks,
306  but none survived FWE-corrected thresholds. Greater activation for the associative cognitive
307 tasks was expected given the more complex computational requirements when writing or

308 reading “®. Such tasks are known to engage larger regions of cortical tissue *°.

309 To further investigate the failure of our thresholding procedures to detect activation in
310 the caudate nucleus for any of the naturalistic habit categories, we included the distribution
311  of all the foci that fell into the striatum in both categories of everyday habits (Figure 3C). This
312  allowed activity in the right caudate to be observed (Figure 3C) in some associative studies,
313  but not for the motor ones. For the left caudate nucleus, no foci were reported in any study,

314  which confirms the absence of activity reported in the thresholded maps above.

14
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315 These findings provide insights into possible parallel habitual mechanisms in motor-
316  associative domains that may share regions of the posterior putamen for motor activities, but
317  a broader network for actions that require higher-order cognition. Given the stimulus-

318 response associations involved in everyday habits will simultaneously engage multiple

319 mechanisms, including visuo-spatial attention, movement planning and execution, the neural

320 substrate of cognitive and sensorimotor habits should be segregated.

15
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Figure 3. Everyday-life cognitive-motor subcategories thresholded activation maps. a) Axial
views for the main regions. Overlap regions at the right column are shown in blue. b) 3D
striatum reconstruction showing all the activation that fall inside it. Overlap regions at the
right column are shown in blue. ¢) Foci distribution of all the studies that fall in the striatum.
Note that some foci may correspond to the same study.
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328  Probabilistic learning and other tasks segregation in experimental habits

329 Finally, we aimed to replicate previous findings on laboratory conditions that have
330 linked the striatum to the learning and execution of new habits. Consistent striatal activity
331 has been reported when evaluating probabilistic or discriminative learning, 2-step learning
332  and sequential tasks %2. Here, we intended to confirm and update these results with more
333  recent findings by separating studies that involve trial-and-error probabilistic reward learning
334  from those that used different methodologies for stimulus learning. As predicted, both

335  probabilistic learning and the other tasks showed common regions of striatal activation, with
336 largest clusters in the nucleus accumbens and rostro-ventral sections of the caudate and
337  putamen (Figure 4A). However, only the probabilistic tasks were associated with bilateral
338  recruitment of the most anterior region of the putamen (Figure 4B). This results confirms
339  previous findings reported by Patterson and Knowlton, (2018). Similarly, the other

340 experimental tasks differed with respect to the probabilistic ones by demonstrating unilateral
341  recruitment of the left rostral caudate nucleus (Figure 4B). Outside the striatum, left insular
342  cortex was activated in other tasks but not by the probabilistic ones (Figure 4A). This could
343 reflect a form of residual goal-directed activity due to the insula’s complementary role in

344  evaluating future rewards in the decision phase *°.
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Figure 4. Experimental subcategories thresholded activation maps. a) Axial views for the
main regions. In this case there are no overlap regions at the right column. b) 3D striatum
reconstruction showing all the activation that fall inside it. In this case there are no overlap
regions at the right column. c¢) Foci distribution of all the studies that fall in the striatum. Note
that some foci may correspond to the same study.
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353 Our meta-analysis has identified two distinct types of habit-related mechanisms in the
354  human striatum, by comparing long-established habits acquired in everyday life with newly
355 learned habits acquired under laboratory-controlled conditions. The results of our

356 investigation revealed both common and diverse functional links between different sub-
357  regions of the brain’s habitual circuitry. Naturalistic habits showed enhanced activity in the
358  dorsal posterior putamen, together with activity in the cerebellum and SMA. In contrast,
359 laboratory acquired habits engaged anterior sections of the putamen with activation

360 expanding to caudate nucleus and nucleus accumbens. However, common regions of

361  activation were found in posterior left and anterior right putamen. Ultimately, delineation of
362  specific striatal contributions to motor-associative variables embedded in habits were

363  responsible for shared anatomical patterns in everyday-life associative habits, such as

364  reading and writing, that engaged rostral regions of the putamen.

365 The current findings provide direct evidence for bilateral putamen engagement in
366  habits acquired and executed in everyday life. Typically, we observed larger bilateral activity
367 in studies of long-established habits compared with newly acquired experimental ones. This
368 may implicate a broad putaminal role for the stimuli-rich sensorimotor computations required
369  during complex stimulus-response tasks enacted in everyday life. Consistent with this view,
370  neuroimaging, lesion and animal electrophysiological data all converge to pinpoint a role for
371 the putamen in the integration of movement units and stimulus associations to produce

372 behaviour with a predicted outcome *'-*°. Indeed, the neurophysiological properties of the
373  putamen are supported by a subpopulation of neurons that respond to sensory stimuli ¢,

374  unifying actions sets for movement sequences *"*

or integrating elementary movement
375 units such as individual finger moves *°. Moreover, its activity is not solely dedicated to

376  movement parameters, but also in the absence of motor plans ®°, increasing response

377  magnitude to the reinforced choice ®' and for predicted well-learned and contextually-driven

378  actions %27, Hence, the diversity of sensory-related and high-order reinforcement neurons in

379  the putamen support a pivotal role in context-rich scenarios at several levels (sensorimotor,
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380 predicted actions, object value, habitual action execution). We interpret the association of
381  putamen activity with habits in everyday life being due to its physiological and reinforcement

382  properties contributing to action sequence-specific and context-specific behaviour.

383 The role of the putamen in habitual behaviour is directly influenced by ascending
384  dopaminergic system acting on cortical and thalamic inputs °®. Dopamine provides critical
385  modulatory influences on striatal subregions whereby projections from substantia nigra pars
386 compacta and the ventral tegmental area differentially target terminals in dorsal and ventral
387  striatum respectively ®°. The main nigrostriatal projection is topographically organised with a
388  medial to lateral gradient °. Tonic firing within this system sustains, motivational, cognitive

389  and action-specific decision making """

, While sensory-evoked phasic patterns of

390 dopaminergic activity provide a general mechanism for reinforcement learning ">"*. The

391 large bilateral activity found in the striatum for the routines of everyday life should be

392 influenced by ascending dopaminergic fibers with the abovementioned functional properties
393 that likely contribute to sensorimotor control while writing or walking (proprioceptive and
394  muscle control). As well, dopaminergic projections will fire phasically to unpredicted

395  associative cues present in everyday life ’°. Hence, the putamen will likely respond

396  preferentially to the sensorimotor contingences present in highly-organised actions that rely

397 on automatic stimulus-response associations that characterise habitual responding.

398 A second key contributor comes from particular cortical structures that regulate the
399  expression of habits 22677877 |n the present study we found that SMA activity was an

400 essential component of the habitual circuitry present for the everyday tasks. The SMA

401 represents one of the important junctions between cortical-subcortical motor and cognitive
402  circuits 8. It has projections to the dorso-lateral striatum and posterior putamen 7°, a

403  pathway subject to neuromodulation by non-invasive brain stimulation . The SMA has

7881 and model-free

404  been shown to be involved in learning stimulus-response contingencies
405  tasks ®. Multi-dimensional components required while driving or even walking

406  (somatosensory, visuo-spatial, prediction, motor planning, etc) will be mediated via cortical
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407  inputs to the putamen ##. How the putamen might operate on this range of input would be
408 to perform sequential selections of stimuli that trigger previously acquired stimulus-response
409  associations. When bolted together such serial selections can be viewed as coherent

410 sequences of habitual behaviour, such as changing gear while driving, or pen movements
411  associated with particular letters when writing. These automatic moves are likely to recruit
412  medial cortical motor areas including the SMA, that collaborate with subcortical structures,
413  including putamen (Cunnington et al., 2002; Smittenaar et al., 2013). Recurrent cortico-

414  striatal loops would therefore combine to mediate sequential cognitive and motor

415  components of habitual behaviour, both triggered by the specific sensory events they have

416  been repeatedly associated within everyday life.

417 To investigate the possible commonalities and differences in the neural networks
418  supporting categories of automatic behaviours acquired in everyday life, we subdivided

419 those activities with greater motor component (walking, driving) compared to those with

420  stronger cognitive requirements (reading and writing). This analysis was motivated by

421  possible differences in the contribution from motor, cognitive and/or emotional circuits in the
422  different types of everyday habitual activity ®8. The dorso-lateral caudal putamen was active
423  for both cognitive (reading, writing) and motor operations (driving, walking), which
424  corresponds with our understanding of parallel inter-related cortico-striatal functions 82%°,
425  The stimulus-response selection role of the putamen may well represent the low level

426  sensorimotor selections necessary in all forms of habitual motor behaviour 7%, Parallel

427  circuits have been suggested to integrate the different environmental signals that trigger

428  motivational, cognitive and motor responses . Sequential selections in different territories
429  of the basal ganglia could be integrated by cortico-basal ganglia loops into coherent goal-
430 directed behaviour 2. The question that remains is whether each of the limbic, associative
431  and sensorimotor territories * can all operate in stimulus-response habitual mode to elicit
432  respectively, stimulus-evoked motivations (e.g. drug cravings), stimulus-evoked cognitions

433  (prejudices) as well as the well-known motor habits.
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434 Critically, our findings also have implications for previous studies investigating new
435  stimulus-response habits learned in experimental laboratories (probabilistic or discriminative
436  learning, 2-step learning or sequential tasks), which also report significant striatal activations
437  141921-238294-96 gnecifically, our analyses show stimulus-responses behaviour acquired both
438 in everyday-life and under experimental conditions showed common striatal activity in the
439  right anterior putamen and left posterior putamen. The everyday-life tasks included long

440 established sensorimotor responses triggered by sensory cues in the absence of new

441  associative learning. In contrast, laboratory learned habits typically involved relatively minor
442  motor components (finger key presses), but novel cue-response associations driven by

443  reinforcement learning. In line with a previous meta-analysis on basal ganglia activation

444  across multiple motor disciplines (Arsalidou et al., 2013), left lateralized putaminal activity
445  was prominent in motor operations (such as eye movements and body motion), has a larger
446  volume in right-handed participants (Peterson et al., 1993) and is critical in behaviours

447  guided by stimulus-response mappings %#%. Hence, we interpret left posterior putamen

448  activation being present in both long-established and novel habit forms reflecting a critical

449  sensorimotor association embedded within every habitual response.

450 However, activation of the anterior putamen would accord well with neural patterns
451  associated with initial learning of stimulus-response associations in experimental settings 2'.
452  Activity in key regions of the circuitry associated with goal-directed behavioural control

453  (caudate and nucleus accumbens) were also present in laboratory studies of habits. These
454  findings match those of several fMRI studies using various reinforcement learning tasks,

455  which report activation of the ventro-medial prefrontal cortex, insula or anterior striatum

456  when encoding the value of predicted reward outcome linked to new actions 2°°%% Yet, the
457  results with learning new habits may be explained by the theory and methodological

458  procedures often used when studying habit acquisition in the laboratory. For example, part of
459  the problem is that some of the presumed habits established in the laboratory fail to meet the

460 formal requirement of automatic stimulus-response behaviour. Thus, several recent human
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461  experimental studies failed to demonstrate the expected effect of training duration on the
462  outcome-devaluation test '7?5?". This suggests rather more trials may be needed to establish
463  stimulus-response associations that can survive devalued outcome challenges and can be

464  enacted automatically without thought.

465 Recently, alternative procedures have been developed to establish and test new

466  habits in the experimental laboratory, including the sudden reversal of learned actions after
467  overtraining '8, overloading goal-directed top-down control while measuring execution of
468 learned stimulus-response associations *° or biasing movement kinematics '. Interestingly,
469  pre-existing categorical associations established in everyday life (i.e. color associations or
470  prejudice) have a clear advantage on measuring automatic processing **'°'. Further

471  methodological options for studying long established habits acquired in everyday life include
472  assessing expert musicians %2, tennis players ' and expert shooters '*. Hence, getting
473  subjects to bring their everyday-life stimulus-response associations into the laboratory under
474  controlled conditions is an important option for studying the neural substrates underlying
475  habitual behaviour in humans. Although there is less control of the independent variables in
476  such studies, by selecting subjects with different amounts of everyday life experience it is
477  possible to relate the amount of practice with habit strength. The dependent consequences
478  of life-long habits can be measured subsequently in the laboratory with traditional outcome

479  devaluation, contingency degradation, or dual processing procedures-

480 Insofar as the caudal putamen has been identified as a critical node in the neural

481  substrate responsible for automatic habitual behaviour, malfunctioning of this region has

482  been associated with deficits in habitual performance. One notable instance is the differential
483  loss of dopamine neurotransmission from this region in Parkinson’s disease ” a putative

484  pathophysiological condition linked to the cost of life-long use of habits '°. The problems

485  Parkinson’s disease patients have with walking and writing 8196107

and the new learning of
486  experimental habits '°'%° have been interpreted as an inability to express stimulus-

487  response habits. In contrast, other neuropsychiatric complications such as addictions exhibit
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488  an excessive cue-dependent use of certain rewards linked to increased posterior putamen
489  activity '>'"°, Hence, depending on the nature of the neurobiological disruption, the habitual

490  system seems to be underused or overused in different clinical conditions.

491 Despite the clear positive results of our analysis certain limitations of meta-analytic
492  procedures must be acknowledged. First, the ALE analysis can cause some parameters,

493  such as voxel peaks, to be overlooked. Ideally, to explore the statistical activity maps of each
494  study individually would be of great value. However, the fact that most studies did not have
495  full imaging datasets would preclude this. Second, we included results from prior studies

496  whose experimental focus was not on habitual behaviours acquired in everyday life.

497  Specifically, in these studies behaviours were not formally identified as habitual using

498 outcome devaluation or contingency degradation tests. However, it should be noted that a
499 life-time repetition of everyday trials builds strong associations that do not depend upon new
500 stimulus learning required in experimental studies '"""'2. Last, our meta-analysis included
501 tasks with significant heterogeneity and regional foci were selected from studies with varying
502 contrasts. To overcome these issues, we selected activity maps only from studies that

503 reported contrasts measuring automatic components of behaviour. This suggests that our
504 dataset has enabled us to identify activity patterns that are shared by a diverse range of

505 human behaviours that contain a significant stimulus-response element. Consequently, it is
506 possible that the bilateral posterior putamen acts as a critical node when practiced behaviour

507 can be performed automatically and without thought in situations of everyday life.

508
509 Conclusions
510 The present study points to a fundamental functional role for the posterior putamen in

511  the expression of habits acquired in everyday life. Importantly, a critical dissociation was
512  established between different brain regions whose contributions to motor-cognitive

513  representations of habits have, thus far, been largely indistinguishable. Conversely, the
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514  engagement of the anterior putamen is associated more with habits newly learned in

515  experimental laboratories. Careful experimental protocols must be designed to identify those
516  chunks of behaviour that are under stimulus-response control and can occur independently
517  of outcome value or response contingency. This is true both for newly acquired associations
518 in the laboratory and habits established in everyday life. Finally, the present study highlights
519 the importance and value of having subjects bring life-long habits into the laboratory to be

520 investigated and compared with recently acquired stimulus-response associations.
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810 Figure Legends and Tables

811  Figure 1. Hypothesis diagram on striatal role in both everyday-life and experimental habits.
812  Activities part of daily life such as writing, reading, walking or driving were selected as

813  everyday-life habits (see Box 1 for task measurements and details) to expect a critical

814  striatal role in executing these habits forms. Similar striatal activities can be expected

815 compared to experimental paradigms commonly used in the cognitive science literature.

816  Figure 2. Everyday-life and experimental thresholded activation maps. a) Axial views for the
817  main regions. Overlap regions at the right column are shown in blue. Note that there exists
818  activation in the cerebellar cortex for the case of everyday-life studies but it is omitted here
819 for brevity. Z=52 view for the experimental studies is shown as an unthresholded map for
820  visualization purposes (ALE value = 0.01) (b) 3D striatum reconstruction showing all the

821  activation that fall inside it. Overlap regions at the right column are shown in blue. ¢) 3D

822  striatum reconstruction showing the differential activation of the Everyday -life >

823  Experimental contrast (in green) and the Experimental > Everyday-life contrast (in red).

824  Figure 3. Everyday-life cognitive-motor subcategories thresholded activation maps. a) Axial
825  views for the main regions. Overlap regions at the right column are shown in blue. b) 3D
826  striatum reconstruction showing all the activation that fall inside it. Overlap regions at the
827  right column are shown in blue. ¢) Foci distribution of all the studies that fall in the striatum.
828  Note that some foci may correspond to the same study.

829  Figure 4. Experimental subcategories thresholded activation maps. a) Axial views for the
830  main regions. In this case there are no overlap regions at the right column. b) 3D striatum
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831  reconstruction showing all the activation that fall inside it. In this case there are no overlap
832  regions at the right column. ¢) Foci distribution of all the studies that fall in the striatum. Note
833  that some foci may correspond to the same study.
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Table 1. Everyday-life habits peaks coordinates in MNI152 space with region names
from Harvard-Oxford atlas. Percentages of each brain region indicate how much
activation from a cluster fall into such region. Coordinates of any activation comprising <
5% of its volume in a region are not shown for conciseness.

Clust Vol MNI peak
uster o uTe Brain regions (%) coordinates ALE value
ID (mm?3) X
y z
Left Putamen (53.14%) -24 -4 6 0.074
1 8792 Left Thalamus (28.84%) -14 | -22 10 0.04
Left Pallidum (15.74%) -23 -4 2 0.054
Right Putamen (53.38%) 24 4 6 0.054
Right Thalamus (20.45%) 16 -16 8 0.035
2 5320
Right Insula (13.08%) 32 14 8 0.037
Right Pallidum (9.47%) 20 2 5 0.037
Left Supplementary Motor Area (42.64%) -6 0 52 0.035
Right Paracingulate Gyrus (15.87%) 6 14 50 0.031
3 4840
Right Supplementary Motor Area (15.37%) 4 8 56 0.03
Left Paracingulate Gyrus (13.06%) 0 8 53 0.027
4 3232 Left Precentral Gyrus (97.03%) -54 -2 40 0.038
5 2416 Right-Cerebellum-Cortex (100%) 8 -64 | -20 0.037
Left Central Opercular Cortex (53.38%) -46 -2 6 0.037
Left Precentral Gyrus (18.58%) -56 8 4 0.033
6 2368
Left Inferior Frontal Gyrus pars opercularis (18.58%) -56 10 24 0.024
Left Insula (7.09%) -44 -1 4 0.03
Right Precentral Gyrus (76.09%) 56 12 32 0.041
7 2208 Right Inferior Frontal Gyrus pars opercularis (18.48%) | 54 13 31 0.036
Right Middle Frontal Gyrus (5.43%) 46 13 30 0.013
Right Inferior Frontal Gyrus pars opercularis (34.03%) | 54 10 0 0.035
Right Central Opercular Cortex (27.08%) 52 6 2 0.029
8 1152 | Right Temporal Pole (13.89%) 54 10 -2 0.034
Right Precentral Gyrus (11.81%) -3 -14 54 0.022
Right Planum Polare (9.03%) 53 5 -2 0.028
Left Precentral Gyrus (42.64%) -26 -8 56 0.04
9 1032
Left Superior Frontal Gyrus (36.43%) 6 11 54 0.029
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Left Middle Frontal Gyrus (20.93%) ‘ 47 ‘ 12 ‘ 31 ‘ 0.025 ‘

Table 2. Experimental habits peaks coordinates in MNI152 space with region names
from Harvard-Oxford atlas. Percentages of each brain region indicate how much
activation from a cluster fall into such region. Coordinates of any activation comprising <
5% of its volume in a region are not shown for conciseness.

MNI k dinat
Cluster Volun;e Brain regions (%) peak coorcinates ALE value
ID (mm3) X y z
Right Caudate (44.74%) 12 6 10 0.028
Right Pallidum (20.57%) -14 5 -6 0.025
1 3344 Right Accumbens (15.31%) 10 8 -6 0.03
Right Putamen (10.05%) 14 9 -6 0.025
Right Thalamus (6.46%) 11 -1 11 0.02
Left Putamen (30.27%) -14 5 -9 0.029
Left Accumbens (27.97%) -12 6 -10 0.033
2 2088
Left Caudate (20.69%) -10 4 4 0.017
Left Pallidum (12.26%) 14 5 -6 0.025
3 776 Left Putamen (98.97%) -30 -8 -2 0.02
Right Insula (90.32%) 32 22 -4 0.023
4 744
Right Orbito-Frontal Cortex (9.68%) 29 22 -7 0.019
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Box 1. Description of most used paradigms to assess everyday-life (A) behaviours and
experimental learning (B) in fMRI contexts.

. Main habitual
Everyday-life outcomes Task example

A B
some late pooe sine made Bief Ign mall yeel smow)
e Best feet cold hear

pess dean meet phed mart

resd left mame mach hold plac voke Bleg s#f glod

mesk tain pred wibe ferg

hair lock meet sews love
........

R

READING -
Real words are read aloud and Readingown | |ttt O N OO
compared to pseudo-words reading. lanqua gewith 000000 000N
Depending of the nature of the study, ghi %I PP gy vy oy
content of words may vary (neutral, _anly west lnd 1 soon cost st dreg ze3n shoy e
. familiar/frequent wal vt tong o sy ..t sl of Pt voge blom diss gop "
emotional, language, non-words, etc) words et M [ it W § prmentaion lanchs a2 S prvscntation
. 1 of each task wnd of cach task and
as well as naturality (own language vs Tp— erreerae ] ot 35 Seccots + + ] rotarray
new unknown words).
()]
Respoase mterval
4700ms
4168900210 &lg Y& 3QU\ O
WRITING -
- . Writing own
Participants are asked to handwrite by Ianguageg familiar
free natural writing, copyin ’
9. copying words (compared to 6475050501 /4T T 65 550)
sentences/words, air-writing baseline or control
(sensorimotor control), creative writing, conditions)
naming or drawing different figures.
Next
Trial

23
WALKING
While lying down inside the scanner,
participants generate walking .
programmes on different block Walk;r;%_nzt:erglly at
conditions, including voluntary con dF;tions

alternating strides of the lower limbs,
ankle moves, stepping, rapid walking or
self-paced vs externally-paced.

DRIVING
MR-compatible driving simulator is
often used where participants are

asked to naturally drive with different
environmental conditions (driving only,
stopping at traffic lights, turning curves,
avoidance of particular stimuli) and
control conditions (driving with sub-
task, sub-task only, passive viewing,
resting).

Driving in a natural
environment
(without distractors
or dual tasks)

()

(1) Cummine et al., 2016; (2) Yang et al., 2018; (3) Karimpoor et al., 2015; (4) Martinez et al., 2016; (5) Choi et al., 2017.
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. . Main habitual
B. Experimental learning outcomes Task example
(a) Stimulus-Outcome (b) Stimulus
PROBABILISTIC CLASSIFICATION associstions SUN or RAIN?
TASK (PCT) s Outcome
Participants are.s.h(.)wn visual cues that Optimal responses TS eollsslnm
are probabilistically related to to stimuli ee/ss(mm
outcomes. Participants gradually learn 0.75 0.57 0.43 0.25 :: : : : :
the cue—outcome relationships through ™ Response eellssmm
trial-by—trial feedback 0.250.43 057 0.75 mm - CORRECT
(1)
Two-stage reinforcement learning task
(@) Stage 1 Common transition
choice A ' ——ip Rare transition
TWO-STAGE REINFORCEMENT ™)
LEARNING TASK e P(0.7) B 0.75
Stage 2 -
Choices at stage 1 determines which wri\)tﬁ\:)VStr iesr?sni:c:rlt)t/o o m :
state is more probable to occur in Stage transition y ape
2 that leads to reward. At each Stage 2, robabilities ’ * ' . £
participants choose between two stimuli P 3
and discover whether they receive a —3*$ ‘k—- - 0'250 20 40
reward or not. Probabilistic reward (range: 0.25-0.75)
(1M
OUTCOME DEVALUATION TASK Outcome devaluation task _
During the discrimination training, (e) Discrimination training () Outcome devaluation
participants learn to discriminative cues Stimulus Outcome
related to right-left key presses with
rewarded outcomes. During the test Continued
phase, some of these outcomes are . Response
devaluated and no longer worth any de\r/ZTSgg((j)ISt%(f)%:es m m m m
points. Participants are asked to press Outcome
the correct key when a stimulus signals - . . . Response?
the still-valuable outcome or withhold
responding if outcome is no longer m ? m
valuable 1)
MOTOR SEQUENCE LEARNING
Motor finger movements are repeated Loy
or alternated in high-frequent vs low- diﬁere,l-\rlcé::sral‘)ce{ween
frequent sequences. Through repeated hiah-frequency and
practice, participants learn the glow frqe uen{:
repeating sequences, as demonstrated se ugnces y N
by improvements in performance q ol
(speed and accuracy).
2)

(1) Images obtained from Foerde et al., 2018; (2) Cellini, 2017
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Methods

The complete set of search terms were as follows:
(1) Everyday life:

(walking[MeSH Terms] OR walking[Title/Abstract]) OR (Driving behaviour[MeSH
Terms] OR Driving behaviour[Title/Abstract]) OR (Driving behavior[MeSH Terms] OR
Driving behavior[Title/Abstract]) OR (car driving[MeSH Terms] OR Car
driving[Title/Abstract]) OR (writing[MeSH Terms] OR writing[Title/Abstract]) OR
(handwriting[MeSH Terms] OR handwriting[Title/Abstract]) OR (reading[Title/Abstract]
OR reading[MeSH Terms) AND (functional magnetic resonance imaging[MeSH Terms]

OR fMRI[Title/Abstract]) AND ((basal ganglia[Title/Abstract] OR caudate[Title/Abstract]
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OR putamen(Title/Abstract] OR striatum[Title/Abstract]) OR (basal ganglia[MeSH
Terms] OR caudate nucleus[MeSH Terms] OR putamen[MeSH Terms] OR

striatum[MeSH Terms]))

(2) Experimental:

(“habit” OR “habits” OR “probabilistic classification” OR “weather prediction” OR
“response learning” OR “instrumental conditioning” OR “instrumental learning” OR
“reinforcement learning” OR “outcome devaluation” OR “sequential decision” OR “two
step” OR “2 step”) AND (“basal ganglia” OR “caudate” OR “putamen” OR “striatum”)
AND (“fMRI” OR “functional magnetic resonance imaging” OR “functional MRI”) AND

("2017/06/22"[PDAT] : "3000/12/31"[PDAT])
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Table S$1. Studies with everyday-life habits included in the meta-analysis.

Study by domain

n=1441 Foci

Task

Contrast

Statistical threshold

Writing

Write a name of an object or

p <0.001 voxel-level & p < 0.05

Katanoda et al. (2001) 17 19 naming the object Writing > naming cluster-level corrected
Nakamura et al. (2002) 9 10 qun auditory pres.gntatlon Writing > Rest p< 0.05 corrected for multiple
subjects wrote kanji word. comparison
Beeson et al. (2003) 12 29 X:/rr('jglsg words or drawing Writing words > drawing circles p < 0.001 uncorrected
Hu Xing-yue et al. (2006) 10 11 Writing with a pencil Main Effect of Writing with a pencil  p <0.0001 uncorrected
Writing or naming pictures of
objects and drawing one loop " .
Segal et al. (2011) 9 19 per syllable of the object’s Writing > naming plus loops p < 0.05 corrected
name
Horovitz et al. (2013) 13 5 Vyrltlng,.tapplr?g, and . Right-handwriting > other tasks p < 0.001 FWE corrected
zigzagging with each limb
Erhard et al. (2014) 20 13 Creative writing Main effects of creative writing in  p < 0.05 FWE corrected
expert writers
Longcamp et al. (2014) 18 13 Writing of letters or digits Writing > holding the pen still go:rg.cgg dvoxel-level FWE
. Write a sentence or hand Right-handwriting > right-hand p <0.001 voxel-level & p < 0.05
Potgieser et al. (2015) 16 21 tapping tapping cluster-level FWE corrected & k=8
Bisio et al. (2017) 7 25  Writing sentences Writing > resting p < 0.05 FWE corrected
. Copying grocery lists, phone . .
Karimpoor et al. (2018) 12 38 numbers or sentences All handwriting tasks > resting p < 0.05 FDR corrected
Yang et al. (2018) 34 29  Copying chinese characters ¥Vr|t|ng high frequency > writing low p < 0.05 FDR corrected
requency
Reading
Bookheimer et al. (1995) 16 33 (I?t?jz(cj;ltgg words or naming Main effect of read aloud p < 0.001 corrected
Moore et al. (1999) 8 7 Reading/naming Main effect of reading words p < 0.001 uncorrected
Mechelli et al. (2003) 20 10  Early/late reading processing Early reading > Fixation p < 0.05 corrected
Buchsbaum et al. (2005) 17 15 Reading/Hearing Reading > Control z>2.33 & p < 0.01 cluster-
corrected
Vigneau et al. (2005) 23 39 IF\(:, (tati(rjéng words/ non reading Read > Cross fixation p < 0.001 uncorrected
. . . . p <0.001 uncorrected & p < 0.05
Meschyan et al. (2006) 12 12 Reading different languages Reading > Resting corrected spatial extent threshold
. } . . s p < 0.00001 uncorrected & p <
Binder et al. (2006) 30 31 Non-word reading Reading > Fixation 0.05 corrected
Carreiras et al. (2007) 36 32 Reading/Lexical decision Reading > Baseline p < 0.05 corrected
Church et al. (2008) 50 37 Reading/Repeat Reading > Repeat 5:)(;‘505 corrected with k=24
. Reading/Comprehension/lexic . L
Yarkoni et al. (2008) 28 21 iy Reading > Fixation p < 0.05 uncorrected
al decision
Seghier et al. (2008) 43 5 Reading aloud/fixation Reading > Fixation p < 0.05 corrected
Seghier et al. (2010) 28 5 Reading aloud/naming Reading > Fixation p < 0.05 corrected
Oberhuber et al. (2013) 25 6 Reading/naming Reading > Naming p < 0.05, cluster level FWE-
corrected
Vannest et al. (2013) 49 11 Reading/Generate words Reading > Generate words P =0.01 voxel-level corrected &t

> 7.5, cluster size 30
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Reading emotional or neutral p < 0.005 voxel-level & p < 0.05

Hsu et al. (2015) 24 35 sentences Reading > Resting cluster-level FDR corrected
Rueckl et al. (2015) 84 18 Reading/Hearing Reading > Resting p < 0.001 FDR corrected
Cummine et al. (2016) 15 19 Reading words/pseudowords Main effect of reading real words p < 0.001 uncorrected

Reading words/ pseudowords

Oberhuber et al. (2016) 26 22 ; .
or naming object/ colors

Reading words > other conditions p < 0.05 FWE corrected

Cheema et al. (2018) 19 3 Reading words / non words ~ Reading > Control p < 0.0001 uncorrected

Walking

Right-left foot passive
movement

Externally generated
Christensen et al. (2007) 18 10  movement with or without
visual feedback

p < 0.05 corrected

Ciccarelliet al. (2005) 16 9 Passive > Active movement

Conjunctions of externally generated

movements (regardless of feedback) p < 0.05 FDR corrected

la Fougeére et al. (2010) 16 14  Real locomotion Walking > Resting condition p < 0.05 FDR corrected
Trinastic et al (2010) 8 24 Active ankle dorsiflexion Ankle dorsiflexion > Plantarflexion  p <0.05
Swinnen etal. (2010) 14 49 ?aoskOUt'Of'phase VErsus 180 gge | eft > Iso directional Left p < 0.001 FDR corrected
3 " p < 0.0001 & k>10 uncorrected; p
Toyomura et al. (2012) 12 9 Self-paced condition Self > Externally paced < 0.05 FWE corrected
Sauvagea et al. (2013) 12 29  Speed execution task Fast execution > low execution p < 0.05 corrected
Martinez et al. (2014) 19 20  Stepping condition Main effect of walking p < 0.001 FDR corrected
Lukas Jaeger et al. . . . . . p < 0.001 cluster-level corrected &
(2014) 20 24  Active stepping Main effect active walking k>42 voxels
Bilateral plantarflexion
Noble et al. (2014) 11 24  exertion against physical Bilateral > Unilateral p < 0.01 FWE corrected
resistance
. . Main effect of stability of stepping
Martin et al. (2016) 19 16  Pseudo-gait frequencies p < 0.05 FWE corrected
Marchal et al. (2019) 20 7 Virtual gait task with doorway Gait doorway > Walkway doorway  p < 0.001 uncorrected
Peters et al. (2019) 22 13  Ankle Task Ankle main effect p < 0.005 uncorrected
Allali G et al. (2019) 326 6 Varying walking speeds SR;(E; walking > Normal walking p < 0.05 cluster-level corrected
Driving
p < 0.05 cluster-level FWE

Uchiyama et al. (2003) 21 18  Driving simulator task Active > Passive driving corrected
Graydon et al. (2004) 6 70  Driving simulator task Simulated driving > Fixation P <0.05 corrected
Spiers et al. (2007) 20 8 The getaway game Turning L > Turning R p < 0.001 uncorrected & k25

Driver’s perspective with truck
Callan et al. (2009) 14 18 In-car video assist system blocking viewing > drlvgrs . p <0.05 FDR corrected

perspective occluded with a video

from the perspective of the camera
Hsieh et al. (2009) 28 23  Static Load Paradigm Driving video no distractor > fixation P <0.0001 corrected
Chein et al. (2011) 40 2 Stoplight driving game Drive peer > alone p < 0.05 FWE corrected

p <0.001 voxel level & p < 0.05

Driving simulator task (with - .
9 ( Driving main effect cluster level corrected

Uchiyama et al. (2012) 18 17 dual task conditions)

Chung et al. (2014) 16 22 Driving simulator task Driving only > Driving with task p < 0.05 corrected
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Choi et al. (2017)

15

25

Driving simulator task

Driving with subtask condition >
Control

p < 0.05 FDR corrected

FWE: family-wise error; FDR: false-discovery rate

Table S2. Studies with experimental habits included in the meta-analysis.

Study by domain n =973 Foci Task Contrast (short) Statistical threshold
Probabilistic learning
I . i p < 0.05 corrected with Gaussian
Poldrack et al. (1999) 8 15  Probabilistic learning task Task > control (perceptual-motor) Random Field Theory
Poldrack et al. (2001) 13 25  Probabilistic learning task Task > control (perceptual-motor) p < 0.005 uncorrected & k=5 voxels
Aron et al. (2004) 15 9 Probabilistic learning task Task > baseline p < 0.05 FDR corrected
Delgado et al. (2005) 17 2 Probabilistic learning task ~ Condition and time interaction p < 0.0001 uncorrected & k=5 voxels
Fera et al. (2005) 18 5 Probabilistic learning task ~ Task > control (perceptual-motor) p < 0.05 uncorrected
z > 2.3 voxel-level & p < 0.01 cluster-
Aron et al. (2006) 8 9 Probabilistic learning task Task > control (perceptual-motor) level corrected with Gaussian
Random Field Theory
Foerde et al. (2006) 14 2 Probabilistic learning task Modulation by performance p <0.05 cqrrected with Gaussian
(accuracy) Random Field Theory
Glascheretal. (2010) 18 1 S probabilsticleaming  ppp p < 0.006 corrected & k=10
I . ) p <0.01 voxel-level & p < 0.05
Celone et al. (2011) 19 8 Probabilistic learning task Task > control (perceptual-motor) cluster-level corrected
Wunderlich et al. (2012) 21 17 tze;:lt(ep probabilistic [eaming ;.04 > Planning (RPE) p < 0.05 FWE corrected & k25
Soares et al. (2012) 12 10  Probabilistic learning task Stress > control p < 0.05 FWE corrected
Schwabe et al. (2013) 75 14  Probabilistic learning task Task > control (perceptual-motor) p < 0.05 FWE corrected & k=5
Lee et al. (2014) 22 5 ZSepprobabiisticleaming  ppp p < 0.05 FWE corrected
Deserno et al. (2015) 29 7 t2;:|t(ep probabilistic learning Model-free component p < 0.05 corrected
Doll et al. (2015) 20 5 2-step probabilistic learning RPE p < 0.0005 cluster-level FWE
task corrected
Dunne et al. (2016) 17 3 Probabilistic learning task RPE p < 0.05 corrected
High time pressure > low time
Oh-Descher et al. (2017) 25 3 Probabilistic learning task pressure (Positive subjective sum p < 0.005 voxel-level & p < 0.05
. cluster-level corrected
of evidence)
Nebe et al. (2017) 146 35 -Stepprobabilsticleaming  ppp p < 0.05 FWE corrected
Erdeniz et al. (2019) 19 15  Probabilistic learning task CS familiar > CS novel p < 0.005 uncorrected

2-step probabilistic learning

Mas-Herrero et al. (2019) 20 2 task RPE (pseudofeedback) p < 0.001 corrected

Others

Gottfried et al. (2003) 13 7 Associative learning Outcome devaluation p < 0.001 uncorrected

laria et al. (2003) 7 5 Maze navigation Task > control (perceptual-motor) p < 0.05 corrected

Lehéricy et al. (2005) 14 3 Motor sequence learning Modulation by task experience gl:s(t)é?-?g\je}/?;)(;?rlggt\; e(: &p<0.05
Forstmann et al. (2008) 19 3 Moving dots task Speed > accuracy p < 0.001 corrected
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Fernandez-Seara et al.
(2009)

Tricomi et al. (2009)
Worthy et al. (2010)
Steele et al. (2010)

Brovelli et al. (2011)

Beierholm et al. (2011)
De Wit et al. (2012)
Etchamendy et al. (2012)
Lilieholm et al. (2012)
Lilieholm et al. (2015)
Fermin et al. (2016)

Eryilmaz et al. (2017)

Van Steenbergen et al.
(2017)

Zwosta et al. (2018)
Watson et al. (2018)

Anggraini et al. (2018)

15
18
15

14

23

24

15

15

19

53

23

27

30

29

16

Motor sequence learning

Discriminative learning
State maximizing

Motor sequence learning
Discriminative learning

Sequential choice
Discriminative learning
Maze navigation
Sequential choice
Sequential choice
Grid-Sailing
Discriminative learning
Discriminative learning
Discriminative learning
Discriminative learning

Maze navigation

Late > early

Late > early
State-change uncertainty

Late > early

P (correct | past observations) > P

(correct by chance)
Model-free component

Negative predictors of goal-
directed action (outcome
devaluation)

Q-signal, learners

Decreased activity in the R-O but
not int the S-R

Modulation by devaluation
insensitivity

Previous S-R learning — Model-
based conditions

Incongruent > standard cue

Cue-driven > Value-driven action
control

Decrease reward and no reward
(Contingency degradation)

Slip of action trials > still-valued
responses

Model-free component

p < 0.01 uncorrected

p <0.001 uncorrected & k=5
p < 0.05 corrected
p <0.001 uncorrected & k=100

P < 0.05 FWE corrected

p <0.001 uncorrected & k=5

p < 0.005 uncorrected & k=20

p < 0.05 corrected

p < 0.05 corrected with cluster size

thresholding

p < 0.05 cluster-level corrected

p < 0.0001 uncorrected

p <0.001 voxel-level & p < 0.05
cluster-level corrected

p <0.001 uncorrected & k215

p <0.001 voxel-level & p < 0.05
cluster-level corrected

p < 0.05 corrected

p <0.001 voxel-level & p < 0.05
cluster-level corrected

RPE: reward prediction error; CS: conditioned stimuli; Q-signal: quality of state-action pairs; S-R: stimulus-response; R-O: response-outcome; FWE: family-wise error;

FDR: false-discovery rate
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Figure S1. PRISMA chart describing the steps followed in the selection of studies.

Identification

Screening

Elegibility

Included

Records identified through
new Pubmed search
Everyday-life: (n = 589)
Experimental: (n = 90)

Records identified
through reference lists
Everyday-life: (n = 43)
Exerimental: (n = 96)

Records identified
through Patterson meta-
analysis
Experimental: (n =24)

A

Records after duplicates removed
Everyday-life: (n =618)
Experimental: (n =210)

Everyday-life: (14 duplicates removed)
Experimental: (0 duplicates removed)

Y
Records screened on
basis of title and abstract

Records excluded for not
being related

Everyday-life: (n =273)
Experimental: (n = 92)

A

Full-text articles
assessed to elegibility

Everyday-life: (n = 345)
Experimental: (n = 118)

Everyday-life: (n = 54)
Experimental: (n = 40)

A

Studies included in meta-analysis
(n=94)

A Y

Y

Full-text articles excluded
Everyday-life: (n = 219)
Experimental: (n = 52)

Patients: Everyday-life: 137; Experimental: 19
Review: Everyday-life: 17; Experimental: 10
< 6 subjects: Everyday-life: 15; Experimental: 0
Animals: Everyday-life: 7; Experimental: 5
Children: Everyday-life: 3; Experimental: 2
ROl analysis: Everyday-life: 0; Experimental: 4

No peak coordinates table: Everyday-life: 6; Experimental:

12
Notin English: Everyday-life: 16; Experimental: 0
Not Experimental: Everyday-life 18; Experimental: 0

Everyday-life studies included in meta-analysis

(n=54)

Cognitive tasks (writing, reading): 31
Motor tasks (walking, driving): 23

Experimental studies included in meta-analysis

Probabilistic learning tasks: 20
Other tasks: 20

(n=40)
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