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Response inhibition is a hallmark of executive control and crucial to support flexible behavior
in a constantly changing environment. Recently, it has been shown that response inhibi-
tion is influenced by the presentation of emotional stimuli (Verbruggen and De Houwer,
2007). Healthy individuals typically differ in the degree to which they are able to regulate
their emotional state, but it remains unknown whether individual differences in emotion
regulation (ER) may alter the interplay between emotion and response inhibition. Here we
address this issue by testing healthy volunteers who were equally divided in groups with
high and low heart rate variability (HRV) during rest, a physiological measure that serves as
proxy of ER. Both groups performed an emotional stop-signal task, in which negative high
arousing pictures served as negative emotional stimuli and neutral low arousing pictures
served as neutral non-emotional stimuli. We found that individuals with high HRV activated
and inhibited their responses faster compared to individuals with low HRYV, but only in the
presence of negative stimuli. No group differences emerged for the neutral stimuli. Thus,
individuals with low HRV are more susceptible to the adverse effects of negative emotion
on response initiation and inhibition. The present research corroborates the idea that the
presentation of emotional stimuli may interfere with inhibition and it also adds to previous
research by demonstrating that the aforementioned relationship varies for individuals dif-
fering in HRV. We suggest that focusing on individual differences in HRV and its associative
ER may shed more light on the dynamic interplay between emotion and cognition.

Keywords: heart rate variability, response inhibition, individual differences, emotion regulation, stop-signal task

INTRODUCTION

A vast body of literature has underscored the effect of emotions
on executive control (Pessoa, 2008, 2009). For example, response
latencies for solving mathematical problems are longer when very
unpleasant pictures are presented compared to when moderate or
low arousing emotional pictures are shown (Schimmack, 2005).
People also need more time to name the color of emotional words
compared to non-emotional ones (Williams et al., 1996; Phaf and
Kan, 2007) or to withhold a planned response after the presenta-
tion of emotional compared to neutral stimuli (Verbruggen and
De Houwer, 2007). Nevertheless, it remains unknown whether the
above outcomes vary across individuals that differ in their ability to
process emotional stimuli, an ability referred to as emotion regula-
tion (ER; Gross, 1998). Subsequently, it is plausible that variations
in ER may lead to differences in how emotions influence ongo-
ing non-emotional tasks. In the present paper we focus on how
individual differences in heart rate variability (HRV), a measure
associated with ER (Appelhans and Luecken, 2006), may translate
in differences in response initiation and response stopping.

The present study builds on recent findings indicating the
impact of the presentation of emotional stimuli on the produc-
tion and interruption of motor responses. First, Verbruggen and
De Houwer (2007) showed that the presentation of high arousing

emotional pictures lead to slowing as well as slowed stopping
of a motor response compared to low arousing emotional pic-
tures. Similar findings were reported by De Houwer and Tibboel
(2010), who introduced emotional pictures in a Go/No-Go task!
and found that participants had the highest error rates in no-go
trials after the presentation of highly arousing negative stimuli.
Subsequently, both studies indicate that emotional stimuli disturb
both the production and inhibition of motor responses compared
to neutral stimuli. Nonetheless, the question whether individ-
ual differences may moderate the effects of emotion on response
inhibition and initiation remains unanswered.

A plethora of studies suggest that individuals differ in how
effectively they can regulate incoming emotional information, an
ability referred to as ER (Gross, 1998). A physiological measure
that is associated with ER is HRV, which reflects the degree of
cardiac activity adjustment to meet situational demands (Ruiz-
Padial et al., 2003; Appelhans and Luecken, 2006; Thayer and
Sternberg, 2006; Segerstrom and Nes, 2007). Technically speak-
ing, HRV is the measure of the interplay between the sympathetic

!For a discussion over the differences between the stop-signal and the go/no-go task,
see Verbruggen and Logan (2008a).
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and the parasympathetic systems on the heart. The former system
dominates over the latter during periods of stress and physiologi-
cal arousal whereas the reversed pattern is observed in periods of
safety and low physiological arousal. Low HRV has been associated
with limited capacity of the organism to adapt to environmental
changes (Appelhans and Luecken, 2006). This is because environ-
mental modifications are not followed by quick adjustments of
the interplay between the systems of the autonomic nervous sys-
tem. That can also explain why reduced HRV and low vagal tone
is associated with the cardiovascular symptoms of panic attacks,
poor ER and behavioral stiffness (Friedman and Thayer, 1998;
Thayer and Lane, 2000; Thayer and Siegle, 2002). In addition, lower
HRV during rest periods is correlated with trait and self-perceived
stress-induced anxiety (Lyonfields et al., 1995; Mujica-Parodi et al.,
2009; Thayer et al., 1996). On the other hand, a high HRV is associ-
ated with quicker adjustment to situational diversions (Appelhans
and Luecken, 2006). In the present paper, HRV serves as proxy
of ER.

Considering the aforementioned findings on HRV as well as
the work by Verbruggen and De Houwer (2007), we hypothesize
that (1) individuals will have prolonged response and inhibition
times after the presentation of high arousing emotional stimuli
compared to low arousing ones and (2) individuals with high
levels of HRV will have shorter response and inhibition times
compared to individuals with low levels of HRV after the presen-
tation of high arousing emotional stimuli whereas no differences
are expected between individuals with different levels of HRV
after the presentation of low arousing emotional stimuli. Our first
prediction is theoretically in line with previous literature under-
scoring the influence of emotional stimuli on attention. A robust
effect described in the literature on the relation between emotional
stimuli and attention indicates that the presentation of high arous-
ing emotional stimuli lead to longer attention times compared to
low arousing stimuli (Lang et al., 1993; Schimmack, 2005). Subse-
quently, the emission or suppression of actions is expected to be
delayed after the presentation of high arousing emotional stimuli
compared to low arousing stimuli due to the prolonged attention
times on the former ones. However, as indicated by our second pre-
diction, this effect is expected to differ as function of the HRV level.
Our second prediction is in line with recent studies demonstrat-
ing the relation between HRV level and performance in emotional
tasks. For example, Johnsen et al. (2003) used a modified Stroop
task with dental-related words that was administered to dental-
phobic individuals. Results showed that individuals with higher
parasympathetically mediated HRV could more effectively inhibit
the attentional processing of the written words. Subsequently, for
our study it is expected that subjects with high HRV will trigger or
refrain from executing a response faster compared to subjects with
low HRV. This is because participants with high HRV can quickly
regulate the load of the incoming emotional information and shift
their attention toward the main task. Participants with low HRV
are expected to have longer response and stopping latencies com-
pared to subjects with high HRV due to their longer attention
engagement to incoming emotional information.

In sum, the present study has two goals. First, we attempt to
replicate previous findings indicating the influence of the presenta-
tion of emotional stimuli on emitting and restraining from giving

a response (Verbruggen and De Houwer, 2007). To this end, an
emotional stop-signal task comparable to that of Verbruggen and
De Houwer (2007) will be used to measure response initiation and
inhibition latencies. Secondly, we will investigate whether individ-
ual differences in HRV predict the degree of slowing in response
initiation and inhibition after the presentation of emotional stim-
uli, when compared to neutral stimuli. Individual differences in
HRV will be measured during a relaxation period (Appelhans and
Luecken, 2006).

MATERIALS AND METHODS

PARTICIPANTS

Sixty-two individuals participated in this experiment. Due to tech-
nical problems or incomplete answers, data from eight participants
were excluded from further analyses. Hence, data from 54 partici-
pants (44 female, mean age 21.4, range 18-29) were analyzed. All
participants had normal or corrected-to-normal vision and were
naive to the purpose of the experiment. The ethical committee
of the University of Amsterdam approved the experiment and all
procedures were in accordance with the relevant laws and ethi-
cal guidelines. As a reward, participants received either research
credits or a small amount of money (€14).

STIMULI, APPARATUS, AND QUESTIONNAIRES

We selected 320 negative and neutral stimuli from the
International Affective Picture System (IAPS; Lang et al., 2005).
Importantly, previous research with the emotional stop-signal task
has shown no reliable differences in performance after the presen-
tation of negative and positive valence pictures (Verbruggen and
De Houwer, 2007). Thus, for the current experiment low arous-
ing pictures with neutral valence served as neutral non-emotional
stimuli. High arousing pictures with negative valence served as
negative emotional stimuli (see Table 1). A DVD with all picture
stimuli is available upon request.

All pictures were 500 pixels wide and 700 pixels high. Right
or left pointing black arrows served as Go stimuli. All pictures
and Go stimuli were presented on the middle of a 17” inch com-
puter screen (1680 x 1050 pixels) against a white background. For
stimuli presentation, we used the software package Presentation
(Neurobehavioural Systems Inc, www.neurobs.com).

Heart rate variability data were collected using three Ag—Ag
electrodes. The electrodes were fixed using adhesive patches (3M
Red Dot Electrode with Micropore Tape 2239). One electrode was
placed below the right clavicle and one on the left side of the chest,
just below the sixth rib. The ground electrode was fixed under the
left clavicle. The signal was recorded using Vsrrp98, a software pro-
gram developed at the University of Amsterdam, with a sampling
rate of 1000 samples per second.

Table 1 | Overview of the selected pictures.

Negative pictures Neutral pictures

2.27 (2.41)
5.07 (5.01)

5.97 (6.16)
3.17 (2.84)

Mean valence (SD)
Mean arousal (SD)

The values in the parentheses are the SD.
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Finally, for investigating the initial emotional states of par-
ticipants, the Dutch version of the Positive and Negative Affect
Schedule (PANAS) was used (Watson et al., 1988; Peeters et al.,
1996). The Dutch versions of Spielberger’s STAI-S and STAI-T
were also administered in order to investigate the potential role of
state and trait anxiety (Spielberger et al., 1970; Ploeg et al., 1981).
Note that previous research has shown an influence of anxiety on
HRV (Fuller, 1992; Miu et al., 2009).

PROCEDURE AND TASK

Upon arrival, participants were seated on a straight, high-back
chair. After reading the information brochure and signing the
informed consent, participants filled in PANAS, STAI-T, and
STAI-S. Next, the heart rate electrodes were attached. Heart rate
signal was collected during a 10-min period while participants
watched a relaxing movie and listened to relaxing music com-
ing from closed headphones. In the present study we used the
film fraction from 5:33—15:33 s of the movie “Coral Sea dreaming”
(Hannan, 1999).

Next, subjects performed an emotional stop-signal task (see
Figure 1). The emotional stop-signal task consisted of Go and Stop
trials. Each trial started with a black fixation cross that remained on
the screen for 500-2000 ms (steps of 500 ms, M = 1250 ms). Next,
a neutral or a negative picture was presented for 500 ms, followed
by aright or left pointing arrow. Arrows remained on the screen for
200 ms and participants had to press the right or the left response

Go — :
Fixation Picture Go
Trial - Signal Empty
Cross Stimulus g Screen
500-
2000 ms 500ms 200 ms 1500 ms
Siel M Fixation  Picture Go Stop Empt
; . y
Cross  Stimulus Signal ssh Signal Screen

I
N

200 ms

©

250 +/-25 200 ms
ms

_|_

500-
2000 ms

500 ms

1500 ms

Time

FIGURE 1 | Schematic design of the Go and Stop trials. Both trials
started with a fixation cross, followed by a picture stimulus (neutral or
negative). Next a left or right pointing arrow was presented (Go-signal).
Each trial ended with a blank screen during which participants could give a
response. On the Stop trials, the Go-signal was followed by an auditory
Stop-Signal after a stop-signal delay (SSD).

button as fast and accurately as possible within a response time
window of maximally 1500 ms. Response buttons were fixed on
the chair’s arms and participants responded using their thumbs.
On Stop trials (30%), an auditory sound was presented and sub-
jects had to withhold their motor response. There were 224 Go and
96 Stop trials, equally divided in two blocks of 160 trials each. The
presentation of neutral and negative pictures, before the arrow,
were equally balanced across all Go and Stop trials.

The stop-signal delay (SSD) between the Go stimulus (the
arrow) and the stop-signal (auditory tone) was dynamically
adjusted. This was done separately for neutral and negative tri-
als according to the staircase method and ensured convergence to
P (inhibit) of 0.5. For example, if a stop-signal was presented on a
neutral trial and the subject responded (Failed Stop), then the SSD
for the neutral staircase was reduced by 25 ms on the subsequent
neutral Stop trial; if the subject did not respond (i.e., Successful
Stop), then SSD was increased by 25 ms. Initial SSD was set to
250 ms for both neutral and negative Stop trials. In order to famil-
iarize with the task, participants had to complete a practice block
consisting of 14 Go and 6 Stop trials involving neutral pictures.
During the practice block, feedback for correct, incorrect, and late
responses was given.

Subsequent to the emotional stop—signal task, participants
rated all pictures in terms of valence and arousal using the self-
assessment manikin (SAM; Lang, 1980; Bradley and Lang, 1994).
Below the manikins, numbers from 1 to 9 were presented. For the
valence ratings, 1 represented positive valence whereas nine rep-
resented negative valence. For the arousal ratings, 1 represented
a stressed arousal state and 9 referred to a relaxed arousal state.
Participants provided their ratings using the 1-9 buttons on a
standard keyboard.

The experiment ended with participants filling in the PANAS
scale as well as a short debriefing section.

MANIPULATION CHECK

Before performing our main analyses, we defined valence and
arousal cut-off scores that would ensure that we would have
enough remaining trials for the reliable computation of SSRT’s
(Band et al., 2003; Verbruggen and Logan, 2009) as well as hav-
ing cut-off scores close to the middle of both scales (5). The only
cut-off scores that fitted both criteria was that of six for valence —
with scores equal or below that number indicating neutral ratings
and above it negative — and four for arousal?> — with scores equal
or below that number indicating low arousal and above it high
arousal. Our strategy resulted in removing 12.8% of the picture
stimuli. The same picture stimuli were removed from all partici-
pants. It is noted that any other cut-off score would either result
in having too few trials to compute reliable SSRT’s or would result
in values that would diverge more from the middle (point 5) of
the valence or arousal scales.

BEHAVIORAL DATA ANALYSES
Error rates and median response times (RTs) were calculated for
negative and neutral trials. All RTs above 2.5 SD from the mean

2]t is noted that the arousal scale is reversed with 1 standing for relax ratings and 9
stressed ratings.
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RT were removed from further analyses. This resulted in discard-
ing 7.33% of the Go trials (2.15% neutral, 5.17% negative) and
3.6% (1.78% neutral, 1.84% negative) of the Stop Respond trials.
For the Stop trials, SSRT was estimated separately for negative and
neutral trials using the so-called “integration method” (Logan and
Cowan, 1984; Verbruggen and Logan, 2009). The overall slowing
effect was computed by subtracting the median RT (SSRT for Stop
trials) on neutral trials from the median RT (SSRT for Stop trials)
on negative trials. Paired ¢-tests were used to analyze the overall
slowing effect on Go and Stop trials. Next, we examined the rela-
tionship between the slowing affect in Go trials and the degree of
slowing in Stop trials with Pearson’s correlation.

HEART RATE VARIABILITY ANALYSES

Prior to all analyses, the Electrocardiogram (ECG) signal was visu-
ally inspected and artifacts were corrected or if necessary removed.
The interbeat intervals were imported to Kubios HRV Package
(Tarvainen et al., 2009) and were again corrected for artifacts,
using a medium artifact correction from the default options of
the Kubios software. Finally, we estimated the root mean square of
successive difference (RMSSD), a time domain measure of HRV
(Appelhans and Luecken, 2006). Based on the RMSSD values, we
performed a median split (Field, 2005) separating participants in
groups with low and high HRV.

Before comparing groups’ performance, we tested whether
potential differences in initial emotional states diverged between
groups. In this vein, we performed independent sample ¢-tests as
well as Bayesian ¢-tests under the assumption of equality of vari-
ance. We specifically used Bayesian ¢-tests in order to test the plau-
sibility that the two groups were equal in measures of interest. In
Bayesian inference, the Bayes factor is computed which serves as an
alternative to frequentist hypothesis testing. In the present study,
the higher the Bayes factor the more likely the results have been
occurred under the null hypothesis than the alternative hypothesis.
For example, a Bayes factor of three shows that the null hypoth-
esis is three times more likely than the alternative hypothesis>.
We performed our computations by using the Bayesian models
described in Wetzles et al. (2009) for two samples Savage Dikey ¢-
tests with the assumption of equality of variance. The model and
the R code (R Development Core Team, 2009) for computing the
Bayes factor are available on http://www.ruudwetzels.com/sdtest.
Our analyses showed that there were no differences between partic-
ipants with low and high HRV in positive (¢3; = —1.29, p=0.20,
BF =2.44) or negative (t6 =0.77, p=0.44, BFy; =4.01) mood.
In addition, after correlating state and trait anxiety measures with
the HRV measures for each group (Fuller, 1992; Miu et al., 2009),
non-significant results emerged (r <10.201), indicating that nei-
ther state or trait anxiety differently influenced the HRV of each
group. We also confirmed our results by performing Bayesian cor-
relations (all BFy; > 3.7). For our Bayesian correlation analyses
we used the formulas provided by Jeffreys (1983) describing the
comparison of a correlation coefficient to a suggested value (see
Jeffreys, 1983, pp. 289-292). In our case, we compared correlation
coefficients with zero (no relation).

3For more information on Bayesian inference and Bayes factor we refer the reader
to Dienes (2011), Rouder et al. (2009), and Wetzles et al. (2009).

We then conducted a series of mixed ANOVA’s with type of
trial (neutral, negative) as a within-subject factor and HRV (high,
low) as between subjects factor. This allowed us to examine the
influence of HRV on performance in the emotional stop-signal
task. In addition, two groups Bayesian ¢-tests were performed to
test for similarity between the two groups under the assumption
of equality of variance (Wetzles et al., 2009).

Linear regression analyses were also performed in order to
investigate whether trait and state anxiety as well as positive and
negative affect could predict response and inhibition times for each
trial type. Finally, we assessed whether mood generally changed
after completion of the stop-signal and whether these changes
perhaps differed for our two HRV groups. This was achieved by
performing mixed effects ANOVAs separately for each measure
including time (first measure, second measure) as within-subject
factors and HRV (high, low) as a between subjects factor.

RESULTS
THE PRESENTATION OF NEGATIVE STIMULI LEADS TO PROLONGED
RESPONSE AND INHIBITION TIMES
Table 2 presents an overview of the behavioral data for Go and
Stop trials. Few omissions during Go trials (combined errors,
M =0.927%, SD =1.625) were observed. Additionally, partici-
pants gave more incorrect responses during negative trials com-
pared to neutral trials (t63 = 3.75, p < 0.001), indicating that neg-
ative stimuli affect the accuracy in the stop-signal task. In line with
previous findings, on Go trials participants responded slower after
the presentation of negative pictures (tg3 = —4.1, p < 0.001) com-
pared to neutral pictures (see Figure 2, left panel). Moreover, neg-
ative stimuli prolonged the time needed to stop a planned response
during successful Stop trials (t¢3 = —4.8, p < 0.001; see Figure 2,
right panel), and the overall reaction time during Stop respond tri-
als (t63 = —3.8, p < 0.001). The above findings provide a successful
replication of the study by Verbruggen and De Houwer (2007).
Additionally, we tested the independence assumption between
the Go and Stop process of the horse-race model (Logan and
Cowan, 1984; Verbruggen and Logan, 2008b). Specifically, we
investigated whether the slowing effect in Go trials is related to
the degree of slowing during Stop trials. In accordance with the

Table 2 | Behavioral data during the emotional stop task on Go and
Stop trials.

Negative Neutral
GO
Median RT (ms) 500.8 (91.6) 488.7 (94.3)
Errors (%) 0.59 1.25
STOP RESPOND
Median RT (ms) 4778 (91.3) 461.6 (85.1)
STOP INHIBIT
SSD (ms) 305.6 (128.3) 310.1 (131.3)
P inhibit (%) 0.55 (0.08) 0.51 (0.06)
SSRT (ms) 204.8 (79.7) 180.4 (68.5)

RT response times; SSD, stop-signal delay; P inhibit, probability of inhibiting a
response; SSRT, stop-signal reaction time.
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independence assumption of the horse-race model, no relation-
ship was found between the degree of slowing during Go and
Successful Stop trials. On the other hand, when participants failed
to Stop, the degree of emotional slowing was predictive for the
slowing effects present on the Go trials (ts; =4.3, p < 0.01).

HEART RATE VARIABILITY PREDICTS THE DEGREE OF SLOWING
DURING RESPONSE INHIBITION AND INITIATION AFTER THE
PRESENTATION OF NEGATIVE STIMULI
Next, we zoomed in on individual differences in HRV. To this end,
we investigated whether high HRV subjects differed from low HRV
subjects in the emotional stop-signal task. Table 3 summarizes the
behavioral results for each group.

First, we tested whether the high vs. low HRV group differed
in their response speed in negative and neutral trials. The results

550 240
* *
530 + | | 220 1 | |
S [9)
2 3
g £
E 5101 £ 200 1
[ =
2 %
= D
490 + 180 A
Neutral Negative Neutral Negative
Trials Trials
FIGURE 2 | Bar plots depicting performance in Go (left panel) and Stop
(right panel) trials (Error bars represent SE). As it can be seen,
participants needed more time to give but also stop their responses in the
negative trials compared to neutral trials. MRT, median response time;
SSRT, stop-signal reaction time. *p < 0.001.

showed that the two groups did not differ in the speed to initiate
a response independent of the type of stimuli (Fi6,=0.015,
p=0.904). There was also no difference for negative trials
(t62=0.484, p=n.s.) or neutral trials (t6; =0.313, p=n.s,,
BFy; =4.33), respectively. Importantly, as shown in Figure 3 (left
panel),a strong interaction (F,6, = 11.392, p=0.001, nlz) =0.115)
emerged between the content of pictures presented on Go trials
(i.e., neutral or negative) and HRV.

Following our research questions, we investigated if the speed
to inhibit a response also differed as a function of HRV. In line with
the behavioral analyses reported before, participants took longer
to inhibit their responses in negative trials compared to neutral
ones (F16; =24.461, p <0.001, 7112) =0.283). Notably, again this
effect was different for each group as was shown from an Emo-
tion x HRV interaction (Fy,6; =5.613, p=0.021, n; = 0.083; see
right panel of Figure 3). Specifically, subjects with low HRV com-
pared to subjects with high HRV needed more time to inhibit their
responses in negative trials (31 = 2.537, p = 0.014) while no group
differences were found in neutral trials (#3; =1.484, p=ns.).
The latter effect was also confirmed by our Bayesian analysis
(BFp; =1.97). Finally, participants with low HRV took longer
to inhibit their responses than people with high HRV, regard-
less of the type of trial (Fy 6, = 4.486, p =0.038, 0, = 0.067) with
participants with high HRV being faster to inhibit than the partic-
ipants with low HRV. Specifically, individuals with low HRV had
shorter RTs on neutral compared to negative trials (#3; =4.675,
P <0.001). The same pattern emerged for the High HRV although
to a smaller extent (t37 =2.069, p=0.047), reflecting the main
effect of emotion shown before. In line with our predictions, the
outcomes above seem to indicate that HRV impacts the efficacy
of stopping a planned response after the presentation of negative
stimuli. Nevertheless, results should be interpreted with caution.
As mentioned in Loftus (1978), non-crossover interactions are
sensitive to the measurement scale (here SSRT’s in millisecond)
and can be potentially transformed away by a monotonic trans-
formation of the scale (see also Luce and Tukey, 1964; Krantz and
Tversky, 1971; Salthouse and Hedden, 2002).

Finally, we investigated whether positive and negative affect
before and after the experiment was different among groups.
Both groups reported a reduction in their positive affect although
this reduction was bigger for the high HRV group (¢30 = 6.481,

Table 3 | Behavioral data during the emotional stop task on Go and Stop trials.

Negative - low HRV

Neutral - low HRV

Negative — high HRV Neutral - high HRV

GO

Median RT (ms) 506.4 (91.2) 485.03 (91.0)
Errors (%) 1.5 0.7

STOP RESPOND

Median RT (ms) 480.8 (87.6) 458.3 (85.6)
STOP INHIBIT

SSD (ms) 2878 (124.7) 295.2 (125.2)
P inhibit (%) 54.91 (0.08) 0.51 (0.05)
SSRT (ms) 229.01 (88.36) 193.02 (68.89)

495.3 (93.1) 492.5 (98.8)

1.1 0.6

474.8 (96.12) 464.9 (85.8)
323.9 (131.3) 324.97 (13749)
0.54 (0.07) 0.51(0.08)
180.51 (62.37) 167.84 (68.87)

HRV, heart rate variability; RT, response times; SSD, stop-signal delay; P inhibit, probability of inhibiting a response; SSRT, stop-signal reaction time.
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FIGURE 3 | Two 2 x 2 interactions between trial type and group. On the
left panel, it is shown that participants needed more time to respond in the
negative compared to neutral trials. On the right panel, the time to inhibit a
planned response for each trial is depicted. Although participants needed
more time to inhibit a response in negative compared to neutral trials, this
increase in SSRT's is quicker for participants with low HRV. Please see text
for further details on both interactions. MRT, median response time; SSRAT,
stop-signal reaction time, HRV, heart rate variability.

p<0.001) rather than the low HRV group (t,9=2.785,
p=0.009), as indicated by a significant cross over interac-
tion between group and time (Fjgp=7.530, p=0.008). No
differences between groups were found in positive affect for
time point one (tg; = —1.296, p=0.200) and two (tg) = 1.084,
p=0.283). Increase of negative effect was reported (F 50 = 9.034,
p=0.004), although this effect did not differ as function of group
(F150 = 1.402, p=0.241).

DISCUSSION
The present study set out to investigate the influence of emotional
stimuli on cognitive control processes such as the initiation or
inhibition of motor responses. We also tested whether the initia-
tion or inhibition of responses is different for participants with low
and high HRV. Using an emotional stop-signal task, we found that
after the presentation of high arousing negative pictures, partici-
pants needed more time to initiate and stop a planned response,
compared to when neutral pictures were presented. These results
are in line with previous research (Verbruggen and De Houwer,
2007) affirming a robust effect of the presentation of emotional
stimuli on response initiation and inhibition. Furthermore, based
on participants’ HRV scores, we separated participants in groups
with low and high HRV and compared the performance of the
two groups in the emotional stop-signal task. In line with our
predictions, performance in the emotional stop-signal task dif-
fered among participants with low and high HRYV, indicating that
individual differences in HRV translate into latency differences in
action initiation and inhibition. While HRV is associated with ER,
our findings provide evidence how performance in cognitive tasks
is mediated by the perception and processing of emotional stimuli
(Gross, 1998).

One explanation for the prolonged response and stopping
times after the presentation of emotional stimuli is an attentional

allocation toward emotional stimuli (Fox et al., 2001; Vuilleu-
mier, 2005; Wyble et al., 2008; see also Estes and Verges, 2008
for a description of alternative explanations). In particular, emo-
tional stimuli seem to attract and withhold attention longer com-
pared to non-emotional stimuli (Ohman et al., 2001; Anderson,
2005). Although it remains unclear whether this effect is driven
by the valence (Pratto and John, 1991; Estes and Verges, 2008)
or the arousal dimension (Schimmack, 2005; Vogt et al., 2008) of
each stimulus, it is assumed that the longer attentional engage-
ment toward incoming emotional information results in slower
responding in co-occurring non-emotional tasks (Lang etal., 1993;
McKenna and Sharma, 1995; Buodo et al., 2002; Gronau et al.,
2003). This explanation seems also to be in agreement with De
Houwer and Tibboel’s (2010) recent findings on a go/no-go task.

Attentional biases toward emotional stimuli can also be a poten-
tial explanation for the difference in performance between partic-
ipants with low and high HRV, as previous studies have associated
low HRV to poorer attentional control (Porges, 1992; Friedman
and Thayer, 1998). Specifically, when RTs were investigated, indi-
viduals in the low HRV group were slower in giving a response after
the presentation of negative compared to neutral pictures. This
result can be attributed to the slow disengagement of attention
from emotional stimuli which delayed the subsequent execution
of overt responses (Buodo et al., 2002). On the other hand, peo-
ple with high HRV had similar performance independently of
what type of picture was presented. By taking attentional biases
into account, we argue that individuals with HRV are more effi-
cient in shifting their attention away from emotional stimuli and
subsequently give a response.

In their seminal work, Logan and Cowan (1984) regarded stop-
signal inhibition as a form of executive function. Accordingly,
attentional biases can also be a potential explanation for the differ-
ences between groups to stop a planned response as well. Although
the interaction on inhibition times can be potentially attributed
to the measurement scale (Loftus, 1978; Salthouse and Hedden,
2002), our results show that people with low HRV needed more
time to stop their responses compared to individuals with high
HRYV after the presentation of negative pictures. This finding sup-
ports the notion of an attentional bias in that individuals in the
low HRV group had more difficulty in shifting their attention from
emotional stimuli compared to subjects with high HRV. In sup-
port of this view, no differences between the two groups emerged
after the presentation of neutral pictures.

An alternative explanation of participants’ response and inhi-
bition times could as well be that the use of negative and neutral
emotionally stimuli could have resulted in some kind of nega-
tive emotional state, affecting individuals’ performance?. Although
valid, we think that this explanation contradicts the results on the
PANAS, collected at the beginning and the end of the experiment.
Specifically, both groups showed a decrease in positive affect as
well as an increase in negative affect. Interestingly, the decrease in
positive affect was steeper for the high HRV group as shown by a
statistically significant interaction. This indicates that individuals

“We would like to thank an anonymous reviewer for suggesting this alternative
explanation of the results.
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with high HRV had stronger emotional reactions than the low
HRV individuals in the end compared to the beginning of the
experiment. At first sight, this may contrast our finding that indi-
viduals high in HRV are less affected by negative pictures during
performing the stop-signal task than those displaying lower HRV.
However, taken together, these findings merely show that individ-
uals higher in HRV certainly are affected by the negative pictures,
as indicated by the PANAS scores, but are nevertheless very well
capable to effectively regulate those emotions and still focus on
the main task demands (i.e., performing the emotional stop-signal
task). This is in line with previous literature (Porges, 1992; Thayer
and Lane, 2000) indicating that individuals high in HRV are not so
much unaffected by certain stimuli, but display high adaptability
to environmental demands (i.e., the experimental task). Nonethe-
less, due to the conflicting findings in the literature regarding HRV
and mood states (for a review Pressman and Cohen, 2005) and
the inability of our data to exactly address this question, future
research is needed to investigate the exact relation between affect
and HRV.

Although for both the response and stopping times, a significant
interaction emerged, the pattern of the interactions was quite dif-
ferent. For example, no between group difference was found when
participants had to initiate a response. Contrary to this finding,
individuals with low compared to high HRV needed more time to
inhibit a response in both neutral and negative trials, respectively.
These results can be explained by the independence between the
Go and Stop processes of the horse-race model (Logan and Cowan,
1984; Verbruggen and Logan, 2008a,b). Specifically, the horse-race
model assumes that the Go and Stop process are stochastically
independent. By measuring the level of HRV, we extend previous
findings by showing that emotions differentially influence the Go
and Stop process. To note, both our results and previous studies
(e.g., Verbruggen and De Houwer, 2007) revealed that negative
pictures lead to prolonged response and stopping times. Based on
those results, it may be argued that in both cases emotional stimuli
interrupt both the Go and the Stop process. The present results
clearly oppose this assumption.

Nonetheless, the present study suffers from two main limita-
tions. Firstly, although we selected our negative and neutral stimuli
based on the normative IAPS ratings (Lang et al., 2005), prelimi-
nary analyses in which the mean valence and arousal ratings of the
pictures were compared with participants’ subjective ratings for
each picture, showed that many pictures did not induce the desired

emotion. Specifically, a high proportion of negative stimuli were
regarded aslow arousing by the participants, and a high proportion
of neutral stimuli were regarded as positive valence. This led us to
use less strict criteria in determining the cut-off scores in discard-
ing pictures (see Materials and Methods). The aforementioned
difference between IAPS mean ratings and participants’ ratings
could be attributed to the stronger content of a subset of pictures
compared to others. This could have resulted in making individu-
als regard some negative pictures as low arousing and some neutral
pictures as positively valence. Another important limitation is the
low number of pictures included in the IAPS system that matched
our valence and arousal ratings. As a result, we included neutral
and negative pictures with a wide range of valence and arousal
scores. Future studies should either use a smaller number of high
arousing negative pictures or determine the final picture sets in
pilot studies.

Secondly, although we used HRV during rest as an associative
measure of ER (Lyonfields et al., 1995), this measure cannot be
used as a direct index of ER. Future studies could overcome this
shortcoming by measuring HRV during emotional situations as
well and not only during resting periods.

In sum, the present study replicates the results of Verbruggen
and De Houwer (2007) by showing that after the presentation of
highly emotional pictures participants need more time to initiate
and inhibit a response. We found that this effect interacted with
the level of HRV while individuals with high HRV showed shorter
response and stopping times after the presentation of emotional
pictures compared to subjects with low HRV. These present results
further our understanding of the intricate relation between ER
and executive control functions by taking into account individual
differences in HRV.
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