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Abstract
The ability to inhibit is a major developmental dimension. Previous studies examined developmental change in instructed
inhibition. The current study, however, focused on intentional inhibition. We examined heart rate responses to intentional
action and inhibition, with a focus on developmental differences. Three age groups (8–10, 11–12, and 18–26 years)
performed a child-friendly marble paradigm in which they had to choose between intentionally acting on, or inhibiting,
a prepotent response. As instructed, all age groups chose to intentionally inhibit on approximately 50 percent of the
intentional trials. A pronounced heart rate deceleration was observed during both intentional action and intentional
inhibition, but this deceleration was most pronounced for intentional inhibition. Heart rate responses did not differentiate
between age groups, suggesting that intentional action and inhibition reach mature levels early in childhood.
Descriptors: Intention, Response inhibition, Action, Heart rate, Development

of intentional action selection (Brass & Haggard, 2008; Haggard,
2008). Tasks examining the what component of intentional action
focused on voluntary action selection (e.g., participants are
instructed to voluntarily select between two response options),
whereas tasks examining the when component focused on voluntary action planning (e.g., participants are instructed to decide
when they want to execute an instructed response). In contrast to
externally driven action control, voluntary action selection and
action planning are thought to rely on a different network in the
brain, specifically involving the medial frontal cortex (Lau, Rogers,
Haggard, & Passingham, 2004; Lau, Rogers, & Passingham,
2006).
Recently, research into internally driven action control focused
on a third component of intentional action selection, namely, the
“whether” component (Brass & Haggard, 2008; Haggard, 2008).
The whether component captures the process of deciding between
intentionally performing or intentionally inhibiting a prepared
action (Brass & Haggard, 2007, 2008; Filevich, Kühn, & Haggard,
2012). Intentional inhibition has been conceptualized as a late veto
process, a final check before action execution (Brass & Haggard,
2007; Filevich et al., 2012; Kühn, Haggard, & Brass, 2009). Since
there is no external stimulus and no overt behavior in intentional
inhibition, the process of intentional inhibition proved to be quite
difficult to investigate. Recently, however, two studies examined
the neural correlates of intentional inhibition using paradigms in
which participants were instructed to always prepare an action, but
to choose to inhibit executing this prepared action on a number of
trials. These studies indicate that intentional inhibition is supported
by a specific brain area in the medial frontal cortex, which can be
dissociated from the areas involved in intentional action selection

The ability to control our actions is of critical importance for
optimal functioning in daily life. Control over our actions can be
both externally driven, such as when a traffic light turns red, and
internally driven, such as when deciding not to scratch an itchy
mosquito bite. Externally driven action control has been extensively studied using several different paradigms, such as stopsignal tasks (Logan & Cowan, 1984) go/no-go tasks (Casey et al.,
1997), and task-switching tasks (Monsell, Sumner, & Waters,
2003). In these paradigms, a stimulus indicates whether participants should inhibit a prepared or prepotent response. Successful
performance on these tasks appears to rely on a lateral prefrontalparietal network in the brain (Aron, Robbins, & Poldrack, 2004;
Bunge, Hazeltine, Scanlon, Rosen, & Gabrieli, 2002), specifically,
the right inferior frontal gyrus, which seems to be prominently
involved in the inhibition of motoric actions (Aron, 2011;
Verbruggen & Logan, 2008).
Internally driven action control, on the other hand, has been less
extensively studied, most likely because of the obvious difficulty in
observing internal triggers for action. The limited number of
studies in this area examined the “what” and “when” components
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and planning, namely, the dorsal frontomedian cortex (Brass &
Haggard, 2007; Kühn et al., 2009).
In the present study, we examined intentional action and inhibition by taking advantage of phasic heart rate changes, based on
prior research showing that phasic heart rate is a sensitive measure
of response activation and inhibition processes (Crone, Somsen,
Van Beek, & van der Molen, 2004; Crone et al., 2003; Jennings,
Brock, van der Molen, & Somsen, 1992; Jennings & van der
Molen, 2005; Jennings, van der Molen, Pelham, Debski, & Hoza,
1997). A score of studies showed that during the anticipation and
preparation of a speeded response (e.g., a go response in a go/no-go
task), heart rate decelerates (Jennings & van der Molen, 2002; Van
der Veen, van der Molen, & Jennings, 2000). This anticipatory
heart rate deceleration is proposed to support the central inhibition
of action representations (Jennings & van der Molen, 2002, 2005).
When a response is made, anticipatory heart rate deceleration is
followed by an acceleratory recovery (Jennings & van der Molen,
2002; Van der Veen et al., 2000). The shift from anticipatory deceleration to acceleratory recovery is dependent on reaction time
vis-à-vis the R wave of the electrocardiogram (ECG), with shifts
occurring earlier when the interval between the R wave to the
behavioral response is short (i.e., within 350 ms) while later shifts
occur with longer R wave-to-response intervals (Jennings & Wood,
1977; Somsen, Jennings, & van der Molen, 2002). The pattern of
anticipatory deceleration followed by acceleratory recovery is
delayed when a response is inhibited; during response inhibition,
continued heart rate deceleration is observed (Börger & van der
Meere, 2000; Jennings et al., 1992; Van der Veen et al., 2000). The
continued heart rate deceleration during action inhibition is interpreted to reflect midbrain inhibition of action (Jennings et al.,
1992; Jennings, van der Molen, & Stenger, 2008; Van der Veen
et al., 2000). Until now, the existing heart rate literature only
focused on the processes of external action control and inhibition,
not on the processes of intentional action and inhibition. Therefore,
the present study set out to examine heart rate response patterns
associated with intentional action and inhibition.
We chose to examine heart rate responses to intentional inhibition by focusing on developmental differences. It is well established that externally driven action control has a protracted
developmental trajectory (Bunge, Dudukovic, Thomason, Vaidya,
& Gabrieli, 2002; Durston et al., 2002). The ability to inhibit is
present in early childhood (Ridderinkhof, Band, & Logan, 1999;
Williams, Ponesse, Schachar, Logan, & Tannock, 1999), but
this ability continues to improve through adolescence (Luna,
Padmanabhan, & O’Hearn, 2010; van de Laar, van den
Wildenberg, van Boxtel, & van der Molen, 2011; van den
Wildenberg & van der Molen, 2004). Inhibition-related heart rate
deceleration has already been observed in children aged 5 to 12
(Jennings et al., 1997; van der Molen, 2000). However, inhibitionrelated heart deceleration was delayed in the youngest children,
suggesting that with age children become more efficient in recruiting inhibitory mechanisms (van der Molen, 2000). Currently, the
development of intentional action and inhibition has not been
examined, most likely because of a lack of valid child-friendly
paradigms.
Here, we adopted the recently developed marble task (Kühn
et al., 2009), in which participants have to decide between intentionally responding or intentionally inhibiting responding to a
rolling marble, to examine the developmental pattern of intentional
action and inhibition. During the task, heart rate was measured
continuously so as to allow for an examination of the temporal
dynamics of internal action control. We expected to observe antici-
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patory heart rate deceleration associated with the central inhibition
of action representations (Jennings & van der Molen, 2002, 2005)
during both intentional action and intentional inhibition, to allow
for an intentional decision to be made. During intentional action
trials, we expected to observe a shift from anticipatory deceleration
towards acceleratory recovery associated with response activation
and execution (Jennings & van der Molen, 2002). In contrast,
during intentional inhibition trials, we expected to observe continued heart rate deceleration associated with response inhibition until
task completion (Börger & van der Meere, 2000; Jennings et al.,
1992, 1997; Van der Veen et al., 2000). Furthermore, with regard to
the developmental pattern, we expected to observe an early development of intentional action and inhibition abilities (Ridderinkhof
et al., 1999; Williams et al., 1999), but a possible delay in reaching
the maximum inhibition-related heart rate deceleration in the
youngest children (van der Molen, 2000).
Method
Participants
Sixty healthy participants across three age groups participated in
the experiment. Three participants were excluded from the study,
one because of technical difficulties, one because of misunderstanding of the experimental task, and one because of deviant heart
rate responses. The final sample consisted of 24 children between
8–10 years of age (14 females, M = 9.42, SD = .63), 15 early adolescents between 11–12 years of age (6 females, M = 12.22,
SD = .44), and 18 adults between 18–26 years of age (10 females,
M = 21.91, SD = 2.55). A chi-square test revealed no significant
differences in gender distributions between age groups (p = .51).
Children were recruited from a primary school in the Netherlands,
and informed consent was obtained from a primary caregiver. Adult
participants were recruited from Leiden University and signed
informed consent before participation in the experiment. All participants completed the Raven Standard Progressive Matrices
(Raven SPM) to obtain an estimate of their cognitive functioning
(Raven, Raven, & Court, 1998). Age groups did not differ in estimated IQ scores, F(2,56) = 1.97, p = .15, η2p = .07 .
Task
The marble task was adapted from Kühn et al. (2009), and optimized for heart rate recording. Each trial (see Figure 1) started with
the presentation of a fixation screen (white cross against a black
background) with duration jittered between 1,400 and 2,000 ms.
The fixation screen was followed by a screen showing a white ramp
with a white marble on top presented against a black background.
After a variable duration of 1,400 to 2,000 ms, the marble started
rolling down the ramp, and participants could stop the marble from
crashing by pressing a button. Finally, a feedback screen, showing
trial outcome, was presented for 1,000 ms. There were two task
conditions: a green marble and a white marble condition.
In the green marble condition, the white marble changed to
green as soon as it started rolling. The task was programmed in
such a way that participants viewed 16 rapidly presented static
pictures showing the marble at successive locations on the ramp,
which was experienced as a rolling movement. Participants were
instructed to stop the marble from crashing by pressing a response
button with their right index finger. When participants were successful at stopping the marble, they were presented with a feedback
screen showing the location where they had stopped the marble.
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Figure 1. Trial structure. Stimuli were presented on a black background. At the beginning of each trial, a white marble on top of a ramp was presented. After
a variable delay (jittered between 1,400 and 2,000 ms), the marble started to roll down the ramp, and could change color to green.

When participants were not successful at stopping the marble, they
were presented with a feedback screen showing a shattered marble
beneath the ramp. The speed of the marble was adjusted by a
staircase procedure. At the start of the experiment, the static pictures were presented for 30 ms each. When participants were successful at stopping the marble, the duration was decreased by 10
ms, making the task more difficult. When participants were not
successful at stopping the marble in time, the duration was
increased by 10 ms, making the task easier. The staircase procedure
was allowed to fluctuate between 20 and 80 ms, allowing a
response window between 320 and 1,280 ms.
In the white marble condition, the marble did not change color,
and participants were instructed to choose between responding and
inhibiting. When participants responded, they were presented with
a feedback screen showing the location where they had stopped the
marble. When participants inhibited, they were shown a feedback
screen showing the white marble at the bottom of the ramp. In order
to motivate participants to balance the frequency of responding and
inhibiting, they were told that the stopped and nonstopped marbles
would fall in different baskets. Participants were instructed to
collect an approximately equal amount of marbles in each basket,
but were not allowed to count or use a sequencing strategy. At the
end of each block, participants were shown how many marbles they
had collected in each basket.
In order to give participants sufficient time to decide between
responding and inhibiting, the speed of the white marble rolling
down the ramp was set considerably slower. The speed of the
sequentially presented static white marble pictures was set to
the speed currently reached in the green marble condition plus

30 ms. Consequently, the duration of the sequentially presented
static white marble pictures was allowed to fluctuate between
50 and 110 ms, allowing a response window between 800 and
1,760 ms.
The experiment consisted of two blocks of 80 trials (160 trials
in total). Each block consisted of 48 green and 32 white marble
trials. The larger proportion of green trials was included to create a
prepotent action tendency, so that intentional inhibition would
involve a late veto on an already prepared action. Trials were
presented in a pseudorandomized order so that each white marble
trial was preceded by 0, 1, 2, or 3 green marble trials. The pseudorandomized interleaving of green (instructed) and white (intentional) trials discouraged participants from strategically adopting a
pattern of intentional action and inhibition, such as act-inhibit-actinhibit, etc.
Procedure
All participants were tested individually in a laboratory or an empty
classroom. Before testing, participants were instructed on the
marble task. It was stressed that participants were not supposed to
use a specific strategy to decide when to stop the white marble.
Care was taken that all participants understood the instructions and
were able to perform the task. All participants completed a practice
block of 10 trials. Hereafter, participants completed the two test
blocks. Including instructions, the task took approximately 20 min
to complete. After completion of the task, participants were asked
whether they had used a specific strategy in the task. Finally,
participants completed the Raven SPM.
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Data Recording and Analysis
During the task, the ECG was measured continuously using the
Biopac System at a sample frequency of 400 Hz. The ECG was
recorded from three Ag-Ag/Cl electrodes, attached via the modified
lead-two placement (one electrode directly under the right collar
bone, one electrode between the two lower left ribs, and the ground
electrode directly right of the navel). Interbeat intervals (IBIs) were
defined as the length between consecutive R peaks. The R peaks
were detected with the program PhysioSpec (developed by Technical Support Group UvA Psychology). The recorded IBIs were
screened for physiologically impossible readings and artifacts (i.e.,
R peaks not detected or other peaks seen as R peaks). These were
corrected by adjusting specific parameters in the program that
extracted the IBIs from the digitized ECGs. Five consecutive IBIs
were selected around the onset of marble motion: the IBI concurrent with the onset of marble motion (IBI 0), two IBIs preceding the
onset of marble motion (IBI -2 and IBI -1), and two IBIs following
the onset of marble motion (IBI 1 and IBI 2). In order to obtain an
index of phasic heart rate change (IBI difference), IBIs were referenced to IBI-2. Preliminary analysis of IBI-2 revealed no significant differences in IBI length between the different test conditions,
confirming that there were no a priori differences between these
conditions reflected in heart rate. Statistical analyses were performed using repeated measures analysis of variance (ANOVA).
Huynh-Feldt corrections for violations of the assumption of
sphericity were used when necessary (Jennings, 1987; Vasey &
Thayer, 1987).
Results
Behavior
An age group (3) ANOVA for the number of go responses on the
green trials showed that, with increasing age, participants became
more successful at responding to the green marble in time,
F(2,56) = 20.02, p < .001, η2p = .43 . Post hoc Tukey tests showed
that adults were more successful at responding fast to the green
marble compared to both children (p < .001) and early adolescents
(p < .01) (see Figure 2). Children and early adolescents did not
differ significantly in their ability to respond to the green marble in
time (p = .078).
On average, participants decided to inhibit responding to the
white marble on 43.64 percent of the trials. Age groups did not
differ in this regard, F(2,56) = .826, p = .44, η2p = .03 (children:
M = 42.58, SD = 15.99; early adolescents: M = 41.35, SD = 15.69;
adults: M = 46.96, SD = 6.00) (see Figure 2). This finding indicates
that all age groups performed the intentional inhibition task as
instructed.
The use of strategies was evaluated by computing the Random
Number Generation 2 (RNG2) index using Towse and Neil’s
(1998) RgCalc program. The RNG2 index is an adaptation of the
random number generation index (Evans, 1978) optimized for twochoice response sequences, which considers the randomness of
the sequence (Neuringer, 1986). A mean RNG2 index of .784
(SD = .025) was observed. Age groups did not differ in RNG2
index, F(2,56) = 2.55, p = .088, η2p = .09 (children: M = .789,
SD = .021; early adolescents: M = .790, SD = .038; adults:
M = .774, SD = .007). To examine the randomness, the participants’ RNG2 index was compared with a RNG2 index computed
over a set of randomly generated sequences of go and no-go
responses. For the randomly generated set of go and no-go
response sequences, a mean RNG2 index of .770 (SD = .001) was

Figure 2. Percentage of go responses in the green and white marble
conditions.

observed. Adults’ RNG2 index did not differ from the RNG2 index
for the randomly generated set of go and no-go responses (p = .10),
indicating that their choice behavior was not guided by unwanted
rules (e.g., alternating between go vs. no-go). RNG2 indexes of
both children and early adolescents differed significantly from the
RNG2 index for the randomly generated set of go and no-go
responses (all ps < .05), indicating that children’s and early adolescents’ choice behavior deviated from pure randomness.
Reaction times were shorter for the green marble trials
(M = 283.92, SE = 6.85) than for the white marble trials
(M = 358.77, SE = 11.78), F(1,54) = 97.39, p < .001, η2p = .64 .
Overall, reaction times decreased with age, F(2,54) = 3.47, p < .05,
η2p = .11 . Post hoc Tukey tests showed that children were slower
compared to adults (p < .05). Reaction times did not differ between
children and early adolescents (p = .41) and between early adolescents and adults (p = .50). However, no interaction with condition
was observed (p = .68). Together, these results indicate that all age
groups performed the task accurately, but that adults were more
efficient in doing so, as indicated by faster responses to green trials
and more random choice behavior on the white trials.
Heart Rate
IBIs were computed separately for the stimulus-driven green go
condition, omissions on the stimulus-driven green trials, and the
intentional white go and white no-go conditions. To test for differences in heart rate responses between the stimulus-driven and
intentional conditions, an Age group (3) ¥ Condition (2: green and
white) ¥ Response (2: go and no-go) ¥ IBI (4) repeated measures
ANOVA was performed. This analysis resulted in a main effect of
IBI, F(3,162) = 58.80, p < .001, η2p = .52 , e = .67. As can be seen in
Figure 3, heart rate decelerated (i.e., slowed) in anticipation of
stimulus presentation, followed by an acceleratory recovery. A
Condition ¥ IBI interaction, F(3,162) = 17.39, p < .001, η2p = .24 ,
e = .83, indicated that heart rate deceleration was more pronounced
for the intentional compared to the stimulus-driven conditions. A
Response ¥ IBI interaction, F(3,162) = 28.00, p < .001, η2p = .34 ,
e = .86, indicated that the shift from anticipatory deceleration to
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Figure 3. Stimulus-locked heart rate changes associated with stimulus-driven action, omissions on stimulus-driven action trials, intentional action, and
intentional inhibition. IBI 0 refers to the IBI during which the marble started to roll down the ramp. An increase in IBI difference scores indicates heart rate
deceleration, and a decrease in IBI difference scores indicates heart rate acceleration.

acceleratory recovery occurred earlier for go compared to no-go
responses. Furthermore, a Condition ¥ Response ¥ IBI interaction,
F(3,162) = 7.10, p < .001, η2p = .12 , e = .93, was observed, indicating that heart rate patterns associated with go versus no-go
responses differed depending on the condition (green/white) in
which they were made. No interactions with age group were found
(all 2-, 3-, and 4-way interactions, ps > .1), demonstrating that
heart rate responses to the different conditions were similar across
age groups.
Follow-up ANOVAs for the green stimulus-driven and white
intentional conditions separately showed that within the stimulusdriven condition the shift from anticipatory deceleration to acceleratory recovery occurred earlier for go compared to no-go
responses, F(3,168) = 31.08, p < .001, η2p = .36 , e = .88. For no-go
responses, heart rate continued to decelerate during IBI 1, indicative of a lapse of attention. In the intentional condition, heart rate
deceleration was more pronounced for intentional inhibition compared to intentional action, F(3,168) = 5.93, p < .002, η2p = .10 ,
e = .90. Follow-up ANOVAs for the go and no-go responses separately showed that for the no-go responses heart deceleration was
more pronounced in the white intentional compared to the green
stimulus-driven condition, F(3,168) = 9.11, p < .001, η2p = .14 ,
e = .90. Furthermore, heart rate deceleration was also more pronounced and continued during IBI 1 for the intentional white go
compared to the stimulus-driven green go responses, F(3,168) =
21.66, p < .001, η2p = .28 , e = .84. Together, these results show that
heart rate deceleration was more pronounced for the intentional
conditions and that this heart rate deceleration was strongest in the
intentional inhibition condition.
However, one alternative explanation for the continued heart
rate deceleration in the intentional action condition is the possibility of a longer R wave-to-response interval for the white go compared to the green go condition (Jennings & Wood, 1977; Somsen
et al., 2002). Since reaction times in the white go condition were
slower compared to the green go condition, it might be that
responses in the white go condition occurred later in the IBI,
resulting in a longer R wave-to-response interval. To control for
this alternative explanation, we performed a response-locked
analysis (Jennings, van der Molen, Somsen, & Terezis, 1990). For

this analysis, five IBIs were selected around the moment of
responding, IBI -2 to IBI 2; the moment of responding occurred
during IBI 0. IBIs were referenced to IBI -2 to create IBI difference scores. Preliminary analysis of raw IBI -2 values revealed no
significant difference in IBI -2 length between the white go and the
green go conditions, confirming that there were no a priori differences between those conditions reflected in heart rate.
To test for differences in heart rate responses between the white
go and the green go conditions, an Age group (3) ¥ Condition
(2) ¥ IBI (4) repeated measures ANOVA was performed. Importantly, this analysis showed again a more pronounced heart rate
deceleration for the white go compared to the green go condition,
F(3,162) = 9.86, p < .001, η2p = .15 , e = .88 (see Figure 4), indicating that indeed heart rate deceleration is most pronounced for the
intentional conditions. Again, no interaction with age group was
found (3-way interaction, p = .26), demonstrating that this pattern
was similar across age groups.

Discussion
In the present study, we examined the cardiac concomitants of
intentional action and inhibition. Participants, divided in three age
groups, performed a marble paradigm, in which they had to decide
between intentionally inhibiting a response and intentionally
responding to a rolling marble in the context of prepotent go
responses, while their heart rate was measured continuously.
The behavioral results showed that all age groups followed task
instructions: on average, age groups intentionally inhibited on
43.46% of the trials, which is close to criterion (50%). The observation that in our study even the 8- to 10-year-olds were able to
intentionally inhibit a prepotent response concurs with previous
studies showing an early development of the ability to inhibit
(Ridderinkhof et al., 1999; Williams et al., 1999). Importantly,
analysis of the RNG2 index (Evans, 1978; Neuringer, 1986) indicated that participants did not use a simple alternation strategy to
decide whether or not to inhibit responding to the white marble.
Adults’ choice behavior did not differ from a randomly generated
response sequence whereas the choice behavior of children and
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Figure 4. Response-locked heart rate changes associated with stimulus-driven action and intentional action. IBI 0 refers to the IBI during which the
participant responded. An increase in IBI difference scores indicates heart rate deceleration, and a decrease in IBI difference scores indicates heart rate
acceleration.

early adolescents did, which is consistent with previous research
showing a protracted development of random sequence generation
(Towse & Mclachlan, 1999).
Consistent with the results of Kühn and colleagues (2009), we
observed longer reaction times for the intentional go responses
compared to the stimulus-driven go responses, indicating that the
intentional decision process takes more time. Children and early
adolescents responded slower compared to adults on both the
stimulus-driven and the intentional trials, indicating that children
and early adolescents were less efficient in performing the go task.
Even though a tracking system was used to adapt speed of responding to average reaction times on the stimulus-driven trials, children
and adolescents were still less able to respond to this deadline on all
trials, suggesting that there was more variability in their response
times (Tamnes, Fjell, Westlye, Ostby, & Walhovd, 2012). Importantly, for the reaction times, no interaction between condition
(stimulus-driven, intentional) and age group was found, indicating
that intentional go responses were not disproportionally more difficult than stimulus-driven go responses for children and early
adolescents compared to adults.
The observed pattern of anticipatory heart rate deceleration and
acceleratory recovery in our task is consistent with the standard
pattern found in the stimulus-driven action control literature
(Jennings et al., 1992; Jennings & van der Molen, 2002, 2005; van
Boxtel, van der Molen, Jennings, & Brunia, 2001; Van der Veen
et al., 2000). In addition, during intentional inhibition a pronounced continued heart rate deceleration was observed. This is in
line with previous heart rate studies focusing on stimulus-driven
inhibition (van Boxtel et al., 2001; Van der Veen et al., 2000), in
which also heart rate deceleration following action inhibition was
observed. Interestingly, we also observed a continued heart rate
deceleration during intentional action, although less pronounced as
for intentional inhibition, suggesting that heart rate is also sensitive
to volitional decisions. The observed heart rate deceleration during
intentional action remained significant when a response-locked
analysis was performed to control for possible differences in R
wave-to-response intervals between the stimulus-driven and the
intentional conditions.
The findings suggest that heart rate deceleration in the context
of the current intentional action and inhibition paradigm is an index

of a supervisory attention system for the central regulation of
voluntary behavior (Jennings & van der Molen, 2002; Norman &
Shallice, 1986). The observation of heart rate deceleration in the
context of intentional action is consistent with earlier results
showing heart rate deceleration when delaying action (Jennings,
van der Molen, & Debski, 2003). In the intentional action condition, participants are also delaying their action until they have made
a final decision whether or not to act. The same is true for the
intentional inhibition condition; in this case, participants are also
delaying their action until they have made a final decision whether
or not to act, but here the final decision is an inhibition instead of
an overt action.
We did not observe developmental differences in intentional
action and inhibition, indicating that the mechanics for intentional
action and inhibition are already in place in middle childhood.
Notably, the pattern of heart rate responses suggested that there
were also no developmental differences across the age groups
examined in the efficiency of recruiting the inhibitory mechanism.
One possible explanation for this observation could be the mediating role of internal motivation. When one intentionally decides to
inhibit, internal motivation to inhibit will be higher compared to
when an external stimulus signals that one has to inhibit. Previous
research has shown that motivation indeed plays an important role
in inhibition (Groom et al., 2010; Leotti & Wager, 2010; Sinopoli,
Schachar, & Dennis, 2011). For example, inhibitory performance
improves when monetary incentives are used (Leotti & Wager,
2010; Sinopoli et al., 2011). Motivation also has a positive effect on
electrophysiological markers of response inhibition (Groom et al.,
2010). This finding is consistent with our observation that children
and early adolescents showed adult-like heart rate response patterns for the internally motivated intentional conditions.
One limitation to the present study is the relatively restricted
age range. Future studies should include younger age groups for
a full assessment of developmental change in intentional inhibition. Most likely, this will require some further adaptations of the
marble task, making it even more child-friendly than the current
version.
Taken together, the present study was the first to examine heart
rate responses to intentional action and inhibition. Both intentional
action and intentional inhibition resulted in heart rate deceleration,
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although the deceleration was larger for intentional inhibition than
for intentional action. Thus, both volitional processes and inhibition may drive heart rate deceleration. This extends the existing
heart rate literature by showing that not only externally driven
effortful processing, but also internally driven volitional processing

affects heart rate responses. The finding that heart rate responses to
intentional action and inhibition are in place in middle childhood
may indicate that internally driven choices may form a basic part of
the supervisory attention system, which comes online early in
development.
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