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ABSTRACT

Introduction: Previous research showed that methadone maintenance treatment (MMT) is linked
to impulsivity, with higher impulsivity levels being associated with for example, increased drug use.
One aspect of impulsivity, most commonly studied in rodent research, is premature responding,
the failure to wait for a starting signal. Premature responding is of high translational significance
since it predicts the development of addiction-like behaviors in rodents.

Methods: We assessed 45 MMT patients and 46 demographically matched (age, sex, education,
and handedness) healthy volunteers (HVs) on premature responding alongside action and inhibi-
tion of instructed and intentional trials using the Intentional Hand Task (IHT).

Results: The results showed markedly enhanced premature responses in the MMT vs. the HV
group, which correlated positively with methadone dosage in the MMT patients. Throughout the
task, MMT patients were faster across all trial parts and less accurate in response to instructed trials
compared to HVs.

Conclusions: The increase in premature motor reactions during variable waiting periods alongside
increased motion speed and lower accuracy might reflect a specific motor inhibition deficit in
MMT, a subcomponent of impulsivity not previously assessed in MMT. Incorporating an experi-
mentally defined measure of impulsivity, such as premature responding, into existing test batteries
used by clinicians might enable more tailored treatments addressing the increased impulsivity
levels and associated dysfunctional behaviors in MMT.
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1. Methadone maintenance treatment and

. . R also one of the factors predicting relapse in MMT, in
impulsivity: premature responding

addition to lower social support and other personality
aspects (Mahu et al., 2019; Zhu et al., 2018). However,
the concept of impulsivity involves several related, but

Methadone maintenance treatment (MMT) is effective
in reducing opioid intake and relapse rates in opioid use

disorders (Joseph et al., 2000). Compared to heroin
treatment, MMT is associated with better psychomotor
performance (Soyka et al., 2011), but when contrasted
with healthy participants, a range of cognitive deficits
persist in patients on MMT. These deficits include
reduced psychomotor speed, working memory, and
decision-making, as well as abnormalities in impulsiv-
ity-related mechanisms (Butler & Le Foll, 2019; Mintzer
& Stitzer, 2002).

Impulsivity is a multifaceted construct and is of high
importance for the development and maintenance of
addictions (Dalley & Robbins, 2017; Kreek et al., 2005;
Lee et al.,, 2019). Increased self-reported impulsivity is

separable, processes, including delay discounting,
response inhibition, response interference, and prema-
ture responding (e.g., Buss & Plomin, 1975; Dalley &
Robbins, 2017; Sharma et al., 2013). While to our
knowledge premature responding has not yet been
investigated in MMT, MMT patients usually present
with steeper delay discounting rates compared to con-
trols (Li et al., 2021; Robles et al., 2011; Scherbaum et al.,
2018), but with less severe discounting deficits when
compared to heroin users (Karakula et al., 2016).
When assessing response inhibition as measured by
the Stop Signal Task (SST; Logan et al., 1984), inhibi-
tion-related findings are less consistent with MMT.
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Patients on MMT are either found to be better, worse, or
not different relative to control participants on mea-
sures of inhibition, with little consistency across studies
(e.g., Li et al., 2021; Liao et al., 2014; Zeng et al., 2016).

Premature responding, or the tendency to respond
before the “start” signal, is a concept of high transla-
tional significance and is commonly utilized in rodent
research assessing impulsivity (e.g., Amitai & Markou,
2010). In rodents, premature responding is assessed
with the five-choice serial reaction time task (5-CSRT;
Robbins, 2002), where rodents are trained to perform
a nose poke onto targets after a starting signal such as
the illumination of the target (e.g., Paterson et al., 2012;
Wang et al., 2017). Premature responses are operation-
ally defined as nose pokes before the illumination of the
target resulting in a time-out (an additional delay before
the delivery of a food pellet) and are seen as an indicator
of impulsive performance (e.g., Cope et al., 2016; Dalley
& Robbins, 2017; Jiménez-Urbieta et al., 2019). In line
with the notion of impulsivity consisting of related, but
separable processes, previous research found that pre-
mature responding relates to a different aspect of impul-
sivity than response inhibition as measured with the
Stop Signal task or delay discounting in both humans
and rodents (Bailey et al., 2021; Dalley & Robbins, 2017;
Eagle et al., 2009; Morris et al., 2016; Paterson et al.,
2012; Pattij et al., 2009; Robinson et al., 2009; Van
Dessel et al., 2019). In rodents, baseline premature
responding predicts addictive behaviors such as com-
pulsive drug-seeking, e.g., the persistence of cocaine
seeking despite punishment in the form of electric
shock (Belin et al., 2008; Voon, 2014). Baseline prema-
ture responding also uniquely predicted levels of sub-
stance intake and drug-primed reinstatement of
cocaine-seeking following abstinence in a longitudinal
rodent study comparing the predictive utility of prema-
ture responding to that of risk-related impulsive choice
(Arrondeau et al., 2023). Similarly, in humans, the level
of premature responding correlated positively with the
amount of alcohol consumed (Marinkovic et al., 2012),
further highlighting the importance of premature
responding for the maintenance of addiction.

While the effects of the mu-opioid agonist metha-
done on premature responses are yet to be determined,
previous rodent research points toward increased pre-
mature responding following acute administration of
other mu-opioid agonists as well as stimulants
(Maguire & France, 2019; Maguire et al., 2016; Pattij
et al., 2009; Wiskerke et al.,, 2011, 2012; Zhong et al,,
2018). Heroin, for example, increases premature
responses in the rodent 5-CSRT (Zhong et al., 2018),
while acute administration of the mu-opioid agonist
morphine had either no effect (Maguire & France,

2019; Maguire et al.,, 2016) or increased premature
responses (Pattij et al., 2009). However, following stabi-
lization on subchronic morphine for a 3-week period,
premature responses in the 5-CSRT in rodents
increased approximately fourfold (Maguire & France,
2019). Similarly, psychostimulants such as nicotine,
methylphenidate, and amphetamine were found to
increase premature responding in rodents despite their
effects relating to different receptor types (Maguire &
France, 2019; Maguire et al., 2016; Wiskerke et al., 2011,
2012). Administration of mu-opioid antagonists, such
as Naloxone, has no effect on baseline premature
responding, but is able to abolish the increase in pre-
mature responding seen following morphine and
amphetamine administration (Pattij et al., 2009;
Wiskerke et al., 2011), but not the increase in premature
responding following nicotine intake, which was found
to be dependent on cannabinoid, but not opioid recep-
tors (Wiskerke et al., 2012).

Human research on premature responses is limited,
with no data existing on the association between metha-
done usage and premature responding. Existing evi-
dence related to addictions implies a similar picture as
in rodent studies, with higher levels of premature
responding in patients with stimulant dependencies
such as amphetamine and cocaine addiction
(Zhukovsky et al., 2020). Additionally, Voon et al.
(2014) found increased premature responding in rela-
tion to recreational cannabis use, as well as in abstinent
methamphetamine, and alcohol-dependent partici-
pants. Similarly, premature responses are more com-
mon in binge drinkers when compared to non-binge
drinkers (Morris et al., 2016; Sanchez-Roige et al., 2014)
and administering methylphenidate acutely increases
the number of premature responses (Voon et al., 2016).

Measuring premature responses in humans and
rodents includes a time-out as a negative consequence
following the execution of premature responses which is
variably found in human translational versions (e.g.,
Sanchez-Roige et al, 2014; Voon et al, 2014).
Following this rationale, a recently developed paradigm,
the Intentional Hand Task (IHT; Weidacker et al., 2021)
assesses premature responding alongside action and
inhibition in instructed and intentional trials. In the
IHT, participants are required to start moving
a computer mouse from one side to a predefined loca-
tion on the other side of the screen upon presentation of
a start sign. Failure to wait for the start sign, operation-
ally defined as premature responding similar to the
rodent 5CSRT, is followed by the need for the mouse
to be moved back to the starting position and for parti-
cipants to restart the trial. Premature responses in the
IHT hence have a similarly negative effect as the time-



out punishment that usually follows on premature
responses in rodent research (e.g., Sanchez-Roige et al.,
2014). In the IHT, after successful initiation of a trial
and moving the mouse for a predetermined distance,
the cursor changes color (Cue) to indicate either the
requirement to stop the motion (Instructed Stop), to
move the mouse past the end point (Instructed Go), or
to freely choose the performed motion between
a correct Stop and Go response.

In the current study, we assessed premature respond-
ing and IHT action and inhibition measures in MMT
patients and demographically matched (age, sex, educa-
tion, and handedness) healthy volunteers (HVs). Based
on previous rodent research highlighting a general
increase in premature responding due to disinhibition
effects of mu-opioid agonists, we hypothesized a higher
level of premature responding in MMT patients.

2. Materials and methods
2.1 Participants

MMT participants were outpatients recruited from
MMT clinics in Xuhui, Hongkou, and Yangpu districts
in Shanghai, China. HVs were recruited by means of
advertisements posted in Ruijin Hospital and Hongkou
MMT clinic in Shanghai, China. This study was
approved by the ethics committee of Ruijin Hospital,
School of Medicine Shanghai Jiaotong University.
A total of 52 HVs and 53 MMT patients were originally
recruited for this study and provided demographic
information. Two participants per group were left
handed. Inclusion criteria for MMT patients were
between 18 and 65 years of age, and daily MMT for at
least 1 month. The patients’ medical history was
assessed, and participants were not enrolled in the
study when exclusion criteria were met. The exclusion
criteria included severe psychiatric disorders such as
psychotic disorders or bipolar disorder, neurological
illnesses (e.g., Parkinson’s, epilepsy, and dementia), or
head injury, while current nicotine dependence was not
an exclusion criterion. The last methadone intake was
required to be at least 24 h before the start of the
experiment and only participants not in withdrawal
were enrolled in the study, as assessed by a clinician.
At the clinics, random drug tests were carried out to
ensure the absence of illegal substance use, and all
enrolled patients self-reported no illegal substance use.

To ascertain that only participants who acted accord-
ing to the task instructions were included, participants
were excluded when their Percentage Choice Go trials
were beyond 2 standard deviations (SDs) of their group
mean, leading to exclusion of four HVs and six MMT
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patients. Thereafter, outlier removal was based on the
percentage correct responses in the instructed Go con-
dition (beyond 2 SDs from the group mean) leading to
the final sample of 46 HVs and 45 patients included in
this report.

2.2 Intentional hand task (IHT)

The IHT was based on a previously published version
of this task (Weidacker et al., 2021) and programmed
using the software Presentation (Version 20.0,
Neurobehavioral Systems, Inc., Berkeley, CA, http://
www.neurobs.com). The task is comprised of 120 trials
in total, subdivided into 30 instructed Stop, 30
instructed Go, and 60 Choice trials. Trial presentation
was pseudo-randomized with the restriction to not
present more than five trials of the same trial type in
a row.

In this task, participants use a computer mouse on
a wooden-sliding board (allowing only mouse move-
ments in the horizontal plane) with their right hand.
The goal of the task is to move the cursor of the mouse
from the far left (position is indicated by the picture of
a hand) to the far-right end point (indicated by a red
finishing line) in one smooth motion. See Figure 1 for
a graphical representation of the trial types. The cursor of
the mouse has been replaced with a picture of a white
hand (cursor-hand). At the start of each trial, the cursor-
hand is at the far left of the screen on top of a bigger
white hand (start-hand, marked with an X). The trial
starts when the start-hand turns from white to green (the
delay between the appearance of the green hand and the
onset of the start-hand was randomized and jittered
between 500 ms and 1 sec, in steps of 50 ms). Moving
the mouse before this color change indicates a premature
response, which is followed by presenting “You moved
the mouse too early. Move the mouse back to the starting
position and click the left button.” When the participant
started the trial successfully, thus upon color change of
the start-hand, the cursor-hand moves toward the right
with the speed determined by the participant motion. To
indicate the upcoming trial type (instructed Go,
instructed Stop, and Choice trial), the cursor-hand
changes color at a randomized location (but, across all
trials at equal distance to the red line). The cursor-hand
can become either green (indicating an instructed Go
trial where the goal is to move the cursor hand past the
red line as fast as possible) or red (indicating an
instructed Stop trial with the goal to stop the cursor
hand as fast as possible before the red line) or yellow
(indicating Choice trials). In Choice trials, participants
were instructed to decide between stopping to move the
cursor as quickly as possible (choice Stop trials) or move
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Start of a trial

Trial type introduced:
instructed Go

Trial type introduced:
instructed Stop

Trial type introduced:
Choice trial

End of trial
(Colour depends on trial type)

Figure 1. Example trial parts for the IHT. While the start-hand (marked with an x) turns green upon trial start, the cursor-hand (small) is
initially white till it is moved to a predefined location on the right, the cursor-hand then changes color depending on the trial type:
green for instructed Go trials (instructed to move the cursor-hand past the red line), red for instructed Stop (instructed to stop moving
the cursor-hand as fast as possible), yellow for Choice trials (the participant chooses to either move the cursor-hand past the red line or
stop moving as fast as possible). The trial ends when the cursor-hand is fully moved past the red line.

it as fast as possible past the red line (choice Go trials).
Choice trials were given the additional instruction of
trying to balance the decision 50:50 between stopping
and going without counting or alternating choices and
without making their decision in advance of receiving
the trial-type instruction. A trial finished either after the

full cursor-hand passed the red line or when the cursor-
hand stopped moving for one refresh rate (16 ms). The
participants were then instructed to move the mouse
back to the starting position on the sliding board (the
cursor-hand was automatically set to its predefined start-
ing point on the screen). Before the experimental trials,



two practice sessions were performed. First, 15 practice
trials were presented having 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, partici-
pants received feedback upon completion of a trial. For
instructed trials the feedback was based on the correct-
ness of the response and for Choice trials the feedback
incorporated their choice and a counter reflecting the
total number of choices made toward Go and Stop trials.

2.3 Data analysis

Statistical analyses were carried out using SPSS v26
(IBM SPSS Statistics). First, we assessed group dif-
ferences in IHT performance indicators that are
independent of the trial type, such as premature
responses (failures to wait for the color change of
the start-hand), movement delay (from color change
of the start-hand to actually moving the mouse), and
average speed (distance/time) during the pre-Cue
phase (from initiating the mouse motion to the
color change of the cursor-hand indicating the trial
type). Normality in these variables was assessed
using skewness and kurtosis cutoffs of > 3 and >
110, respectively (Kline, 2015). Normality was only
violated for the premature responses and movement
delay in MMT patients; hence, Mann-Whitney
U tests were conducted to assess group differences
in these variables. Group differences in average
speed were analyzed using independent-sample
t-tests. The equality of variances was assessed via
Levene’s tests and corrected statistics are reported if
applicable.

Second, post-Cue response times were analyzed
separately for Go (from color change of the cursor-
hand to moving the mouse past the finishing line)
and Stop trials (from color change of the cursor-
hand to stopping the mouse) using two repeated-

Table 1. Demographics and methadone descriptives.
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measures (rm) ANOVAs. Each rmANOVA included
group as between-subject factor and instructed vs.
choice as a within-subject factor. Accuracy for
instructed trials was analyzed in a rmANOVA,
using group as between-subject factor and the
within-subject factor instructed trial type (Go,
Stop). Between-group differences on the percentage
of Choice Stop trials were assessed with an indepen-
dent-sample ¢-test. All t-tests were corrected for
inhomogeneity of variances when applicable.

3. Results
3.1 Demographic data

The demographic information of the MMT patients and
HVs is presented in Table 1. Education level, gender
composition, and age did not differ significantly between
groups. The MMT group received between 5 and 150 ml/
day (M =42.98, SD = 30.49) and the MMT duration ran-
ged between 2 and 204 months (M =42.98, SD = 30.49).
The Spearman rho correlation between dosage and MMT
duration was not significant (r(43) = —.09, p =.567).

3.2 Premature responses

The number of premature responses differed significantly
between groups (Mann-Whitney U = 1436.00, p =.001, r
=.33) due to the patients making about twice as many
premature responses (M =19.11, SD=17.02) than the
HVs (M =9.85, SD=7.03), see Figure 2a. On an explora-
tory level, we assessed whether the number of premature
responses was associated with methadone-related descrip-
tives. While the Spearman rho correlation between pre-
mature responding and MMT duration was not
significant (r(43) =.036, p =.812), we found a positive
Spearman rho correlation between methadone dosage
(ml/day) and premature responding (r(43) = .38, p = .011).

3.3 Movement delay and average speed pre-cue

MMT patients (M =569.46, SD = 312.87) were signifi-
cantly faster than HVs (M =692.92, SD =272.01) in

Patients (N = 45) HVs (N = 46)
Mean SD Min Max Mean SD Min Max Statistics
age 49.67 8.92 33 64 47.76 7.58 32 65 t(86.12) =1.10, p=.276
Female/male 29/16 - - - 30/16 - - X2(1) = 0.006, p=.938
Education (years) 10.36 1.69 6 15 9.74 3.19 4 20 t(68.89) = 1.16, p = .252
Dosage (ml/day) 42.98 30.49 5 150 - - - - -
MMT duration (months) 66.91 48.49 2 204

Shown are the means, standard deviations (SD) and group comparisons for sample descriptives relating to patients on methadone-maintenance treatment

(MMT) and healthy volunteers (HVs).
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Bar graph of the significant between-group differences on pre-Cue performance. 2a) shows the number of premature

responses in the task, 2b) shows the movement delay and 2c) shows the average speed per group before Cue presentation.
** indicates significance at p < .01, and * significance at p <.05. MMT = methadone maintenance patients, HVs = healthy volunteers.

initiating the motion following the color change that
indicated the start of the trial (Mann-Whitney
U=682.00, p=.005, r=.29), see Figure 2b. Similarly,
the average speed pre-Cue (i.e., the time period between
participants starting to move the mouse and the appear-
ance of the Cue for the current trial type) was higher in
MMT (M = .83, SD =.40) compared to HVs (M = .64,
SD=.35) and the difference was significant
(#(89) =2.37, p =.020, Hedges' g=.492), see Figure 2c.

3.4 Response times

Analyzing the response times to Go trials revealed
a significant main effect of Instructed vs. Choice
(F(1,89) =9.60, p=.003, r]pz:.097) and a significant
main effect of group (F(1,89)=8.20, p=.005, n,’
=.084), while the interaction between group and trial
type was not significant (F(1,89) < .001, p=.99). The
main effect of Instructed vs. Choice was related to

significantly slower response times during Choice
(M =742.01, SD =235.84) than Instructed (M = 707.71,
SD =194.67) Go trials. The main effect of group was due
to MMT patients having faster Go response times
(M =663.60, SD =215.14), regardless of whether they
were Instructed or Choice trials, compared to HVs
(M =784.79, SD = 187.94), see Figure 3a. Analyzing the
response times during Stop trials indicated a similar
pattern, a significant main effect of Instructed vs.
Choice (F(1,89)=50.27, p<.001, 1,”=.361) and
a significant main effect of group (F(1,89)=22.92,
p<.001, n,”=.205), but additionally, the interaction
between group and trial type was significant (F(1,89) =
5.17, p=.03, n,° =.055). The main effect of Instructed
vs. Choice again showed significantly slower response
times during Choice (M =547.67, SD =149.98) than
Instructed (M =462.17, SD =88.20) Stop trials. The
main effect of group indicated faster stopping response
times across both trial types in MMT (M = 455.70,

a X% o b * c
ul 900 | g 140 | | 100
+ =
% 800 £ 120 " 95 | |
£ 700 1 5 10 2 90
2 600 £ X 85 T
£ £ = T
@ 500 g% 80 > 80
§ 400 ° 3 T 7
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Figure 3. Bar graphs of significant group effects on response times and accuracy. 3a) shows the significant group differences on
response times across Go trials (Choice and instructed). 3b) shows the significant group by trial type interaction on Stop response
times, as indicated by Choice Stop response times minus instructed Stop response times. 3c) shows the accuracy rates across
instructed Go and Stop trials. *** indicates significance at p <.001, ** indicates significance at p < .01, and * indicates significance at p
<.05. MMT = methadone maintenance patients, HVs = healthy volunteers.



SD =98.14) compared to HVs (M = 553.07, SD = 95.86).
Further, the interaction between group and trial type
was due to the MMT patients having a smaller response
time increase when comparing Instructed to Choice
Stop trials (M =57.88, SD=73.44) than HVs
(M =112.53, SD=143.92), see Figure 3b. However,
repeating the analyses with only right-handed partici-
pants revealed that the interaction was no longer sig-
nificant (F(1,84) = 3.52, p =.064), while all other results
reported for this study resembled those observed in only
right-handed participants.

3.5 Accuracy rates

The rmANOVA on accuracy rates in the instructed
conditions revealed a significant main effect of trial
type (F(1,89)=117.87, p<.001, np2 =.570) and
a significant main effect of group (F(1,89)=12.91,
p<.001, n,”>=.127), while the interaction between
group and trial type was not significant (F(1,89) = 3.91,
p =.05). The main effect of trial type was due to gen-
erally lower accuracy rates to instructed Go (M =77.12,
SD =13.75) than Stop trials (M =94.07, SD =10.35).
The main effect of group indicated lower accuracy
across trial types in MMT (M = 82.19, SD = 10.73) com-
pared to HVs (M = 88.93, SD = 6.76), see Figure 3c.

3.6 Intentional stop trials

Assessing between-group differences in the percentage
of performed Choice Stop trials revealed no significant
differences between HVs and MMT (#(67.48) =.16,

p=.87).

4. Discussion

This first assessment of premature responding and IHT
performance in MMT patients revealed significant
impairments in the ability to inhibit premature
responses. Within MMT patients, premature responses
were about twice as common as in HVs. The number of
premature responses further increased at higher metha-
done dosage. Additionally, MMT patients were faster
across all trial parts than HVs, but this came at the cost
of overall reduced accuracy rates. Finally, while the
tendency to inhibit their responses on Choice trials did
not differ across groups, MMT patients’ increase in
response times between Instructed and Choice Stop
trials was reduced compared to HVs.

The main finding from the report, premature
responses being significantly increased in patients on
MMT and positively related to dosage, mirrors previous
reports on premature responding in addictions. In
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rodents, heroin as well as psychostimulant injections
increase premature responding (Maguire & France,
2019; Maguire et al.,, 2016; Pattij et al., 2009; Wiskerke
et al, 2011, 2012; Zhong et al., 2018). In humans,
patients with cocaine or amphetamine addiction as
well as binge drinkers and cannabis users were pre-
viously found to show increased premature responding,
in line with the notion of increased impulsivity levels in
these populations (Morris et al.,, 2016; Sanchez-Roige
et al., 2014; Voon et al., 2014; Zhukovsky et al., 2020).

According to Niitinen (1971), premature responses
can be subdivided into premature expectant reactions
and premature motor reactions. Premature expectant
reactions arise from the high predictability of the wait-
ing interval which induces strong motor excitation. In
contrast, premature motor reactions do not rely on
strong expectancy, but occur due to cognitive failure
in adjusting the correct amount of control over motor
readiness (Nditidnen, 1971). Premature responses in the
IHT occurred before the presentation of a starting signal
that appeared after a variable and randomized delay
(500 ms to 1 sec; in steps of 50 ms); hence, the predict-
ability of the starting signal is lower than during fixed
fore-periods and than needed for Niitinen’s (1971)
premature expectant reactions. Instead, the type of pre-
mature responses recorded during this IHT design likely
reflects premature motor reactions. In line with this,
accurate time estimation seems most important for pre-
mature expectant reactions and previous research
hypothesized failed time perception to underlie prema-
ture responses, especially during fixed delays (Cope
etal., 2016). Time perception during fixed waiting inter-
vals is affected by drug use, with amphetamine speeding
up time perception and cannabis use slowing it down.
Importantly, amphetamine also increases premature
responding and cannabis use decreases them, adding
to the evidence that premature responses during fixed
delays are associated with failures in time perception
(Cope et al., 2016; de Wit et al., 2002; Hayton et al.,
2012; Lake & Meck, 2013).

A variable waiting interval, on the other hand,
induces a decrease in premature responding in response
to amphetamine in rodents (Hayton et al., 2012). In
human binge drinkers, premature responses were
more common during fixed waiting periods than in
controls, while premature responding was not signifi-
cantly different during the variable waiting period
(Sanchez-Roige et al., 2014). We employed only variable
waiting periods, indicating a low predictability of the
waiting interval and hence a minimal contribution from
accurate time perception. Of note, previous research on
time estimation in MMT suggests no differences com-
pared to HVs (Mintzer & Stitzer, 2002; Wang et al,,
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2014). Instead, our reported increase in premature
responding in MMT likely relates to Naitdnen (1971)
premature motor reactions arising from a cognitive fail-
ure in controlling motor readiness, in other words, an
inhibition deficit that is independent from timing abil-
ity, which correlates positively with methadone dosage.
Importantly, differences between addictions in the type
of premature responses exhibited could be clinically
relevant. Previous research found no increase in prema-
ture responding when studying binge drinkers under
variable delays (Sanchez-Roige et al., 2014), while the
current investigation revealed a clear deficit in inhibit-
ing premature responses under variable delay periods in
MMT. This exemplifies that even within the impulsivity
aspect of premature responding, addiction-related dis-
orders differ in the type of pronounced inhibition def-
icit. For MMT, the increased rate of premature
responding under variable delay periods likely indicates
a cognitive control failure according to Néadtdnen’s
(1971) model. Neurally, the dorsal premotor cortex
(PMd) is likely involved in the failed inhibition of pre-
mature motor reactions. According to Duque et al.
(2012) inhibition of the dorsal premotor cortex (PMd)
by means of repetitive transcranial magnetic stimulation
(rTMS) attenuates the inhibition of motor output dur-
ing the waiting period. Similarly, direct injection of a
GABA, antagonist into the primate PMd reduced the
cortical inhibition of motoric outputs during waiting
periods (Sawaguchi et al., 1996). Taking this previous
research into account likely indicates that MMT
patients’ increase in premature responding might be
accompanied by alterations in the functioning of the
PMd, including insufficient inhibition of motor outputs.

When trials were started in the absence of the cortical
failure to inhibit the motor output during the delay
phase, MMT patients showed a clear speed advantage
over HVs. MMT patients were faster in initiating the
task and had a higher average speed during the pre-Cue
phase, as well as faster Go and Stop response times
across instructed vs. choice trials, but this was accom-
panied by lower accuracy rates across instructed trial
types. Previous research on performance speed in MMT
patients often found no differences to HVs in terms of
simple motor speed (Mazhari et al., 2015; Wang et al.,
2014), but slower performance on tasks that require
additional processes such as cognitive flexibility and
selective attention (Bracken et al., 2012; Mazhari et al.,,
2015; Mintzer & Stitzer, 2002; Verdejo et al., 2005). The
pre-Cue measures of the IHT, such as task initiation
speed and average speed pre-Cue, are free from such
confounds and hence reveal faster response times in
MMT patients at basic motor speed. This higher
speed, however, came at the cost of reduced accuracy

rates in instructed trials, perhaps indicating a faster but
more carefree response style in MMT.

Despite the promising findings of increased prema-
ture responding, a positive association between dosage
and premature responding, and an enhanced focus on
speed over accuracy in MMT patients, this study has
several limitations. First, we only tested patients who
used methadone as replacement of opioids, as such our
findings cannot discern the source of these behavioral
abnormalities as opioid dependence or MMT/usage of
methadone. However, given that cognitive impairments
are commonly reduced under MMT compared to
opioid use (Karakula et al., 2016; Soyka et al., 2011),
future research would benefit from including non-
MMT opioid groups, e.g., opioid dependence/recrea-
tional users, to further investigate the generalizability
of the current findings. In line with this, it is further
unclear whether these inhibitory deficits were present
before MMT or opioid addiction. Previous research
suggests that SST-based response inhibition deficits at
baseline predicts the amount of alcohol consumption
over a period of 8years in alcohol-naive teenagers
(Jones et al., 2021) indicating predictive utility for
some measures of impulsivity. However, similar
human longitudinal research on impulsivity measures,
including premature responding, is lacking for MMT or
opioid use disorder and should be investigated further
(Christensen et al., 2023).

Secondly, for the current sample treatment adher-
ence measures were not available, a limitation that
should be addressed in future research. Previous
research assessed treatment adherence by, for example,
the duration of abstinence (Zhu et al., 2018). In humans
with opioid use disorder, prolonged abstinence from
opioids is predicted, among others, by lower self-
reported impulsivity levels (Zhu et al., 2018). In MMT
patients, research showed that self-reported sensation
seeking, an aspect of impulsivity, is inversely related to
recent substance use, indicating treatment relapse
(Mahu et al,, 2019). Assessing impulsivity in terms of
behaviorally defined variables, e.g., premature respond-
ing, might provide a more objective measure of impul-
sive tendencies and its utility in predicting treatment, as
well as addiction-related outcomes, should be subject of
future research. Additionally, future research would
benefit from assessing illegal substance use biochemi-
cally and withdrawal states objectively in all participants
before the initiation of the task.

Further, acute effects of methadone were not inves-
tigated; patients performed the experiment before the
daily methadone intake, which was approximately 24
h after the last dose. Additionally, the dosage varied
between MMT patients and higher dosage is often



associated with higher severity, something that was not
explicitly assessed in the current study. As such, the
observed effects might relate to the time-course of
methadone levels or addiction severity, which warrants
further investigation. Of note, premature responses in
the THT were followed by the punishment to have to
restart the trial and the associated waiting period. This
suggests that, even when the premature responses do
not lead to a performance advantage, premature
responding in MMT is increased when compared
to HV.

We here report a strong increase in premature
responding, a marker of impulsivity commonly utilized
in rodent research. Previous research showed that those
with elevated premature responses have stronger drug-
primed reinstatement and higher levels of drug and
alcohol intake (Arrondeau et al.,, 2023; Marinkovic
et al, 2012). Behaviorally, a rodent meta-analysis
showed that rodents with high levels of premature
responding make more economically disadvantageous
choices, e.g., are drawn to large rewards that are asso-
ciated with disproportionally large negative conse-
quences (Barrus et al, 2015). In line with this,
premature responses are likely driven by reward sensi-
tivity including incentive salience (Toschi et al., 2022;
Zhukovsky et al., 2020). Importantly, previous research
on MMT patients showed no clear inhibition deficit
when, for example, using the SST, which exemplifies
that premature responding is a separate aspect of impul-
sivity from response inhibition (e.g., Van Dessel et al,,
2019). While the current results await replication, an
experimental measure that captures the increased
impulsivity in patients on MMT could be utilized to
provide a more complete clinical picture of the patients’
needs and tailor treatment accordingly. For example,
a patient with high levels of premature responses
might co-present with higher reward sensitivity and
hence has a more economically disadvantageous deci-
sion-making style (Barrus et al., 2015). In rodents,
increased drug abuse and drug-primed reinstatement
were associated with high levels of premature respond-
ing (Arrondeau et al., 2023), and if translatable to
humans, this likely indicates increased relapse risk.
Assessing premature responding in MMT patients
would hence provide an additional tool for identifying
those in need of tailored intervention, e.g., cognitive
control training and additional relapse prevention mea-
sures, to mitigate the effects of these dysfunctional
correlates.

In sum, this first report on premature responding in
MMT patients revealed markedly increased impulsivity
levels alongside faster and less accurate responding.
Premature responding was strongly increased during
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a variable waiting period, indicating failed motor inhi-
bition, which was positively related to methadone
dosage. Throughout the task, MMT patients expressed
a faster, but more inaccurate response style than HVs.
The findings hint toward a specific motoric inhibition
deficit in MMT patients following a buildup of cortical
preparedness, which differs from those previously seen
in, for example, binge drinkers.
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