


[bookmark: _Hlk31715328][bookmark: _Hlk32592005][bookmark: _Hlk32946060]Incentives and voluntary stopping: the intentional hand task
Kathrin Weidacker a *, Timo L. Kvamme a,d *, Seb Whiteford, Natalie Valle Guzman a, Valerie Voon a,b,c
a Department of Psychiatry, University of Cambridge, Cambridge, United Kingdom.
b Behavioural and Clinical Neurosciences Institute, University of Cambridge, Cambridge, United Kingdom. 
c NIHR Biomedical Research Council University of Cambridge.
d Cognitive Neuroscience Research Unit, CFIN/MINDLab, Aarhus University, Aarhus, Denmark.

Keywords: Inhibition, Intention, Reward, Action, Volition.
* Both authors contributed equally.
Corresponding Author: Department of Psychiatry, University of Cambridge, Addenbrookes Hospital, Level E4, Box 189, Hills Road, Cambridge CB2 0QQ, United Kingdom.; E-mail: vv247@cam.ac.uk (V. Voon).
[bookmark: _GoBack]


Abstract

Intentional inhibition, the endogenous decision to stop or cancel an action, is arguably a more ecologically valid process than automatized, reactive, inhibition which occurs in response to an external stop signal without active decision making at the moment of inhibition. Choosing to stop an act of opening the fridge door, or of reaching for a bottle of alcohol may therefore extend beyond a reactive inhibitory process, e.g. stopping at a red traffic light. Existing paradigms of intentional inhibition focus on the proportions of intentional stops. Here we developed the Intentional Hand Task, which provides stop response times for intentional and instructed trials. Participants move a cursor by initiating an arm movement, after which a Go, Stop or Choice trial occurs. In Go trials, participants are instructed to make a speeded continuation of their arm movement towards a target whereas in the Stop trials participants are instructed to rapidly stop the already initiated movement. In Choice trials, participants chose whether to continue or stop the movement. By comparing response times when movement was stopped, we found that intentionally stopping took significantly longer than externally instructed stopping. We further investigated the influence of reward incentives, by cueing trials with either the prospect of No, Low or High reward for correctly continuing in Go trials, stopping in Stop trials or achieving a random balance of intentional Go and Stops in Choice trials. Reward incentives led to greater approach behaviours, indicated by significantly higher Go accuracy in instructed Go trials and faster response times across both Go trial types. The presence of reward incentives led to significantly fewer intentional stop choices. Our findings suggest intentional inhibition of an ongoing action may require a further decisional process. Furthermore, monetary incentives may implicitly trigger an appetitive system thus facilitating approach rather than intentional inhibitory behaviour. These findings are particularly relevant to cue-related relapse in disorders of addiction which may facilitate approach behaviours to the detriment of intentional inhibitory control avoidance behaviours.

















1 Introduction
[bookmark: _Hlk45110847]The ability to inhibit actions is a core feature of optimal daily life, but comes in a variety of forms. Inhibition can be categorized based on the amount of intentionality involved at the moment of the inhibition (Ridderinkhof et al., 2014) and research investigating differences between following predetermined instructions, e.g. stopping at a red light, and intentional inhibition, e.g. deciding to stop at a yellow light,  found strong neural evidence for additional processing when inhibition is internally guided (Filevich et al., 2012; Schel et al., 2014). Similarly, when driving and approaching the traffic lights, the presentation of a yellow light might lead some to increase pressure on the gas if one is late for a meeting, whereas the presence of a police vehicle might lead to an inhibition of that response. As these examples illustrate, the expected value of certain outcomes can play an important role in shaping the decision to intentional inhibit or perform an on-going action. 
	Classical inhibition tasks such as the Go/No-go task and the Stop Signal Task (SST; Logan et al., 1984) focus exclusively on externally guided inhibition processes (Ridderinkhof et al., 2014). In other frfwords, they assess response inhibition when it is externally instructed and not freely decided at the moment of the stimulus appearance, e.g. stopping the car when the traffic light turns red. In the Go/No-go task, the instructions predefine unambiguously which visual stimulus requires a speeded button press (Go trials) and which second stimulus indicates the task requirement to inhibit the prepotent button press (No-go trials). Similarly in the SST, speeded motoric responses are ascribed to a visual stimulus and the withholding of the response is required upon presentation of a stop signal (Logan et al., 1984). In both tasks, the decision whether or not to manually respond to a visual stimulus is based on externally guided, unambiguous, task instructions without any decision or choice required at the moment of execution. While these approaches measure the ability to respond to a clear unambiguous stop or go signal, e.g. a red traffic light indicates stopping and green indicates going, external signals in daily life often are more complex and involve context-based decision making. Keeping with the traffic light example, when for example seeing a yellow light, one must decide based on additional evidence whether to continue with the initiated motor response or whether stopping would be more valuable to the desired outcome. Thus, it has been argued that classical experimental paradigms measuring response inhibition lack ecological validity (Ridderinkhof et al., 2014). 
Early research into intentional action and inhibition adapted the standard Go/No-go paradigm to include a free choice component, in which participants were able to choose whether or not to execute the motor response (Kühn & Brass, 2009). This has led to the development of the Parkinson’s Go/No-go task (Parkinson et al., 2017), which contains instructed Go (e.g. press a button when a green circle appears onscreen), instructed Stop (e.g. do not press a button when a red circle appears onscreen), and Choice trials. During Choice trials, participants are commonly advised to balance the number of performed intentional Go and intentional Stop trials, not to alternate their responses and to make their decision after a specified signal (e.g. yellow circle). Intentional actions are associated with longer response times relative to externally cued actions (Karch et al., 2009; Kühn & Brass, 2009; Parkinson & Haggard, 2015), an observation taken to indicate evidence of an intentional decision process (Parkinson & Haggard, 2015). However, this effect of intentionality on response times is usually confined to Go trials, since intentional inhibition trials are only characterizable by their percentage performed among Choice trials. While the SST design is able to estimate stop signal reaction times (SSRTs), this involves the presentation of extraneous stop signals and is as such not applicable as a design feature for studying the effect of intentionality on inhibition. Taking a different approach to studying intentionality, the Chasing Memo task (Liu et al., 2020), found response time effects of intentionality in Stop, but not Go trials. Here, Go responses were operationalised as the time taken to initiate the mouse-based tracking of a moving target, and no difference between instructed and intentional Go response times were found. Instead, Liu et al. (2020) reported longer response times during intentional than instructed Stop trials, when response times reflected the time at which the participants decided to stop tracking the target without imposed time restrictions. Besides behavioural differences in response times, neural activity further differentiates between intentional and externally guided inhibitory processes, with intentional inhibition increasing neural activation in regions involved in voluntary selection such as the medial frontal gyrus and bilateral inferior parietal areas (Karch et al., 2009). Similarly intentional inhibition of an adapted SST showed greater activity in the rostral cingulate, bilateral insular, bilateral thalamus and bilateral dorsolateral prefrontal cortex during intentional relative to externally guided stop trials (Kühn & Brass, 2009).
Intentional action and inhibition can also be manipulated by conscious contingencies (e.g. reward incentives) and unconscious information (e.g. subliminal primes). Introducing monetary incentives usually reduces response times (Hoofs et al., 2019) and induces approach behaviour by enhancing motivational responding (Manohar et al., 2015). Incentivized instructed Go trials hasten response times (Filevich, Kühn, and Haggard, 2013) and externally guided Stop behaviour is similarly affected by introduction of monetary rewards (Leotti & Wager, 2010). When monetary incentives favour stopping accuracy over speed in the SST, stopping accuracy increases and SSRTs are lower (Leotti & Wager, 2010) and stopping accuracy also increases when comparing high to no and low reward incentives (Sinopoli et al., 2011). Thus, instructed behaviour appears to increase in accuracy and speed when monetary incentives are aligned, potentially due to increased approach behaviour for rewarded outcomes. The influence of monetary incentives on intentional action and inhibition has not yet been reported.
While reward contingencies are usually presented explicitly, unconscious processing also affects inhibition and action selection. For example, in a study of subliminally presented incongruent arrow primes in an action selection task, the congruent arrow prime hastened intentional response times and increased the proportion of congruent actions chosen relative to the incongruent prime (Mattler & Palmer, 2012). Internally guided action and inhibition are also affected by unconscious processing. For example, Parkinson and Haggard (2015) designed an intentional inhibition paradigm in which a double-sided arrow indicated Choice trial, a right arrow referred to instructed Go trials and a left arrow instructed Stop trials. Masked cues were presented subliminally at different time points prior to the experimental stimuli, to test effects of positive and negative compatibility in which early congruent subliminal primes facilitate (e.g., a Go prime leads to faster Go responses) responses (Neumann & Klotz, 1994) or later incongruent primes interfere with responses (e.g., a Go prime leads to slower Go responses) respectively (Eimer & Schlaghecken, 1998). The positive and negative compatibility effects were observed on response time during both internally and externally guided actions. The only measure for intentional inhibition, the percentage of Choice Go trials, showed a negative compatibility (late Go primes reduced the percentage of intentional actions) but not a positive compatibility effect on choice behaviour (Parkinson & Haggard, 2014).
[bookmark: _Hlk32589621]Despite neural evidence for a distinction between intentional and externally guided inhibition (Karch et al., 2009; Kühn & Brass, 2009) and behavioural evidence for a distinction between externally and internally guided actions (Kühn & Brass, 2009; Parkinson & Haggard, 2015), research on intentional (as well as externally guided) inhibition is constrained by the inherent lack of outcome measures during intentional Stop trials. In intentional inhibition research, the sole focus is on the proportion of intentional Go versus Stop choices to characterise inhibition. Here we further developed Parkinson’s Go/No-go task (Parkinson et al., 2017) to measure response times for all trial types. In the Intentional Hand Task, participants initiate an arm movement (start to move the computer mouse from A to B). After motor initiation, a visual signal indicates additional instructions about the current trial type. A green signal indicates rapid movement to point B (Instructed Go trial); a red signal indicates to stop as quickly as possible (Instructed Stop trial); and a yellow signal indicates to choose between finishing the movement to B (Intentional Go trials) or stopping the movement as fast as possible (Intentional Stop trials). This design assesses inhibition of an ongoing movement and allows measures of response times to Go and Stop trials and clearly indicates an inhibitory process as compared to standard tasks in which the lack of an observable action following the Stop cue may indicate either an inhibitory process or lack of motor initiation. To assess the influence of monetary reward on stopping behaviour, each trial type is presented equally often under three types of explicit reward conditions (no reward, low = £1, high = £5). In Instructed trials, accuracy was incentivized, e.g. correct inhibition or correctly performed Go responses,  whereas in the Choice trials participants were told that a balanced proportion of Go and Stop (50% intentional Go and 50% intentional Stop) across all Choice trials leads to higher chances of receiving rewards during rewarded trials.
Based on previous research on the influence of reward on externally guided inhibition and action, we hypothesized that response times and accuracy rates to instructed Go trials are fastest and highest during high reward trials. In terms of intentional inhibition, the potential effect of monetary reward on stopping performance is less clear. Previous research on monetary reward and externally guided action and inhibition found behavioural performance to be more aligned with the rewarded outcome. In our task design, the participants are instructed that Choice trials are rewarded depending on how close their overall performance matches randomness. However, given that monetary reward usually elicits approach behaviour, we hypothesized intentional stopping to be less common during high reward trials.

2 Methods
2.1 Intentional Hand Task - Reward (IHT-R)
[bookmark: _Hlk32946838]The Intentional Hand Task for Reward was adapted from (Parkinson et al., 2017) and programmed using the software Presentation (Version 20.0, Neurobehavioral Systems, Inc., Berkeley, CA, http://www.neurobs.com). In this task participants moved a computer mouse on a specially created wooden sliding board (allowing only mouse movements in the horizontal plane) with their right hand (see Fig. 1). Trials commenced (see Fig. 2) with the presentation of a white cursor hand at the left of the screen on top of a bigger white hand (start hand, marked with an X). The bigger hand changed colour to green indicating the Trial Start (the delay between the onset of the white hand and appearance of the green hand was randomly jittered between 500 ms and 1 sec, in steps of 50 ms) at which point participants were to move the white cursor hand towards the square located on the right of the screen. Crossing the left border of the square marked the end point for the Go trials. 
[bookmark: _Hlk46751616]Premature responses were defined as movement of the cursor hand before the Trial Start (before the bigger hand turned green) leading to an aborted trial with feedback: "You moved the mouse too early. Move the mouse back to the start position and click the left button" followed by a restart of the trial. Following a successful Trial Start the cursor hand changed colour to green, red or yellow at a random location (with equal distance to the end line for all trials) indicating either an instructed Go, instructed Stop or Choice trial respectively. 
In Go trials, the goal was to move the green cursor hand past the end point as fast as possible, and correct Go response times reflect the time taken from the appearance of the Cue to when the participants moved the cursor past the end point (in other words, past the left border of the square). In the Stop trials, the goal was to stop the red cursor as fast as possible before reaching the end line, and Stop response times reflect the time from the appearance of the Cue to completely stopping the cursor (defined as not changing cursor location for at least one refresh rate = 16 ms) and this stopping location had to be before the end point defined for Go trials.
[bookmark: _Hlk46592139]In Choice trials, the participants were instructed to decide between stopping the movement of the yellow cursor mouse as quickly as possible (Intentional Stop trials) or to move the cursor as fast as possible past the end line (Intentional Go trials). Similar to previous intentional inhibition task designs (Parkinson et al., 2017), Choice trials were given the additional instruction of attempting to balance the decision 50:50 between stopping and going without preconceived strategies such as counting or alternating choices, and instead to base their decision on what they want to do in this specific moment. Upon trial completion, participants were instructed to move the mouse back to the starting position on the sliding board (the cursor hand was automatically set to its predefined starting point on the screen).
In respect to the Presentation software coordinate system, with x = 0 indicating the center of the screen, the following locations were set on the x Axis: Start hand at -870, Cue appearance varied randomly between -180 and 160 in steps of 10, to avoid anticipation, and the end point was kept in equal distance to the Cue position across trials (varying Cue position + 675). Mouse speed was scaled in Presentation by .06 and the mouse DPI was set to 1000 Hz per sec.
[image: ]
Fig. 1 Hardware set-up of the IHT-R. Shown are the dimension of the sliding board, the holding of the mouse and utilised screen dimensions (in inch). 
[image: ]
Fig. 2 | Example trial types and structure for the Intentional Hand Task for Reward (IHT-R). At Trial Start, the small cursor hand is initially white and presented on top of a larger green hand. After the participant moves the cursor hand rightward, the cursor hand changes colour depending on the trial type: green for Instructed Go trials, red for Instructed Stop, and yellow for Choice trials. The trial ends when the cursor hand is moved past the left border of the square (counted as Go) or is not moved for at least one refresh rate.


2.2 Reward Component
Before each trial, participants were cued with the reward type (no, low and high reward) for the upcoming trial, e.g. “Now you can get a low reward” paired with one “£” sign in a blue square. For the high reward cue, “£££££” was shown in a pink square, whereas in the no reward condition, the text “Now you cannot get a reward” was accompanied by an empty grey square. The corresponding reward type picture was also shown in the end square, e.g. in trials of high reward, the square at the far right was pink and contained “£££££”. Upon reaching the end line irrespective of trial type, the square changed colour to a light grey to provide visual feedback about the success of their movement.
[bookmark: _Hlk46592228]The participants were instructed that money would be banked in the following conditions: successfully passing the end line for correct instructed Go trials, stopping before the end line for instructed Stop trials, and being close to balancing 50:50 decisions in Choice trials (across all Choice trials: no, low and high reward trials; even though pay-out occurs only during low or high reward trials). In practice, money was randomly banked in 50% of Choice trials, regardless of the participants’ intention to Stop or Go. Participants were told that a proportion of the money earned during this task was added to their participant payment, in reality, all participants were given an additional £5 for their participation. Participants were thus aware before the start of the task that they would not receive “£1” or “£5” as shown on screen, but that it translates into a smaller percentage of the respective rewards, maintaining the magnitude difference between reward types. At the end of each trial, participants saw the number of pounds banked during that trial, and the total amount of pounds collected. The resulting total amount of earned reward varied between 171 and 288 pounds across participants (M = 238.64, SD = 27.77).

2.3 Procedure 
 The experiment consisted of 180 trials in total, of which 45 were Instructed Stop, 45 instructed Go and 90 Choice trials. Per trial type (Instructed Stop, Instructed Go, and Choice) there was an equal proportion of no reward, low reward and high reward trials. Trial presentation was pseudo-randomized with the restriction to not present more than five trials of the same trial type in a row. Before the experiment, two practice sessions were performed. First, 15 practice trials were performed with an equal amount of trials per trial type to familiarize the participants with the mouse motion and the task layout. Second, the Choice trials were practiced for 15 trials to further familiarize the participants with the task design, motion required and multi-tasking requirement (deciding while keeping the cursor hand moving). In both practice sessions, participants received feedback upon completion of a trial. For Instructed trials the feedback was based on the correctness of the response and for Choice trials the feedback incorporated their choice and a counter reflecting the total number of choices made towards Go and Stop trials. 

2.4 Participants
Participants were recruited from the general public and provided informed consent before participation which was approved by the local ethics committee in accordance with the 1964 Helsinki declaration (reference number: 11/EE/0198). All participants reported no psychiatric or neurological disorders and were paid £10 for participation. From an initial sample of 45 participants, two participants were excluded due to excessively slow response times (>2 standard deviations, SD, from group mean) during Instructed, non-rewarded, Go trials and four participants due to too low accuracy rates (>2 SDs from group mean) during Instructed, non-rewarded, Go or Stop trials. The final sample thus comprised 39 right-handed participants (8 male) with a mean age of 30.08 years (SD = 10.17, range between 19 and 59 years). 

2.5 Statistical analyses
[bookmark: _Hlk46594054]To assess whether participants followed preconceived strategies during Choice trials, we performed runs tests of randomness on the group level, incorporating response sequences from each participant, first across all Choice trials, then per reward type. Test statistics, z-scores, were computed using the "DescTools" package (Signorell et al., 2020) in R v3.6.3 (R Core Team, 2020). Approximate, rather than exact statistics were used for all sequences, consistent with recommendations for sequences longer than 20 (Bujang & Sapri, 2018). In SPSS, we performed a one-sample t-test on z-scores derived from the runs test of randomness relating to all Choice trials, and a rmANOVA with reward type to assess whether the level of randomness differed between reward conditions.
Pre-Cue performance was captured by three measures: the number of premature responses (failures to wait for Trial Start), the movement delay (from the onset of the green hand indicating the need to start Stage 1 to actually moving the mouse), and average speed (distance/time) of Stage 1 (from an initiated mouse movement to Cue appearance). Separate repeated-measures ANOVA (rmANOVA) with reward type (no, low, high) as within-subjects factor were conducted to assess how the information of reward influences pre-Cue performance.
The influence of reward types on response accuracy to instructed Go and Stop trials was investigated using two separate rmANOVAs with reward type as within-subjects factor. Next, response times post-Cue were analysed separately for Go and Stop with 2 (instructed, choice) x 3 (no, low, high reward) rmANOVAs. Thereafter our main hypothesis was tested. The effect of reward types on intentional stopping, the % of intentional Stop trials, was analysed with reward type as a within-subject variable. To further characterise Stop trials, Stop distance and average speed during Stop trials were analysed via separate rmANOVAs with reward type as within-subjects factor.
All rmANOVAs were performed with Greenhouse-Geisser correction applied when applicable and corresponding significant post-hoc t-tests were Bonferroni-corrected (pc). Statistical analyses were performed using SPSS 25 (IBM SPSS Statistics) unless otherwise specified. For rmANOVA results, η2p and corresponding 90% confidence intervals (CI) are reported. For paired-sample t-tests, Hedges gav (95% CI) based on Lakens (2013) was computed using the effsize package (Torchiano, 2020).
[bookmark: _Hlk46932634]For analyses other than the percentage intentional inhibition or on randomness of responses, we excluded individual participants’ responses further than 2 SDs from their respective means, depending on instruction, trial type and reward condition (e.g. participant 1 - Instructed - Go - low reward). For Stop response times, a total of three trials across all participants were additionally excluded due to stopping occurring within 50 ms of the Cue appearance, since they likely represent a failure to continue moving the mouse while processing the Cue.
Sensitivity analysis was performed using G*Power 3.1.9.2 (Erdfelder et al., 1996), and the smallest detectable effect size for paired-sample t-tests (Cohens dz) equalled .46, given our sample size, a two-sided α of .05 and 80% power. 
3 Results
Assessing the randomness of the participant responses across all Choice trials revealed no statistically significant deviation from randomness (t(38) = 1.78, p = .08, g = -.28, CI = -.92 - .36). Analysing the effect of reward type on randomness revealed no significant main effect of reward type (F(2,76) = 2.15, p = .12, η2p = .05, CI = 0 - .13).1
Assessing pre-Cue performance revealed no significant effect of reward type (no, low, high) on the number of premature responses (F(2,76) = .28, p = .76, η2p = .007, CI = 0 - .05). However, we found a significant main effect of reward on the delay to initiate the trial (F(2,76) = 4.89, p < .05, η2p = .11, CI = .01 - .22), see Fig. 3A. Trial initiation was faster at high (M = 437.68, SD = 111.05) compared to no reward (t(38) = , pc < .01, gav = .18, CI = .07 - .29), whereas no significant difference was found between no (M = 459.98, SD = 123.63) and low reward (M = 436.30, SD = 104.54) following Bonferroni correction (t(38) = 2.24, pc = .09, gav = .20, CI = .02 - .37). Movement Delay did neither differ significantly between low and high reward (t(38) = .19, p = .85, gav = .01, CI = -.12, - .15). Similarly, average speed during the pre-Cue stage (Fig. 3B) differed significantly depending on the reward conditions (F(2,76) = 4.09, p < .05, η2p = .10, CI = .01 - .20), with significantly faster average speed pre-Cue during high (M = 1.07, SD = .44) reward than low (M = 1.04, SD = .43) reward trials (t(38) = 3.01, pc < .05, gav = .07, CI = .02 - .11). No significant difference was found between no (M = 1.05, SD = .44) and low (t(38) = 1.14, p = .261, gav = .03, CI = -.02 - .07) or between no and high reward (t(38) = 1.57, p = .126, gav = .04, CI = -.01 - .10). 
Analysing response accuracy to Instructed Go trials showed a significant main effect of reward type (F(2,76) = 7.61, p < .001, η2p = .17, CI = .05 - .28). Paired t-tests indicated a significantly higher percentage of trials during which the reward square was reached during high (M = 78.47, SD = 13.17) compared to no (t(38) = 3.81, pc < .01, gav = .47, CI = .21 - .72) and low reward trials, t(38) = 2.71, pc < .05, gav = .33, CI = ,08 - .57 (see Fig. 3C). There was no significant difference between no (M = 70.93, SD = 17.08) and low reward (M = 73.55, SD = 15.70) trials (t(38) = 1.26, p = .22, gav = .19, CI = -.06 - .43). The effect of reward types on response accuracy to Instructed Stop trials was not significant (F(2,76) = .18, p = .84, η2p < .01, CI = 0 - .04).
[bookmark: _Hlk46588388]Analysing the Go response times revealed no significant main effect of Instructed vs. Choice, F(1,38) = .92, p = .35, η2p = .02, CI = 0 - .15, although a significant main effect of reward type was observed, F(2,76) = 5.67, p < .01, η2p = .13, CI = .02 - .24. There was no significant interaction between Instructed vs. Choice and reward type (F(2,76) = .84, p = .44, η2p = .02, CI = 0 - .08). Follow-up paired t-tests between the reward types of Go trials indicated significantly faster response times during high reward (M = 732.60, SD = 213.98) compared to low (M = 756.70, SD = 228.08) reward (t(38) = 3.11, pc < .05, gav = .10, CI = .04 - .17), while the difference between high and no reward (M = 756.86, SD = 213.35) trials did not remain significant following Bonferroni correction (t(38) = 2.50, pc = .05, gav = .11, CI = .02 - .20). There was no significant difference between no and low reward trials, on response times to Go trials, t(38) = .02, p = .98, gav < .01, CI = -.06 - .06, (see Fig. 3D).
The analyses on the response times to Stop trials revealed a significant main effect of Instructed vs. Choice (F(1,38) = 24.72, p < .001, η2p = .39, CI = .19 - .54), specified by slower stopping response times during Intentional (M = 500.49, SD = 78.45) compared to Instructed (M = 461.62, SD = 63.68) Stop trials (see Fig. 3E). The main effect of reward type (F(2,76) = .74, p = .48, η2p = .02, CI = 0 - .08), and the interaction between Instructed vs. Choice and reward type were not significant (F(1.6,58.9) = .69, p = .47 η2p = .02, CI = 0 - .09).
Analysing the main hypothesis, the effect of reward types on the percentage of Intentional Stop trials, revealed a main effect of reward type (F(1.6,61.2) = 13.94, p < .001, η2p = .27, CI = .11 - .39). Paired t-tests indicated that intentional stopping occurred less in high (M = 45.98, SD = 14.66) compared to no reward (t(38) = 4.18, pc < .001, gav = .91, CI = .39 – 1.42) and less in low reward (M = 49.09, SD = 11.10) compared to no (M = 58.99, SD = 13.37) reward, t(38) = 4.85, pc < .001, gav = .78, CI = .42 - 1.15 (see Fig. 3F). The % of intentionally stopped trials was not significantly different between high and low reward trials, t(38) = 1.27, p = .21, gav = .23, CI = -.14 - .60.
Analysing Stop distance did not reveal a main effect of Instructed vs. Choice (F(1,76) = .07, p = .79, η2p = .002, CI = 0 - .04), or reward types (F(1.7,64.5) = 2.46, p = .10, η2p = .06, CI = 0 – .16). The interaction between reward and type of instruction was not significant (F(1.7,63) = 1.65, p = .20, η2p = .04, CI = 0 - .13).
The rmANOVA on average speed during Stop trials (how fast participants moved the mouse till they stopped) expressed a significant main effect of Instructed vs. Choice (F(1,38) = 22.83, p < .001, η2p = .38, CI = .17 - .52), with increased speed during Instructed (M = .81, SD = .32) than Choice Stop trials (M = .75, SD = .30), see Fig. 3G. Additionally, and unlike in the Stop response time analyses, we found a significant main effect of reward on average speed during Stop trials (F(2,76) = 3.73, p < .05, η2p = .09, CI = .0 - .19), while the interaction between reward types and Instructed vs. Choice was not significant (F(1.7,65.2) = 1.04, p = .36, η2p = .03, CI = 0 - .10). The main effect of reward on average speed during Stop trials showed that regardless of whether stopping was Intentional or Instructed, average speed during Stop trials was significantly increased during high reward (M = .80, SD = .32) when compared to low (M = .77, SD = .30) reward trials (t(38) = 2.86, pc < .05, gav = .10, CI = .03 - .17). The difference between high and no reward did not remain significant following Bonferroni correction (t(38) = 2.27, pc = .087, gav = .09, CI = .02 - .17). Similarly, no (M = .77, SD = .32) and low reward did not differ statistically in their effect on average speed during Stop trials (t(38) = .31, p = .755, gav = .01, CI = -.08 - .10), see Fig. 3H. 

[image: ]
Figure 3. Bar Graphs of the Significant Effects of Reward Type and Instructed vs. Choice Trials on Behavioural Performance in the Intentional Hand Task-Reward. rmANOVA findings were significant in these contrasts with post-hoc comparisons corrected for multiple comparison. Significance levels are indicated by *** for p < .001, ** for p < .01 and * for p < .05. SE = Standard Error of the mean. Average speed refers to distance (in units of Presentation programming software) divided by response times.

4. Discussion
[bookmark: _Hlk46401301]Our findings in this Intentional Hand Task for Rewards highlight the capacity to explicitly measure a stop response time and the important influence of reward incentives on pre- and post-Cue performance. Pre-Cue, faster action initiation and average speed was observed for potentially highly rewarding trials, without an effect on premature responses. Post-Cue,  similar to previous observations of slower response times to intentional versus cued actions (Karch et al., 2009; Kühn & Brass, 2009; Parkinson & Haggard, 2015), stop response times were longer and average speed was lower for intentional compared to instructed Stop trials. 
The introduction of monetary rewards further influenced the proportion of intentional action and inhibition, with reduced intentional stopping occurring when presented with a chance of obtaining rewards. In other words, intentional Go responses were more likely during potentially rewarding trials, which might resemble an implicit approach bias. It is important to highlight that completing a Go response during Choice trials was unrelated to whether participants received incentives, instead the instructions incentivized balancing intentional action and inhibition 50:50 across all Choice trials (no, low, high reward), with a potential pay-out only in reward trials, if participants’ overall Choice performance neared 50:50. The effect of monetary reward was additionally visible in response times to Go trials as well as in the average speed during Stop trials, with faster performance for high relative to low reward. Similarly, the magnitude of reward also decreased the number of errors during instructed Go trials with a step-wise decrease in errors with increasing reward magnitude. 
[bookmark: _Hlk46402481]Initially, there might be a discrepancy between the reported facilitating effects of high reward on pre-Cue average speed and movement initiation delay and the absence of significant reward effects on premature responding. Within Näätänen’s (1971) motor readiness model, premature response can arise from either strong excitation induced by high expectancy or a cortical failure to suppress the motoric output due to underestimating the strength of suppression required. The first occurrence requires delay certainty, which is not a feature of our task design, since the delay at which the trial started was jittered to avoid anticipation. The second type of premature responses could theoretically occur in our task, especially during highly rewarding trials, which are thought to increase cortical preparation, in line with the observed effects of reduced delay and increased pre-Cue speed in the IHT-R. However, the current sample consisted of healthy participants without underlying impulse control deficits. Intact impulse control usually prevents premature responses by inhibiting spinal cord excitability during cortical preparatory processes (Davranche et al., 2007; Duque et al., 2012). In line with the suggestion that reward effects do not override intact impulse control in healthy individuals, no effect of reward on stopping speed was found. Similar to the current results, previous research investigating the effects of reward on movement initiation and premature responses found the presence of reward prospects to facilitate movement initiation, while not increasing the number of premature responses in healthy volunteers (Kojovic et al., 2016). As such we assume that even when facing the prospect of high reward, an intact impulse control system acts via increasing both, cortical preparation, but also suppression of the cortico-spinal pathway, to produce the joint effects observed in the IHT-R. In line with this, high reward trials might increase attention, which has previously been argued to be inversely related to the occurrence of premature responses (Puumala et al., 1997). Previous research on intentional inhibition relied on the response times to Go trials and on the percentage of intentional Stop and Go trials to assess free choice, whereas the IHT-R has the advantage that stop response times can be explicitly measured. 
[bookmark: _Hlk46405527]In line with previous investigations, we advised participants to balance the proportions of intentional action and intentional stopping 50:50 during Choice trials. Research on intentional action using a similar design usually reports an increase in response times when compared to instructed Go trials, while the absence of measured Stop response times prevented a quantification of the effect of intentionality on the stop process (Karch et al., 2009; Kühn & Brass, 2009; Parkinson & Haggard, 2015). In our task design, we observed prolonged response times for intentional compared to instructed Stop, but not Go trials. This apparent contradiction to previous research on intentional action and inhibition might be explained by differences between the task designs. Previous research on instructed and intentional action used a variety of tasks such as variants of the Go/No-go, the Marble task, or more recently, the Chasing Memo task by Liu et al. (Liu et al., 2020) which define Go response times as the time it takes to initiate a button press or a motion. Conversely, the stop process is usually operationalised as an absence of the button press. Our task design was optimised to enable the measurement of the stop process, by defining it as stopping an already initiated motion, instead of stopping oneself from initiating a motion. As a consequence, the here employed definition of Go trials differs conceptually from previous research. In our task, participants were instructed and trained to move the mouse across the board while processing the Cue signal and while making their decision. As such the Go response is not an initiation of a motion, but the continuing of an already initiated motion, which ends when the participant reached the target location which was positioned in a fixed distance from the starting point and did not differ between intentional and instructed trials. Taken together, we speculate that due to the Instructed and Intentional Go trials requiring the covering of the same distance and the instruction and training to continue moving while deciding on Intentional trials, the decision process itself will take place during a motion and therefore might have only a non-significant impact on the RTs during Go trials, in other words, the duration necessary to complete the fixed distance. As such, the additional decision-making process during intentional trials might influence the response times in Go trials less than in Stop trials, where the distance can vary and depends on the person’s speed of decision making and active inhibition. 
[bookmark: _Hlk46414640]It is further important to note that research on action and inhibition, whether internally or externally guided, primarily utilises button presses involving individual finger movements, whereas our task design requires performing whole arm movements using the elbow joint. Research comparing neural activation patterns evoked by finger tapping vs. elbow movements show that while both evoke partially overlapping activation in the primary motor cortex, elbow flexion/extension usually involves more medial and less spatially extended neural activation compared to individual finger movements (Lotze et al., 2000; Rao et al., 1995). Similarly, reach movements with visual feedback activated additional thalamic regions, while the speed of a movement was positively associated with putamal activation (Shirinbayan et al., 2019). As such the extent and location of neural recruitment likely differs between the current and previous paradigms, which in turn might impact the comparability of response time measures across tasks. However, in absence of response time differences between instructed and intentional Go trials, future investigations on neural processing during these trials are warranted. In respect to intentional inhibition, converging evidence on the neural underpinnings points to a fronto-basal ganglia network (Jahanshahi et al., 2015), with the dorsal fronto-median cortex (dFMC) and inferior parietal lobule mediating intentionality of inhibition (Filevich et al., 2012; Kühn et al., 2009; Lynn et al., 2014; Schel et al., 2014). Moreover, it was demonstrated that the dFMC exerts greater control, or effective connectivity, over premotor areas during intentional inhibition compared to intentional action (Kühn et al., 2009). Further, temporally impairing dFMC function via repetitive transcranial magnetic stimulation significantly reduced the proportion of intentional, but not externally guided inhibition (Ficarella & Battelli, 2017). The neural basis of externally-guided inhibition, on the other hand, seems to be more influenced by the task design, as evident from differences in the recruited neural network when comparing successful stopping in the Go/No-go task to that in the SST (Swick et al., 2011) as well as when comparing simple to complex Go/No-go tasks (Simmonds et al., 2008). However, overlap among SST and Go/No-go tasks hints towards common processes related to neural activity in parts of the cingulo-opercular control network, such as the medial frontal cortex and the right anterior insula (Swick et al., 2011), and similar brain regions are expected to be involved during inhibition in the IHT-R.  
The introduction of incentives led to hastening the Go response times regardless of trial type, an effect that was not observed in Stop response times, but instead visible as increased average speed during Stop trials. Incentivizing performance with monetary reward has been shown to lead to faster response times in instructed Go trials (Filevich et al., 2013) and is replicated by the current results. That high reward incentives facilitated faster response times across Go trials as well as higher accuracy in instructed Go trials might suggest enhancements in both speed and accuracy during Go trials consistent with greater motivation or approach behaviours to higher rewards. Previous studies on the role of incentive reward on stopping behaviours have focused on incentivizing correct stopping performance (Leotti & Wager, 2010) and show increased Go response times and greater stopping accuracy to incentives (Leotti & Wager, 2010; Sinopoli et al., 2011). We did not observe an effect of incentives on instructed stop accuracy or response times which may be related to a ceiling effect, instead, monetary incentive shifted the likelihood of intentional action and inhibition towards action.
	In Choice trials we incentivized achieving a random distribution of intentional Go and Stop choices and show an effect of any incentive in decreasing the proportion of intentional stops. Taken together with the observation of incentive facilitation on Go response times and accuracy, the decrease in intentional stopping may be related to the balance between appetitive and aversive systems (Verbruggen et al., 2014). In this view, Go responses are associated with the appetitive system and have a mutually inhibitory connection to the Stop response, which in turn is connected to the aversive system. Evidence to support this concept comes from the observation that intentional stopping behaviour is increased when angry facial cues are presented as subliminal primes (Parkinson et al., 2017). Angry faces are hypothesized to trigger the aversive system, which in turn increases stopping behaviours. In our paradigm, the appetitive system may be triggered by the explicitly presented high reward information. During Choice trials, participants are not driven by goal-directed behaviours to achieve the reward, since randomness of responses rather than performance was incentivised. Reward incentives may trigger the appetitive system, thereby increasing the likelihood of intentional Go responses and suppressing intentional Stop responses. 
The IHT-R task is an attempt to delineate the external signals that might influence the decision the participant must make in the Choice trials, while enabling the measuring of stop response times. The addition of reward incentives as investigated here, is one way to research intentional inhibition in a more ecological manner, as actions and inactions are often performed in the presence of signals that have incentive value associated with them.  Further adaptions may choose to induce or assess biases by means of varying the in/compatibility of the presented Cues and associated instructions, the pictorial content of the target location, introduce subconscious prime presentation or similar experimental manipulations to assess the effects on stopping ability and performance. The current study is not without limitations. This novel task measures response times to instructed Go and Stop as well as response times to Choice trials. The task itself requires hardware, such as a sliding board that allows only horizontal mouse movements. To capture stop response times, an ongoing movement first has to be initiated before response times of its inhibition can be measured. This requires participants to carry out a number of left to right movements with their right arm and might not be suitable for participants with motor disorders, fatigue, weakness, or low levels of physical fitness. Further, our percentages of instructed Go error rates in the IHT are higher than previously reported for standard Go/No-go paradigms, which usually suffer from ceiling effects for Go and No-go accuracy (Lythe et al., 2005). While this variation in instructed Go accuracy rates allows us to investigate the effect of reward types on instructed Go accuracy, inaccurate instructed Go trials can arise from two task-based components. First, participants are asked to process the information conveyed by the cue (which indicates instructed Go, instructed Stop or Choice trials) while continuing the already initiated arm movement. For participants with diminished dual task performance capacity, automatic stopping of the arm movement following the cue presentation can occur and such trials would count as wrong instructed Go trials, or higher intentional stopping, depending on the trial type. Second, participants might have difficulties in understanding that the left border of the square on the far right of the screen acts as a finishing line that has to be passed completely which may have contributed to the higher instructed Go error rates. We therefore advise future tasks to mark the destination by a finishing line instead of a box, since this change might increase the understanding of the target location for Go trials. Similarly, Go accuracy and Stop trial difficulty can be enhanced by diminishing the distance between Cue and target location. However, the physical appearance of the target location and the demands for dual processing were constant across reward types and therefore should not have influenced the reported findings on the influence of reward type on performance.
[bookmark: _Hlk49425348]The IHT has the unique advantage of explicitly measuring the response times associated with both stopping and fulfilling an action, whether externally or internally guided. The provided measures include the speed of stopping, the average speed following the Cue, as well as the distance till the motion was stopped, but can be further extended to measuring the full motion x time profile. Each feature of the inhibition trials has the potential to be differently affected depending on pre-existing or experimentally induced biases and the IHT might therefore be particularly relevant in studying disorders of inhibition, such as for example Attention-Deficit/Hyperactivity Disorder and bipolar disorder. Similarly, these measurable aspects of inhibition might further our understanding of the influences common experimental manipulations have on the stopping process. Recently, aversive pictures presented before trial onset were shown to not impact No-Go error rates, while reducing SSRTs (Littman & Takács, 2017). Future research utilising the IHT has the potential to delineate which aspects of stopping behaviour are affected by, for example, valence and to directly examine whether negative valence increases the stopping speed and potentially increases the distance to the finishing point/negative picture due to implicit avoidance tendencies. In addition to explicitly measuring stop response times, the task design offers a range of parameters that are implicitly influenced by experimental manipulations. We show that high reward enhances the speed of motion initiation, average speed pre-Cue, but not the number of premature responses. High reward also increased post-Cue average speed and shifted intentional decisions to be biased towards intentional action over inhibition. Notably, average speed during stop trials was higher for trials with a chance of high reward, while distance moved and stop response times did not differ by reward type. This combination of findings indicates that high reward induces a tendency to choose action over stopping and a fast execution of that motion (average speed), but also shows increased stopping efficiency, since fast motions are assumed to be more difficult to stop within equivalent distance and time.
[bookmark: _Hlk32591978]In sum, we here present a novel task of intentional inhibition enabling the capture of intentional stop response times and the influence of incentive rewards. We highlight the likely role of a greater decisional process underlying the delayed response times of intentionally stopping an ongoing motor response. We further suggest that monetary incentives during intentional choices may implicitly trigger an appetitive system thus facilitating approach rather than avoidance, which in turn reduces intentional inhibitory behaviours during high reward prospects. These findings are particularly relevant to drug or alcohol induced cues which may facilitate approach behaviours to the detriment of intentional inhibitory control avoidance behaviours. 
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Footnotes
1 When performing the runs test of randomness on the individual participant level, eight participants deviated from randomness at p uncorrected < .05. Excluding these participants did not affect any of the reported results. Indeed, significance was enhanced and the Go response time difference between no and high reward became additionally significant at Bonferroni-corrected pc < .05.
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