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Abstract

‘Cool’ executive functions (EF) refer to logical and strategic cognitive processes such as planning and reasoning, 
whereas ‘hot’ EF include affect-driven cognitive processes, such as risk-taking in decision making. In the present cross-
sectional study was investigated whether prisoners perform worse than non-prisoners on measures of hot and cool EF. 
Subsequent objectives were to determine if performance on tasks of executive functioning was related to measures of 
(reactive and proactive) aggression within the offender group, and whether testosterone and cortisol influenced the 
latter relationship. Male prisoners (n = 125) and a non-offender control group (n = 32) completed frequently applied 
measures of hot and cool EF (assessed with the Iowa Gambling task and Wisconsin Card Sorting Task respectively). 
Aggression characteristics in prisoners were assessed through self-report questionnaires, behavioural observations, 
and conviction histories. Endogenous testosterone and cortisol levels were obtained through saliva samples, while 
prenatal testosterone exposure was determined using the finger length of the index and ring fingers (the ‘2D:4D 
ratio’). The results indicated that prisoners performed significantly worse than non-prisoners on cool EF, and to a 
lesser extent on hot EF, but no meaningful relationship could be proven between measures of EF and aggression in 
the offender group. Weak to moderate significant correlations were found between testosterone/cortisol ratios (not 
prenatal testosterone exposure) and hot EF as well as self-reported aggression. These results lead to the conclusion 
that prisoners show significant problems in cool and hot EF compared to non-prisoners. These problems are not 
clearly associated with characteristics of aggression, but preliminary results indicate that these may be related to 
having high endogenous testosterone levels relative to cortisol levels. 
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Introduction

Executive functions (EF) usually refer to deliberate, top-
down neurocognitive processes involved in the conscious, 
goal-directed control of thought, action, and emotion, 
of which mental set-shifting, planning and monitoring, 
and inhibition of prepotent responses are the most well-
known [1,2]. These EF have been labelled as relatively 
‘cool’ cognitive functions, in which reasoning plays an 
important role. In contrast, so-called ‘hot EF’ refer to 
more intuitive top-down control processes that operate 
in motivationally and emotionally significant high-stakes 
situations [1,3], such as risk taking in decision making 
[1,4-6]. Although cool and hot EF typically work together 
as part of a more general adaptive function, they also 
show to be relative independent constructs and appear 
to rely on different neuro anatomical structures [1]. While 
performance on traditional, cool neuropsychological 
EF-tasks predominantly depends on functioning of 
dorsolateral prefrontal regions, performance on hot EF-
tasks mainly relies on functioning of the ventromedial 
and orbitofrontal cortex [7-9], which, for example, plays 
an important role in the reappraisal of initially learned 
response-reward contingencies [7].

 
Deficits in EF are associated with a wide range of 

problems in daily life functioning, including criminal and 
aggressive behaviour, which is often due to insufficient 
self-regulation [10]. This robust relationship between 
poor EF and criminal/aggressive behavior has been well 
established in two large meta analyses [11,12]. However, 
such relationships have mainly been studied using 
traditional cool EF tasks and to a far lesser extent with 
hot EF measures [11]. With respect to the latter, there is 
evidence that the tendency to take risk in decision making 
seems to be related to aggressive behavior [11,13,14], but 
it is not yet clear upon which underlying neurobiological 
mechanisms this depends and if this relation is similar for 
all types and degrees of severity of aggression. It appears 
that the tendency to take risk in decision making is mostly 
related to reactive aggression, which refers to impulsive 
aggressive behaviour as a result of high emotional 
arousal, often in response to a perceived provocation or 
threat. Risky decision making is related in a lesser extent 
to proactive forms of aggression, which points to goal-
directed, instrumental aggressive behaviour in order to 
obtain a desirable advantage [14,15].

This relation between risky decision making and 
reactive aggression could be explained by the fact that 
both are linked to disfunctioning in similar neurological 
substrates, such as the striatum, the orbitofrontal and 

ventromedial prefrontal cortex, and the amygdala [16-
20]. Furthermore, it has been suggested that steroid 
hormones such as testosterone are key regulators of the 
functioning of these brain regions [18,21]. Indeed, high 
testosterone levels have been related to both increased 
(reactive) aggression on the one hand [18,22-25], and 
more risk taking in decision making on the other hand 
[26-29]. However, the relationship between testosterone 
on the one hand and decision making and aggression on 
the other hand is complex and not always confirmed in 
literature [30,31]. This may be due to the fact that the 
effect of testosterone on aggression and decision making 
is moderated by cortisol levels in such a way that high 
testosterone only results in increased aggression and 
impaired decision making in individuals with low cortisol 
levels [32]. Multiple studies that used the testosterone/
cortisol ratio confirm this “dual hormone hypothesis”, in 
relation to both aggression and risk taking [22-24,26,33-
35].

Overseeing the foregoing, it can be concluded that 
there is compelling evidence that antisocial behaviour, 
including aggression, is related to poor performance on 
cool-EF tasks, but that less is known about how hot-EF 
measures concerning risk taking in decision making are 
related to (reactive) aggression. The latter is important to 
investigate, not only because it has been suggested that 
hot EF are crucial cognitive functions for social functioning 
[7], but also because hot EF may be important to address 
directly in the treatment for pathological aggression [36]. 
Furthermore, studies are compiling that confirm that 
both hot EF and reactive aggression may be influenced 
by testosterone/cortisol levels in different parts of the 
brain [22-24,26,33-35]. However, few studies have taken 
all these factors together in one study or investigated this 
in offender populations. In addition, little is known about 
the potential role of testosterone and cortisol in the 
relationship between aspects of aggression in cool EF. 
Hence, the present study aims to investigate (1) whether 
male prisoners perform worse than non-prisoners on 
measures of cool and hot EF, (2) if outcome on measures 
of hot and cool EF can be statistically predicted by 
measures of aggression, and, (3) whether this relation 
between aggression and EF may be influenced by 
testosterone/cortisol levels. It was hypothesized that (1) 
prisoners perform worse than non-offender controls on 
both measures, but (2) show a stronger hot-EF-(reactive) 
aggression relation than a cool EF-(reactive) aggression 
relation, and that (3) the relationship between reactive 
aggression and poor performance on hot EF-measures is 
related to levels of testosterone/cortisol in the way that 
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high levels of endogenous testosterone paired with low 
cortisol are related to higher amounts of reactive, but 
not proactive, aggression and worse performance on a 
measure of hot, but not cool, EF.

Materials and Methods
Setting, participants and procedure

Participants were recruited in a large prison setting 
in the Netherlands (Penitentiary Institution Vught). All 
participants were adult males (18 years and older), who 
volunteered for this study after being informed through 
posters, pamphlets and information letters. A total of 
159 participants initially entered the study. Of these, 
34 dropped out for different personal (e.g. decline) or 
practical reasons (e.g. sudden transfer/release), resulting 
in a total of 125 participants. All participants were accused 
of or convicted for committing criminal acts, varying from 
minor offenses, such as theft, to severe violent crimes, 
such as murder, or sex crimes. Sentences varied from 
several weeks to life-long imprisonment, sometimes 
in combination with special treatment programs. 98 
Participants had at least one lifetime conviction for a 
violent crime, while 27 were convicted of non-violent 
crimes only. 

Inclusion took place when participants were currently 
stable enough to participate (e.g. not suffering from a 
psychotic, manic or major depressive episode 6 months 
prior to testing). Furthermore, participants needed to 
be able to read the Dutch language well enough to fill in 
questionnaires. 

For each participant in the prisoner group, the study 
procedure lasted for four weeks in total. During this 
period staff members rated aggressive behaviour of the 
participants on a weekly basis. Participants had three 
meetings with a research assistant. In the first meeting 
informed consent was signed, descriptive data were 
gathered, and an intelligence screening was performed. 
During the second meeting, neuropsychological testing 
took place and aggression questionnaires were filled in 
by the participants. Also, saliva samples were collected, 
following a structured protocol (for details see ‘materials’). 
If appreciated by the participants, they were provided 
with feedback on their individual test results in the last 
meeting. After the testing phase, judicial records were 
studied to obtain data on each participant’s crime history. 

The non-prisoner control group (n = 32) consisted of 
male prison-employees, who were recruited through 
letters, information meetings or e-mail. Prison-employees 

are all screened for records of good behaviour as part of 
a standard procedure upon employment, so it could be 
guaranteed that this group had clean criminal records. 
They completed neuropsychological testing only and 
did not participate in assessments of aggression or 
testosterone/cortisol.

This study was conducted according to the ethical 
principles from the Helsinki Declaration and approved 
by the Dutch Ministry of Justice and Security with respect 
to procedural and ethical aspects. All participants signed 
informed consent. Providing a saliva sample was optional 
and this required additional informed consent. No 
rewards were provided for participation.

Materials
Reactive and proactive aggression

Characteristics of aggression were measured 
in three ways: through self-report questionnaires, 
behavioural observations and criminal records. The self-
report questionnaires included the 30-item Impulsive/
Premeditated Aggression Scales (IPAS-30 [37]), which 
provides a scores for impulsive and a for instrumental 
aggression, the 23-item Reactive-Proactive Aggression 
Questionnaire (RPQ [38]), which provides scores for 
reactive and proactive aggression, and the shortened 12-
item Dutch translation of the original 29-item Aggression 
Questionnaire (AQ [39,40]), which provides four scales 
(physical aggression, verbal aggression, rage and 
hostility). The 12-item AQ was used instead of the longer, 
original version, because this short version has shown to 
have better psychometric properties [41]. Observational 
data of aggressive behaviour were gathered by use of 
the Social Dysfunction and Aggression Scale (SDAS-11 [42]). 
It is an observational scoring list, consisting of 11 items 
with a 5-point Likert scale. Staff members were asked 
to score the SDAS four times, with an interval of one 
week, so a stable total mean score could be calculated. A 
minimum of three ratings needed to be present in order 
to be included in the statistical analyses. Finally, criminal 
records provided information on conviction histories. The 
total number and type of (violent) criminal convictions 
was registered.

Hot and cool EF

The Iowa Gambling Task (IGT [43]) was conducted as a 
measure of hot EF. The IGT is regarded as an adequate 
measure of intuitive decision making in ambiguous and 
risky circumstances [44]. Because it contains ambiguous 
reinforcers, it is supposed to resemble daily life decision 
making closely. In the present study, the IGT was assessed 
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with a standard version of a computer task in which 
participants were confronted with four packs of cards. 
They were instructed to select one card at a time with 
the consequence of winning or losing fictitious money. 
Although participants were informed that some decks 
were better than others, they were not told which decks 
were advantageous (i.e. giving small rewards and small 
losses) or disadvantageous (i.e. giving high rewards and 
high losses). Each participant completed 100 deck draws, 
leading to a total score and five consecutive ‘block’ scores 
of 20 draws each. Normally, individuals tend to choose 
randomly at first, but develop a clear preference for safe 
decks during the final 40 drawings. Especially the last 
two blocks (representing the final 40 draws) need to be 
considered with respect to risky decision making [44], 
while the first three blocks are characteristic for decision 
making under ambiguity [45]. The last two block scores 
and total NET-score were used for the statistical analyses. 
There is convincing evidence that IGT-performance 
explains a unique part of the variance in decision-making 
which is not attributable to either intelligence and/or 
traditional measures of executive functions (neither 
inhibition, set-shifting or working memory) [46].

 
To assess cool EF the computerized version of the 

Wisconsin Card Sorting Task (WCST [47]) was applied. 
Participants were instructed to organize different 
pictures within categories but received no insight in 
the underlying organizing principles prior to the test. 
Only feedback was provided after each sorting attempt 
as being ‘right’ or ‘wrong’. When the right sorting 
principle (either by colour, form or number) was applied 
consequently and repeatedly, the rule changed without 
notification, requiring a flexible and analytical response 
in order to search for another categorizing-principle. In 
contrast to the IGT, performance on the WCST relies less 
on intuition, but more on logical thinking and deliberative 
decision making, and it is globally often applied, both 
for clinical diagnostic and research purposes [48]. The 
number of achieved categories as well as the number of 
perseverative responses was included as WCST-outcome 
measures in the statistical analyses, because these can be 
regarded as the best general indicators for performance 
on the task [48].

Measures of testosterone and cortisol

Endogenous testosterone and cortisol levels of 
prisoners were assessed through saliva samples that 
were collected during resting conditions in the test room 
with Cortisol-Salivettes® [49]. These are tubular synthetic 
swabs that absorb saliva when placed in the mouth, and 

are proven to be an effective saliva collection device for 
diagnostic tests even from low volumes samples and/
or samples with low cortisol concentration. Although 
prior research has shown that testosterone levels after 
use of these salivettes can turn out to be higher than 
after assessment through other salivary methods, this 
potential overrating is proven to be consequent across 
different samples [50]. Saliva samples were collected 
in the afternoon, because of circadian changes in 
testosterone and cortisol levels [24,51]. Participants 
refrained from drinking, eating or smoking 30 minutes 
prior to saliva collection. Then they washed their mouth 
with water and were told to place the Cortisol-Salivette® 
in their mouth and chew it for approximately 45 seconds 
before placing it back in the tube. This was repeated after 
30 minutes. Both closed, marked tubes were then stored 
in a freezer at -20°C. After all participants were tested, the 
saliva samples were thawed and centrifuged 10 min at 
2000 g to obtain clear fluids. The samples were analyzed 
by the Testosterone Saliva and Cortisol Saliva ELISA 
assays (of IBL international) conform the instructions 
for use. All samples were measured in duplicate and the 
sample volumes were 50 µl. Initially the testosterone 
concentrations of multiple participants turned out to 
be too high for analysis. Therefore, all samples were 
repeated in a 1: 3 dilution with sample diluent.

For each of the two saliva samples the testosterone/
cortisol ratio was assessed by dividing the testosterone 
value by the cortisol value. One mean ratio score was then 
calculated for the two ratio scores from each sample.

Prenatal exposure to testosterone was assessed by 
the 2D:4D ratio [52]. Finger length in millimeters was 
measured for the index (4D) and ring fingers (2D) of both 
hands from the lowest line where the finger crosses over 
into the palm of the hand up to the top of the finger. The 
length of the index finger was then divided by the length 
of the ring finger. Normally, the right hand will best 
represent the testosterone level, but it’s recommended 
to measure both [53,54]. Those two 2D:4D ratios were 
analysed separately.

Additional measures

Raven Standard Progressive Matrices (RSPM): The RSPM 
is a non-verbal intelligence test [55], where abstract 
reasoning is essential. Participants were instructed to 
fill in missing parts in a pattern, choosing from a set of 
options. The test was selected on basis of its completion 
time and applicability for people, who are not raised with 
the Dutch language. Dutch norms were applied [48] to 
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provide percentile scores, which were next converted 
into IQ-estimates.

Statistical procedure

Comparisons of mean values within the two study 
groups were performed using t-tests, when data were 
normally distributed. Because much of the data were 
not normally distributed, non-parametric Mann-Whitney 
Tests were conducted to assess whether prisoners 
differed from non-offender controls in their distribution 
of scores on measures of hot and cool EF. Effect size 
estimates were calculated by converting z-scores [56,57].

To assess if aggression measures could be predicted by 
outcome on measures of hot and cool EF, bootstrapped 
linear regression analyses were performed with forced 
entry. Age and estimated IQ-scores were also inserted 
as predictors in the model. It was not possible to insert 
interaction terms for the dependent variable x age, or x 
IQ to control for moderator effects, because this would 
lead to a proliferation of predictors in the model. Those 
analyses were run separately to be able to detect how 
large the risk of moderation effects would have been. 

The main predictors of interest were the two last 
block scores and total NET-score of the IGT, the number 
of perseverative and non-perseverative errors on the 
WCST and number of completed categories on the WCST. 
To assess whether subscale scores on the self-report 
aggression questionnaires reflected different aggression 
sub-constructs (e.g. impulsive versus instrumental 
aggression), an exploratory factor analysis with oblique 
rotation was conducted. All subscale scores were inserted 
as variables in this factor analysis. Subscales that loaded 
on the same factor could then be transformed to one 
dependent variable for that factor in the regression model 
(after calculating one mean score of the standardized 
values of these subscale scores) to reduce the number 
of analyses.

A missing value analysis was performed, because 
there were relatively large percentages of missing values 
on testosterone/cortisol measures, to determine if these 
data were randomly missing across the sample.

Initially, it was planned to insert the testosterone/
cortisol ratio as an interaction term in the regression 
analyses to investigate if the strength of the relationship 
between measures of hot and cool EF on the one hand 
and measures of aggression on the other hand would be 
different for participants with high or low testosterone/
cortisol ratios. Unfortunately, we were only able to collect 

a small number of saliva samples (n = 38), because most 
prisoners refused to contribute to this part of the study. 
In result, it was not possible to include these variables in 
the regression model. Instead, those data were analysed 
in a more exploratory manner to spot trends and 
relationships in the data. Correlations were calculated 
between measures of testosterone and cortisol versus EF 
and aggression variables.

Post hoc calculations were conducted using G*Power 
in order to compute the achieved statistical power. 

Results
Descriptives

The descriptives of the two study groups are provided 
in table 1. The offender and non-offender group did not 
significantly differ in their median educational score, 
although there was a trend suggesting a different 
distribution in educational scores, p = .11. There were 
statistically significant differences between these groups 
in mean age, p = .02, and mean IQ-estimates on the 
Raven Progressive Matrices, p ≤ .001. On average, the 
participants in the control group were older and had 
higher IQ-scores than prisoners.

Comparisons between prisoners and 
non-prisoners on measures of hot and cool EF

Preliminary analyses revealed that performance on the 
WCST measures was not correlated with performance on 
measures of the IGT, as was expected. 

Figure 1 displays mean IGT-scores for the offender and 
non-offender group. The Mann-Whitney Test showed that 
there was no significant difference between prisoners 
and non-prisoners in the distribution of their scores on 
the five blocks of the IGT, although there seemed to be 
a trend in the expected direction during the final 20 card 
draws in block 5, U = 2.19, z = 1.61, p = .11. The Total NET 
score was distributed significantly different between the 
two groups in the expected direction, U = 2.28, z = 1.98, p 
= .048. However, the effect size was small, rIGT NET total = .16.

For the WCST there was a clear significant difference 
between the distributions of the scores between 
the prisoners and non-prisoners for the number of 
perseverative errors, U = 1026.5, z = -3.85, p < .001, non-
perseverative errors, U = 1176.5, z = -3.16, p = .002, and 
completed categories, U = 2447, z = 3.32, p = .001. Effect 
sizes were all in the medium range, rpers errors = -.31, 
rnon-pers errors = -.28, rcomp cat = .27. Mean WCST-scores for both 
groups are displayed in figure 2. 



211 Annal Behav Neurosci, 2(1): 206-222 (2019)

Table 1: Descriptive data of the study population.
 

Prisoners Non-prisoners
N 125 32

Age (mean, range, sd) 36.4, 18-74, 11.4 41.8, 19-60, 11.2
Highest completed education1 (median, range) 3, 1-16 4, 3-5

IQ-scores2 (mean, range, sd) 85.9, 70-124, 11.5 97.3, 79-124, 10.9
Country of birth

Western European 97 (78%) 31 (97%)
Northern African 4 (3%) -

Asian 3 (2%) -
African 3 (2%) -

East European 3 (2%) -
Northern American 1 (1%) -
Southern American 14 (11%) 1 (3%)

Total number convictions3 (mean, range, sd) 21.3, 1-91, 20.5
Violent convictions (mean, range, sd) 3.3, 0-80, 7.2

Non-violent convictions (mean, range, sd) 16.2, 0-82, 18.2
Current ward:

Normal 98 (78%)
Psychiatric hospital 20 (16%)
Repeated offenders 4 (3%)

Extra secured 3 (2%)

Note: 1Educational level was based on the classification system of Verhage [58] in Dutch education with 6 levels of 
education: (1) not graduated from primary school, (2) only graduated from primary school, (3) vocational education, 
(4) Secondary vocational education, (5) Higher vocational education, (6) academic education.

2IQ-scores were estimated using the Raven Standard Progressive Matrices, which provides an IQ estimate with a 
minimum set at 70.

3Total number convictions, violent convictions and non-violent convictions refer to the total number of convictions 
the participants had during their lifetime altogether and, more specifically, for violent crimes and non-violent crimes. 
Violent crimes included assault, (attempted) manslaughter, (attempted) murder, armed/violent robbery, arson, sex 
crimes and possession of weapons. Non-violent crimes were, for example, fraud, theft and drug crimes.

Figure 1: The learning curve on the IGT, representing mean IGT scores on the five consecutive blocks of card 
draws, for prisoners (n = 123) and controls (n = 30), as well as the mean Net Total IGT score. Error bars display 

standard deviations. Higher scores represent more safe choices. 
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Figure 2: Mean WCST scores (perseverative errors, 
non-perseverative errors and completed categories) for 
the prisoners (n = 120) and controls (n = 31). Error bars 

display standard deviations.

In order to determine if the aforementioned findings 
could be attributed to confounding pre-existing group 
differences in intelligence, a matched offender group 
was created with similar IQ-scores as the non-offender 
control group by means of propensity score matching (n 
= 30). When the Mann-Whitney tests were repeated for 
the matched group and the control group, no significant 
group differences remained for all variables of both the 
IGT and the WCST. However, the reduction in group sizes 
resulted in a loss of statistical power in such a way that 
the earlier found effect sizes were no longer detectable. 

It was not possible to match the groups on age besides 
intelligence and still retain sufficient statistical power, and 
thus it could not be investigated if the group differences 
in cognitive performance were a mere reflection of an age 
effect. Correlations between cognitive variables and age 
in the offender group were significant for the number of 
non-perseverative errors, ρ = .20, p = .04, and completed 
categories on the WCST, ρ = -.31, p = .001, but not for 
non-perseverative errors on this task, ρ = .11, p = .25. This 
means that performance on the WCST declined with age. 
Since the non-prisoners were older than the prisoners and 
also performed better on the WCST, this suggests that 
correcting for age differences would have led to potential 
larger group differences in performance on the WCST. 
Therefore, it is unlikely that the found group differences 
in cool EF could be attributed to pre-existing group 
differences in age. Correlations for IGT measures and age 
were all close to zero, suggesting that an age effect for hot 
EF is unlikely. Additionally, even though age differences 
between the groups were statistically significant, the 
actual mean difference of 5.4 years can still be regarded 
as relatively small when it comes to its effect on cognition.

The relationship between measures of 
aggression and measures of hot and cool EF

Correlational analyses between aspects of aggression 
(total number of lifetime convictions for violent crimes, 
average score on observed aggressive behaviour 
and the subscales and total scores on the three self-
report questionnaires) revealed that these were all not 
significantly correlated to outcomes on the WCST or IGT, 
except for one: a greater number of lifetime convictions 
for violent crimes was weakly correlated to less achieved 
categories on the WCST, ρ = -.19, p = .046.

The exploratory factor analysis revealed that all self-
report scales, including the impulsive/reactive and 
instrumental/proactive aggression subscales, loaded 
together on one factor with an eigenvalue of 6.46, 
explaining 43.1% of the variance. Within RPQ the reactive 
aggression scale was highly correlated with the proactive 
aggression scale, r = .82, p ≤ .001. This was to a lesser 
extent also the case for the impulsive and instrumental 
aggression scales of the IPAS-30, r = .36, p ≤ .001. In 
addition, there was a weak correlation between the 
impulsive aggression scale of the IPAS-30 and the reactive 
aggression scale of the RPQ, r = .23, p = .005, and the 
instrumental/proactive scales of those instruments only 
correlated moderately, r = .56, p ≤ .001. In other words: 
the subscales of the self-report aggression questionnaires 
(IPAS-30, RPQ and AQ) were intercorrelated in such a 
manner that no separate aggression factors could be 
distinguished. With respect to the impulsive/reactive 
versus instrumental/proactive aggression distinction was 
found that there was too much overlap between scores 
of supposedly different aggression subtypes (impulsive/
reactive and instrumental/proactive aggression), and 
too little overlap between scales that were supposed 
to assess similar aspects of aggression. Therefore, no 
valid, distinguishable measure for impulsive versus 
instrumental aggression could be extracted from the 
data. In result, one mean aggression score was calculated 
representing self-report questionnaires, based on 
standardized values of the total scores of the IPAS-30, 
RPQ and AQ. 

The exploratory factor analysis also revealed that the 
observational measures of aggression and the criminal 
records of convictions for violent crimes did not load 
on the same factor as the self-report questionnaires. 
Observational data from staff members on the SDAS were 
significantly, though weakly correlated to the number of 
convictions for violent crimes, r = .21, p ≤ .08. Therefore, 
three regression models were tested, each with a different 
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Table 2: Linear model predictors of mean self-reported aggression, mean staff-observed aggression (SDAS), and 
lifetime number of convictions for violent crimes (violent crimes) within the offender sample (N = 1221).

B SE β p (α = .05)
[95% confidence interval]

Mean self-reported aggression
Constant 2.39 [.30, 4.47] 1.05 p = .03* 
Age -.02 [-.03, -.01] 0.01 -0.27 p = .01*
IQ-estimate (RSPM) -.02 [-.03, .00] 0.01 -0.21 p = .05
WCST Pers. Errors -.01 [-.03, .01] 0.01 -0.12 p = .48 
WCST Non. Pers.  Errors .00 [-.02, .02] 0.01 -0.03 p = .89
WCST Compl. Cat. -.06 [-.27, .14] 0.1 -0.15 p = .56
IGT Block 4 .00 [-.03, .02] 0.01 -0.03 p = .83
IGT Block 5 .01 [-.01, .03] 0 0.12 p = .35
IGT NET total .00 [-.01, .01] 0.01 0.08 p = .63
SDAS
Constant 1.18 [-8.01, 10.37] 4.62 p= .80
Age -.05 [-.11, .02] 0.03 -0.16 p = .14
IQ-estimate (RSPM) .00 [-.06, .07.] 0.03 0.01 p = .97 
WCST Pers. Errors .06 [-.03, .14] 0.04 0.24 p = .20
WCST Non. Pers.  Errors .05 [-.03, .12] 0.04 0.24 p = .25
WCST Compl. Cat. .35 [-.56, 1.25] 0.45 0.22 p = .44
IGT Block 4 -.01 [-.11, .09] 0.05 -0.04 p = .82
IGT Block 5 -.03 [-.12, .05] 0.04 -0.11 p = .45
IGT NET total .01 [-.02, .05] 0.02 0.13 p = .46
Violent Crimes
Constant 9.00 [-2.06, 18.207] 4.64 p = .06 
Age .04 [-.03, .10] 0.03 0.11 p = .24
IQ-estimate (RSPM) -.07 [-.14, -.01] 0.03 -0.23 p = .03*
WCST Pers. Errors -.04 [-.13, .04] 0.04 -0.16 p = .34
WCST Non. Pers.  Errors .04 [-.04, .012] 0.04 0.19 p = .29
WCST Compl. Cat. -. [-.97, .83] 0.45 -0.04 p = .88
IGT Block 4 -.06 [-.04, .17] 0.05 0.17 p = .25
IGT Block 5 .00 [-.09, .09] 0.05 0.01 p = .94
IGT NET total .00 [-.04, .03] 0.02 -0.03 p = .85

*p < .05

Note: The R2 values for the predictors in each model collectively were .13, .07 and .13 respectively.

1Due to missing data the regression analyses were based on 116 participants for the mean self-reported aggression, 
99 for the SDAS, and 114 for the violent crimes.

measure for aggression as dependent variable (the mean 
self-report measure, the mean score of the four SDAS 
ratings, and lifetime number of convictions for violent 
crimes). There were no violations of the assumption 
of linearity. Three participants were excluded from 
the regression analyses due to outliers on measures 

of aggression. The regression was bootstrapped due 
to the fact that multiple variables were not normally 
distributed. The residuals were independent, there were 
no problems with multicollinearity, neither were there 
signs of moderator effects for intelligence or age. Results 
of those regression analyses are displayed in table 2. 
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There were no meaningful contributions from WCST 
and IGT variables to the prediction of outcome on the 
aggression variables. Age and intelligence contributed 
significantly in the prediction of the mean self-reported 
aggression; although this contribution was small (R2 for 
those predictors combined was .10). Conducting the 
regression analyses without correction for intelligence 
or age lead to similar outcomes for the contributions of 
the WCST and IGT variables. The statistical power in the 
regression analyses with eight predictors in the model, 
observed R2 values of .13 and sample size of 122 was 
60%, suggesting that the sample was too small to be able 
to detect a true effect of this small size.

The potential role of prenatal testosterone 
exposure and the testosterone/cortisol ratio

Because only a small number of participants agreed 
to provide saliva samples (n = 38), it was decided to not 
include testosterone/cortisol measures in the regression 
model as a predictor. Little’s MCAR test revealed that the 
missing data were spread randomly across the offender 
sample, x2(15) = 8.18, p = 0.92. No imputations were made. 

Testosterone levels were remarkably high for a lot of 
the participants after a first analysis. For that reason, 
saliva samples were diluted with sample diluent (to 1:3) 
and re-analysed. The latter results were then transformed 
to one mean score from two saliva samples, which were 
used for statistical analysis: mean testosterone = 432.20 
pg/mL, sd = 218.71, mean cortisol = 4.35 nmol/L, sd = 
4.50, mean testosterone/cortisol = 160.48, sd = 114.82. 
To provide a frame of reference, since no saliva samples 

were collected in the non-offender group, it is worth 
mentioning that in an earlier study with the same saliva 
sampling method performed in a sample of 722 Dutch 
men with anxiety and depression problems (mean age = 
44.9), the mean testosterone level was 25.7 pg/mL (95%CI 
= 24.5-27.1) in the morning and 19.4 (95%CI = 18.4-20.5) 
in the evening [50]. No statistical comparisons were made 
between testosterone levels in the present study and the 
latter values, however.

The 2D:4D ratio was obtained from 103 participants: 
mean left hand 2D:4D = .98, sd = .05, mean right hand 
2D:4D = .98, sd = .05.

Table 3 shows the correlations between the 
testosterone/cortisol variables and the main variables 
for hot and cool EF and aggression. Having high 
endogenous testosterone levels relative to cortisol 
levels was significantly correlated to worse performance 
of two IGT-measures (representing ‘hot EF’) and to 
higher levels of self-reported aggression (based on the 
generated common factor). However, correlational 
analyses between levels of testosterone relative to 
cortisol and outcomes on all subscale scores of the self-
report aggression questionnaires showed no significant 
correlations whatsoever. Furthermore, no significant 
relation was found for WCST variables (representing ‘cool 
EF’), observed aggressive behaviour or number of lifetime 
convictions for violent crimes. Finally, no significant 
correlations were found for prenatal testosterone 
exposure and cognitive or aggressive measures.

Table 3: Parametric or non-parametric correlations between measures of endogenous testosterone/cortisol ratios 
and prenatal testosterone exposure (2D:4D ratio of both hands) versus measures of hot and cool EF and aggression 

in prisoners. 

Testosterone/cortisol 2D:4D left hand 2D:4D right hand
n = 38 n = 103 n = 111

WCST Pers. Errors ρs = .02 ρs = .10 ρs = .04
WCST Non. Pers. Errors ρs = .07 ρs = .06 ρs = .08
WCST Comp. Cat. ρs = -.12 ρs = -.15 ρs = -.14
IGT Block 4 r = -.45** r = -.09 r = -.11
IGT Block 5 r = -.29 r = -.02 r = -.08
IGT NET total r = -.35* r = -.06 r = -.08
Mean self-reported ag-
gression

ρs = .34* r = .13 r = .07

SDAS ρs = .18 ρs = .10 ρs = .08
Violent Crimes ρs = .23 ρs = .14 ρs = .12

*p ≤ .05
**p ≤ .01
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Discussion

The purpose of the present study was to investigate 
1) whether male prisoners perform worse than non-
prisoners on measures of cool and hot EF, 2) if outcome 
on measures of hot and cool EF can be statistically 
predicted by measures of aggression, and, 3) whether this 
relation between aggression and EF may be influenced 
by testosterone/cortisol levels. The outcomes of the 
research on these questions and the implications arising 
therefrom are discussed in subsequent order in this 
section. 

A priori it was hypothesised that prisoners would 
perform worse than non-prisoners on measures of both 
hot and cool EF. This could only be partly confirmed in the 
data. Our study showed that male offenders performed 
more poorly than non-offenders on hot EF tasks, but 
the effect size was small (0.16). They also performed 
less well on cool EF tasks (effect sizes = 0.27-0.31), but 
these differences disappeared when the data were 
corrected for IQ. Furthermore, individual differences in 
test performance were large on both tasks, rendering a 
large variance in the data. This suggests that even though 
there were differences on a group level, bad performance 
on hot or cool EF is certainly not a shared characteristic 
between all prisoners. In order to better understand 
individual differences in EF performance within the 
offender group, it was investigated if performance on EF 
was connected to characteristics of aggression. 

Consequently, the second hypothesis in the present 
study was that within the offender group there would be 
a stronger relationship between measures of hot-EF and 
(reactive) aggression than between cool EF and (reactive) 
aggression. This could not in the slightest way be 
corroborated by data from correlational analyses between 
measures of all aspects of aggression and outcomes 
on EF-tests, which were all, but one, non-significant. 
Unfortunately, a factor analysis revealed that no valid 
measure of reactive versus proactive aggression could be 
distracted from the data, because these factors were too 
strongly intercorrelated. Therefore, only aggression as a 
general concept could be investigated in three separate 
terms in the regression model (self-report aggression 
questionnaires, observational data on current aggressive 
behaviour, and the history of committed violent crimes). 
Contrary to expectation, the outcomes of the regression 
analyses revealed that measures of both hot and cool EF 
did not significantly explain the variance of each of those 
three aggression variables, in addition to the (small) 
variance that was already explained for by intelligence 

and age. This finding appears to stand in contrast to the 
conclusion that was drawn in the systematic review that 
was published earlier [15]. In this review 16 empirical 
studies were examined on the relationship between risky 
decision making and aggression. Although this was not 
consistent among all studies, overall evidence was found 
across different forensic and non-forensic populations 
for a significant positive relationship between increased 
risk taking during decision making and higher levels of 
aggression, especially reactive aggression [15]. Then, 
how can we understand the present negative findings 
with respect to aggression? A potential explanation is 
that problems with hot and cool EF are characteristic 
of antisocial traits or behaviour in general, but not 
specifically related to aspects of aggression only. The 
found relationship between (reactive) aggression and 
risky decision making would then be a consequence of the 
fact that (reactive) aggression is characteristic of general 
underlying problems, such as antisocial behaviour and/or 
personality traits, poor inhibitory control and impulsivity. 
This explanation is in line with one other finding in the 
aforementioned systematic review [15]: in the reviewed 
studies all participants from forensic groups appeared to 
make more risky decisions compared to non-prisoners, 
pointing to the fact that more antisocial aspects than 
only aggression relate to increased risky decision making 
[59-64]. In line with this, two earlier mentioned large 
meta-analyses on the relationship between executive 
disfunctioning and antisocial traits also showed that all 
types of antisocial aspects were related to (mainly cool) 
executive disfunctions, not just to aspects of aggression 
[11,12]. However, when looking at this from a neuro-
anatomical perspective, questions remain: both antisocial 
behaviour in general as (reactive) aggression in particular 
have been linked to orbitofrontal networks [7,59], so why 
would the first be related to cognitive disfunctioning on 
the IGT but not the other? In other words: this line of 
reasoning could explain why it was found that prisoners 
performed worse than non-prisoners on the EF-tasks in 
the present study, but not exactly why we failed to find 
a relationship between measures of aggression and EF 
within the offender-sample.

When looking into this on a more conceptual 
neurocognitive level, one can argue that it is too 
complicated to investigate specific neurocognitive 
functions with the present task selection. Not only is 
aggression a broad, complex concept, influenced by a lot of 
(neuro) cognitive, emotional, physical and environmental 
factors [60], the applied tasks in the present study also 
rely on multiple complex neurocognitive processes 
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[2,46,61]. To be able to assess fundamental problems in 
specific neurocognitive processes it could be advised to 
use more targeted laboratory tasks in the future, which 
are especially designed to measure singularly cognitive 
functions. For risky decision making a good example 
of such a task could be the Balloon Analogue Risk Task 
(BART) [62], a computerised task in which participants 
pump up a balloon on a screen by pressing a key. For 
each pump money is rewarded, but the larger the balloon 
grows, the greater the risk becomes that it pops, resulting 
in a loss of money. The number of pumps is indicative of 
risk-taking behaviour. Compared to the IGT this task is 
less complicated: it is not ambiguous and provides only 
one response option. Although both tasks are supposed 
to measure similar processes, they appear to assess 
different aspects of decision making [63], probably due 
to a different learning process during the task [64].

Related to this issue is the question what the role of 
general intelligence was in the results on the WCST and 
IGT in the present study. Besides having more difficulty 
on cool and hot EF tasks than non-prisoners, prisoners 
also had lower mean IQ-scores than non-prisoners based 
on the Raven Standard Progressive Matrices. These 
group differences in EF performance disappeared when 
correcting for those intellectual differences. This is not a 
new finding. In a large meta-analysis on the relationship 
between antisocial traits and executive disfunctioning 
larger differences in EF between antisocial and control 
groups appeared to be related to larger group differences 
in IQ [11]. Although this finding may be meaningful, it 
should also be interpreted with some caution. First of all, 
as a result of the matching process in the present study 
the group sizes were reduced considerably, resulting 
in a large decline in statistical power. It could therefore 
be that a true (small) effect was unabatedly present 
but could no longer be detected as a result of reduced 
power, leading to a type II error. Second and moreover, 
it is important to consider how the constructs of EF and 
intelligence relate to each other: can they be seen as 
separate constructs? Ardila [65] has recently proposed 
that executive functions should be regarded as containing 
two domains: one domain he calls ‘metacognitive 
executive functions’, which include for example working 
memory, problem solving, planning, abstract reasoning 
and strategy development and implementation. The 
other domain he calls ‘emotional/motivational functions’, 
which are responsible for coordinating cognition and 
emotion. These two concepts represent ‘cool’ and ‘hot’ 
EF in essence, respectively. Furthermore, Ardila [65] 
suggests that intelligence is related to the metacognitive 

(‘cool’) EF, but not to emotional/motivational (‘hot’) EF. 
When drawing a parallel to the present study, this implies 
that intellectual differences between the study groups 
could be at least partially related to the found difference 
in WCST-performance, but not to that of the IGT. In line 
with this, results of previous studies have shown that 
the relationship between performance on the WCST 
and general intelligence is inconclusive [66,67], while 
there appears to be no meaningful relationship between 
performance on the IGT and general intelligence [46].

The third and final hypothesis in this study was 
that the relationship between reactive (not proactive) 
aggression and poor performance on hot EF-measures 
would be influenced by levels of testosterone/cortisol, 
but that this influence would be absent in the cool-EF - 
reactive aggression relationship. Due to the fact that 
only a relatively small number of saliva samples could be 
collected, this relationship could not be investigated in the 
regression model. However, we were able to assess in a 
more exploratory manner if there were any relationships 
between the testosterone/cortisol ratio and measures of 
hot and cool EF on the one hand, and aggression on the 
other hand. Since these findings were based on a relative 
small number of saliva samples, these results should 
be regarded as preliminary. In line with expectations, a 
ratio of high endogenous testosterone levels relative 
to cortisol levels was significantly correlated to worse 
performance on the IGT (representing hot EF) and to 
higher levels of self-reported aggression. Interestingly, 
when looking at the single scale scores of the self-report 
questionnaires separately, none of these significantly 
correlated to the mean testosterone/cortisol ratio, so it is 
hard to point out whether or not this is an artefact and, 
if not, what this relationship exactly may characterize. No 
such relation was found for WCST variables (representing 
cool EF), observed aggressive behaviour or total number 
of convictions for violent crimes.

The found significant correlations between 
endogenous testosterone/cortisol levels and IGT-
performance and self-reported aggression were weak to 
moderate. This suggests a meaningful relationship (even 
though the correlation in itself does not prove causality). 
Some critical remarks are in place here, however. First of 
all, a very recent meta-analysis and review both provide 
little support for the dual hormone hypothesis in relation 
to status driven behaviour, including aggression and 
risk taking [68,69], which underlines the importance of 
interpreting the present findings, that were based on a 
small sample, with great reserve. Furthermore, it should 
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be noted that investigating testosterone and cortisol 
interactions is not statistically equal to a calculation of 
the testosterone/cortisol ratio, since the latter suggests a 
linear relation, while the dual hormone hypothesis reflects 
a model in which testosterone only negatively influences 
behaviour when cortisol is low [68]. Finally, in the present 
study was not assessed how high participants rated their 
current stress-levels. Since a prison-setting can be stress-
inducing, just as participation to a scientific study can be, 
and increased stress-levels are accompanied by higher 
cortisol levels [70,71], it could be that our results were 
confounded by elevated cortisol levels.

In contrast to the findings related to endogenous 
testosterone/cortisol levels, no significant correlations 
were found for EF or aggression measures and prenatal 
testosterone exposure, which were determined by 
measuring the ratio between the index and ring finger 
length, the so called 2D-4D ratio [52]. Results from a recent 
meta-analysis confirm this finding [72]. Even though this 
method had been used before in similar research [73], 
there appears to be only a small effect size in the relation 
between prenatal testosterone exposure and aggression 
and risk taking later on in life [72,74]. Therefore, future 
studies could better focus on endogenous than prenatal 
testosterone levels.

Without neglecting the fact that the present small 
sample size should be interpreted with caution, one 
interesting additional finding in the present study is that 
the mean testosterone levels in the saliva of the prisoners, 
independent of cortisol values, were remarkably high (i.e. 
16.8 times larger) when compared to mean testosterone 
levels in a large group of males in a prior study [50]. The 
values in the latter group were based on the same saliva 
sampling method as in the present study and therefore 
this difference cannot be explained by methodological 
differences in instruments. These present findings are 
not completely in line with those of an earlier study, 
which revealed that testosterone levels in prisoners 
were in the normal range, although testosterone levels 
were significantly higher in prisoners of violent crimes 
as opposed to committers of non-violent crimes [75]. 
Unfortunately, no saliva samples were obtained from the 
present control group to make an accurate comparison 
with. This is something future studies should consider 
doing. 

Based on the foregoing, some other advices can be 
provided as well for future directions in research on 
aggression, EF and biomarkers. First of all, the focus on 
the testosterone/cortisol ratio seems promising in both 

decision making and aggression. Unfortunately, the 
present sample was too small to draw more definite 
conclusions. Future studies with larger samples (based 
on accurate power calculations) should point out if this 
finding can be replicated and whether it bears clinical 
relevance. Selecting more specific laboratory tasks to 
assess separate cognitive functions related to EF may lead 
to more insight in the exact related cognitive processes. 
Also, a more valid assessment of reactive aggression 
or disinhibition could provide more insight in specific 
characteristics related to aggression and more general 
antisocial characteristics. 

Ultimately, the relevance of all of this scientific 
knowledge is dependent on the degree of transferability 
to clinical practice. Even though there are relatively stable 
individual differences in both hot and cool EF across the 
lifespan, there is also growing evidence that both types 
of EF are malleable and can be improved in non-forensic 
populations through training, independent of age [1,76]. 
This concerns, for example, working memory training 
[76-78] or other process-based EF training procedures 
that target general capacities such as inhibition or mental 
flexibility [76], multi-domain training (e.g. video-game 
training) [79-81] and strategy-based training [82], as well 
as indirect approaches such as intense physical exercise 
[83] and music training [84]. It must be said, however, that 
positive training effects do not always remain over time, 
the generalizability to other cognitive domains is limited 
and transfer to daily life still remains unclear [76,78]. If 
EF can be improved through such procedures in offender 
populations remains to be investigated. Especially since a 
recent study found a relationship between performance 
on the WCST and future recidivism [85], it appears to 
be important to target EF in interventions in this group, 
for example by combining EF-training with traditional 
cognitive behavioural treatment procedures. And thus, 
EF training may ultimately prove to be an extra tool in 
recidivism reduction.

Conclusion

The present study confirmed that prisoners show 
significant problems in cool EF (planning, strategic/logical 
reasoning, evaluating) compared to non-prisoners. The 
results also showed that prisoners tend to show more 
problems in hot EF (they take more risk in decision 
making and learn less from errors) than non-prisoners. 
These problems are not clearly related to characteristics 
of aggression in this sample of prisoners. An interesting 
preliminary finding in line with our expectations is that, 
in spite of the lack of a direct relationship between hot 
EF and aggression, both of these factors were positively 
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correlated to having a combination of high endogenous 
testosterone and low cortisol levels. This is one of the 
first studies to have assessed all these factors altogether 
in one forensic sample.

Declarations
Ethics approval and consent to participate

This study was conducted according to the ethical 
principles from the Helsinki Declaration and approved 
by the Dutch Ministry of Justice and Security with respect 
to procedural and ethical aspects. All participants signed 
informed consent. Providing a saliva sample was optional 
and this required additional informed consent. No 
rewards were provided for participation.

Consent for publication

All authors agree with publication in this journal.

Availability of data and material

Data are upon request available by contacting the 
corresponding author. 

Competing interests

There are no competing interests to disclose.

Funding

No funding was provided for this study.

Authors’ contributions

NK: study design, organization of data collection, 
statistical analyses and writing

J de V: study design, editing
ES: study design, editing
J van P: data analysis (saliva samples), editing
EM: study design, facilitation of data collection, editing 

Acknowledgments

We would likee to express our gratitude to all 
participants in the study. The test-assistants, who 
were involved in the data-collection, are all gratefully 
acknowledged.

References

1. Zelazo PD, Carlson SM. Hot and cool executive function 
in childhood and adolescence: Development and 
plasticity. Child Dev Perspect. 2012;6(4):354-360. Doi: 
https://doi.org/10.1111/j.1750-8606.2012.00246.x

2. Miyake A, Friedman NP, Emerson MJ, et al. The 
unity and diversity of executive functions and their 

contributions to complex “Frontal Lobe” tasks: A 
latent variable analysis. Cogn Psychol. 2000;41(1):49-
100. Doi: https://doi.org/10.1006/cogp.1999.0734

3. Zelazo PD, Müller U. Executive function in typical 
and atypical development. In: Blackwell Handbook 
of Childhood Cognitive Development. John Wiley 
& Sons, Ltd; 2007:445-469. Doi: https://doi.
org/10.1002/9780470996652.ch20

4. Vartanian O, Mandel DR, eds. Neuroscience of 
decision making. New York, NY: Psychology Press; 
2011.

5. 5.   Bechara A. Human emotions in decision making: 
Are they useful or disruptive? Vartanian O, ed. 
Neuroscience of decision making, Psychology Press: 
New York, NY, US. 2011:73-95. https://psycnet.apa.
org/record/2009-01495-003 

6. Zald DH, Andreotti C. Neuropsychological assessment 
of the orbital and ventromedial prefrontal cortex. 
Neuropsychologia. 2010;48(12):3377-3391. Doi: https://
doi.org/10.1016/j.neuropsychologia.2010.08.012

7. Happaney K, Zelazo PD, Stuss DT. Development of 
orbitofrontal function: Current themes and future 
directions. Brain Cogn. 2004;55(1):1-10. Doi: https://
doi.org/10.1016/j.bandc.2004.01.001

8. Krain AL, Wilson AM, Arbuckle R, et al. Distinct 
neural mechanisms of risk and ambiguity: A 
meta-analysis of decision-making. Neuroimage. 
2006;32(1):477-484. Doi: https://doi.org/10.1016/j.
neuroimage.2006.02.047

9. Jonker FA, Jonker C, Scheltens P, et al. The role of 
the orbitofrontal cortex in behavior and cognition. 
Brain Injury. 2014;28((5-6)):526. Doi: https://doi.
org/10.1515/revneuro-2014-0043

10. Hofmann W, Schmeichel BJ, Baddeley AD. Executive 
functions and self-regulation. Trends Cogn Sci. 
2012;16(3):174-180. Doi: https://doi.org/10.1016/j.
tics.2012.01.006

11. Ogilvie JM, Stewart AL, Chan RCK, et al. 
Neuropsychological measures of executive function 
and antisocial behavior: A meta‐analysis. Criminology. 
2011;49(4):1063-1107. Doi: https://doi.org/10.1111/
j.1745-9125.2011.00252.x

12. Morgan AB, Lilienfeld SO. A meta-analytic review 
of the relation between antisocial behavior and 
neuropsychological measures of executive function. 
Clin Psychol Rev. 2000;20(1):113-136. Doi: https://doi.
org/10.1016/S0272-7358(98)00096-8

13. Nishinaka H, Nakane J, Nagata T, et al. 

https://doi.org/10.1111/j.1750-8606.2012.00246.x
https://doi.org/10.1006/cogp.1999.0734
https://doi.org/10.1002/9780470996652.ch20
https://doi.org/10.1002/9780470996652.ch20
https://psycnet.apa.org/record/2009-01495-003 
https://psycnet.apa.org/record/2009-01495-003 
https://doi.org/10.1016/j.neuropsychologia.2010.08.012
https://doi.org/10.1016/j.neuropsychologia.2010.08.012
https://doi.org/10.1016/j.bandc.2004.01.001
https://doi.org/10.1016/j.bandc.2004.01.001
https://doi.org/10.1016/j.neuroimage.2006.02.047
https://doi.org/10.1016/j.neuroimage.2006.02.047
https://doi.org/10.1515/revneuro-2014-0043
https://doi.org/10.1515/revneuro-2014-0043
https://doi.org/10.1016/j.tics.2012.01.006
https://doi.org/10.1016/j.tics.2012.01.006
https://doi.org/10.1111/j.1745-9125.2011.00252.x
https://doi.org/10.1111/j.1745-9125.2011.00252.x
https://doi.org/10.1016/S0272-7358(98)00096-8
https://doi.org/10.1016/S0272-7358(98)00096-8


219 Annal Behav Neurosci, 2(1): 206-222 (2019)

Neuropsychological impairment and its association 
with violence risk in Japanese forensic psychiatric 
patients: A case-control study. Dang Y, ed. PLoS ONE. 
2016;11(1):e0148354. Doi: https://doi.org/10.1371/
journal.pone.0148354

14. Kuin N, Masthoff E, Kramer M, et al. The role of risky 
decision-making in aggression: A systematic review. 
Aggress Violent Behav. 2015;25:159-172. Doi: https://
doi.org/10.1016/j.avb.2015.07.018

15. Dodge K. The structure and function of reactive 
and proactive aggression, in the development and 
treatment of childhood aggression. (Pepler D, Rubin 
K, eds.). Lawrence Erlbaum Associates, Inc: Hillsdale, 
NJ, England; 1991. 201-218. https://psycnet.apa.org/
record/1991-97362-008.

16. Bartholow BD. The aggressive brain: Insights from 
neuroscience. Curr Opin Psychol. 2018;19:60-64. Doi: 
https://doi.org/10.1016/j.copsyc.2017.04.002

17. Bannon SM, Salis KL, Daniel O’Leary K. Structural brain 
abnormalities in aggression and violent behavior. 
Aggress Violent Behav. 2015;25:323-331. Doi: https://
doi.org/10.1016/j.avb.2015.09.016

18. Mehta PH, Beer J. Neural mechanisms of the 
testosterone-aggression relation: The role of 
orbitofrontal cortex. J Cogn Neurosci. 2010;22(10):2357-
2368. Doi: https://doi.org/10.1162/jocn.2009.21389

19. Patrick CJ. Psychophysiological correlates of 
aggression and violence: An integrative review. Philos 
Trans R Soc Lond B Biol Sci. 2008;363(1503):2543-2555. 
Doi: https://doi.org/10.1098/rstb.2008.0028

20. Prehn K, Schlagenhauf F, Schulze L, et al. Neural 
correlates of risk taking in violent criminal offenders 
characterized by emotional hypo- and hyper-
reactivity. Soc Neurosci. 2013;8(2):136-147. Doi: 
https://doi.org/10.1080/17470919.2012.686923

21. Carré JM, Olmstead NA. Social neuroendocrinology of 
human aggression: Examining the role of competition-
induced testosterone dynamics. Neuroscience. 
2015;286:171-186. Doi: https://doi.org/10.1016/j.
neuroscience.2014.11.029

22. Montoya ER, Terburg D, Bos PA, et al. Testosterone, 
cortisol, and serotonin as key regulators of social 
aggression: A review and theoretical perspective. 
Motiv Emot. 2012;36(1):65-73. Doi: https://doi.
org/10.1007/s11031-011-9264-3

23. Popma A, Vermeiren R, Geluk CAML, et al. Cortisol 
moderates the relationship between testosterone 
and aggression in delinquent male adolescents. 
Biol Psychiatry. 2007;61(3):405-411. Doi: https://doi.

org/10.1016/j.biopsych.2006.06.006

24. Denson TF, Mehta PH, Ho Tan D. Endogenous 
testosterone and cortisol jointly influence reactive 
aggression in women. Psychoneuroendocrinology. 
2013;38(3):416-424. Doi: https://doi.org/10.1016/j.
psyneuen.2012.07.003

25. Batrinos ML. Testosterone and aggressive behavior 
in man. Int J Endocrinol Metab. 2012;10(3):563-568. 
Doi: https://doi.org/10.5812/ijem.3661

26. Mehta PH, Welker KM, Zilioli S, et al. Testosterone 
and cortisol jointly modulate risk-taking. 
Psychoneuroendocrinology. 2015;56:88-99. Doi: 
https://doi.org/10.1016/j.psyneuen.2015.02.023

27. Apicella CL, Dreber A, Mollerstrom J. Salivary 
testosterone change following monetary wins 
and losses predicts future financial risk-taking. 
Psychoneuroendocrinology. 2014;39:58-64. Doi: 
https://doi.org/10.1016/j.psyneuen.2013.09.025

28. Op de Macks ZA, Bunge SA, Bell ON, et al. Risky 
decision-making in adolescent girls: The role 
of pubertal hormones and reward circuitry. 
Psychoneuroendocrinology. 2016;74:77-91. Doi: 
https://doi.org/10.1016/j.psyneuen.2016.08.013

29. Wagels L, Votinov M, Radke S, et al. Blunted insula 
activation reflects increased risk and reward seeking 
as an interaction of testosterone administration 
and the MAOA polymorphism. Hum Brain Mapp. 
2017;38(9):4574-4593. Doi: https://doi.org/10.1002/
hbm.23685

30. Book AS, Starzyk KB, Quinsey VL. The relationship 
between testosterone and aggression: A meta-
analysis. Aggress Violent Behav. 2001;6(6):579-599. 
Doi: https://doi.org/10.1016/S1359-1789(00)00032-X

31. Carré JM, Archer J. Testosterone and human behavior: 
The role of individual and contextual variables. 
Curr Opin Psychol. 2018;19:149-153. Doi: https://doi.
org/10.1016/j.copsyc.2017.03.021

32. van Honk J, Harmon-Jones E, Morgan BE, et al. Socially 
explosive minds: The triple imbalance hypothesis of 
reactive aggression. J Pers. 2010;78(1):67-94. Doi: 
https://doi.org/10.1111/j.1467-6494.2009.00609.x

33. Mehta PH, Josephs RA. Testosterone and cortisol 
jointly regulate dominance: Evidence for a dual-
hormone hypothesis. Horm Behav. 2010;58(5):898-
906. Doi: https://doi.org/10.1016/j.yhbeh.2010.08.020

34. Mehta PH, Prasad S. The dual-hormone hypothesis: 
A brief review and future research agenda. Curr 
Opin Behav Sci. 2015;3:163-168. Doi: https://doi.

https://doi.org/10.1371/journal.pone.0148354
https://doi.org/10.1371/journal.pone.0148354
https://doi.org/10.1016/j.avb.2015.07.018
https://doi.org/10.1016/j.avb.2015.07.018
https://psycnet.apa.org/record/1991-97362-008
https://psycnet.apa.org/record/1991-97362-008
https://doi.org/10.1016/j.copsyc.2017.04.002
https://doi.org/10.1016/j.avb.2015.09.016
https://doi.org/10.1016/j.avb.2015.09.016
https://doi.org/10.1162/jocn.2009.21389
https://doi.org/10.1098/rstb.2008.0028
https://doi.org/10.1080/17470919.2012.686923
https://doi.org/10.1016/j.neuroscience.2014.11.029
https://doi.org/10.1016/j.neuroscience.2014.11.029
https://doi.org/10.1007/s11031-011-9264-3
https://doi.org/10.1007/s11031-011-9264-3
https://doi.org/10.1016/j.biopsych.2006.06.006
https://doi.org/10.1016/j.biopsych.2006.06.006
https://doi.org/10.1016/j.psyneuen.2012.07.003
https://doi.org/10.1016/j.psyneuen.2012.07.003
https://doi.org/10.5812/ijem.3661
https://doi.org/10.1016/j.psyneuen.2015.02.023
https://doi.org/10.1016/j.psyneuen.2013.09.025
https://doi.org/10.1016/j.psyneuen.2016.08.013
https://doi.org/10.1002/hbm.23685
https://doi.org/10.1002/hbm.23685
https://doi.org/10.1016/S1359-1789(00)00032-X
https://doi.org/10.1016/j.copsyc.2017.03.021
https://doi.org/10.1016/j.copsyc.2017.03.021
https://doi.org/10.1111/j.1467-6494.2009.00609.x
https://doi.org/10.1016/j.yhbeh.2010.08.020
https://doi.org/10.1016/j.cobeha.2015.04.008


220 Annal Behav Neurosci, 2(1): 206-222 (2019)

org/10.1016/j.cobeha.2015.04.008

35. Terburg D, Morgan B, van Honk J. The testosterone-
cortisol ratio: A hormonal marker for proneness to 
social aggression. Int J Law Psychiatry. 2009;32(4):216-
223. Doi: https://doi.org/10.1016/j.ijlp.2009.04.008

36. Fishbein D, Sheppard M, Hyde C, et al. Deficits in 
behavioral inhibition predict treatment engagement 
in prison inmates. Law Hum Behav. 2009;33(5):419-
435. Doi: https://doi.org/10.1007/s10979-008-9163-7

37. Stanford MS, Houston RJ, Mathias CW, et 
al. Characterizing aggressive behavior. 
Assessment. 2003;10(2):183-190. Doi: https://doi.
org/10.1177/1073191103010002009

38. Raine A, Dodge K, Loeber R, et al. The reactive-
proactive aggression questionnaire: Differential 
correlates of reactive and proactive aggression in 
adolescent boys. Aggr Behav. 2006;32(2):159-171. Doi: 
https://doi.org/10.1002/ab.20115

39. Buss AH, Perry M. The aggression questionnaire. J 
Pers Soc Psychol. 1992;63(3):452-459. Doi: https://doi.
org/10.1037/0022-3514.63.3.452

40. Meesters C, Muris P, Bosma H, et al. Psychometric 
evaluation of the Dutch version of the aggression 
questionnaire. Behav Res Ther. 1996;34(10):839-843. 
Doi: https://doi.org/10.1016/0005-7967(96)00065-4

41. Hornsveld R, Murris P, Kraaimaat F. Drie 
zelfrapportage vragenlijsten voor de forensische 
psychiatrie. Barendrecht: De Bondt grafimedia 
communicatie. 2009.

42. Wistedt B, Rasmussen A, Pedersen L, et al. 
The development of an observer-scale for 
measuring social dysfunction and aggression. 
Pharmacopsychiatry. 1990;23(06):249-252. Doi: 
https://doi.org/10.1055/s-2007-1014514

43. Bechara A, Damasio AR, Damasio H, et al. Insensitivity 
to future consequences following damage to human 
prefrontal cortex. Cognition. 1994;50(1-3):7-15. Doi: 
https://doi.org/10.1016/0010-0277(94)90018-3

44. Buelow MT, Suhr JA. Construct validity of the Iowa 
gambling task. Neuropsychol Rev. 2009;19(1):102-114. 
Doi: https://doi.org/10.1007/s11065-009-9083-4

45. Brand M, Recknor EC, Grabenhorst F, et al. Decisions 
under ambiguity and decisions under risk: Correlations 
with executive functions and comparisons of two 
different gambling tasks with implicit and explicit 
rules. J Clin Exp Neuropsychol. 2007;29(1):86-99. Doi: 
https://doi.org/10.1080/13803390500507196

46. Toplak ME, Sorge GB, Benoit A, et al. Decision-making 

and cognitive abilities: A review of associations 
between Iowa gambling task performance, executive 
functions, and intelligence. Clin Psychol Rev. 
2010;30(5):562-581. Doi: https://doi.org/10.1016/j.
cpr.2010.04.002

47. Heaton R. Wisconsin card sorting test manual revised 
and expanded. Odessa (FL): Psychological Assessment 
Resources, Inc,. 1993.

48. Bouma A. Handbook neuropsychologische 
diagnostiek: tweede herziene druk. Amsterdam: 
Pearson Assessment and Information BV. 2012.

49. Cortisol-Salivette®: Saliva collection device evaluation 
report. Sarstedt AG & Co.: Nümbrecht, Germany.

50. Giltay EJ, Enter D, Zitman FG, et al. Salivary 
testosterone: Associations with depression, anxiety 
disorders, and antidepressant use in a large cohort 
study. J Psychosom Res. 2012;72(3):205-213. Doi: 
https://doi.org/10.1016/j.jpsychores.2011.11.014

51. Kirschbaum C, Hellhammer DH. Salivary 
cortisol in psychoneuroendocrine research: 
Recent developments and applications. 
Psychoneuroendocrinology. 1994;19(4):313-333. Doi: 
https://doi.org/10.1016/0306-4530(94)90013-2

52. Manning JT, Bundred PE, Newton DJ, et al. The second 
to fourth digit ratio and variation in the androgen 
receptor gene. Evol Hum Behav. 2003;24(6):399-405. 
Doi: https://doi.org/10.1016/S1090-5138(03)00052-7

53. Grimbos T, Dawood K, Burriss RP, et al. Sexual 
orientation and the second to fourth finger length 
ratio: A meta-analysis in men and women. Behav 
Neurosci. 2010;124(2):278-287. Doi: https://doi.
org/10.1037/a0018764

54. Hoskin AW, Ellis L. Fetal testosterone and criminality: 
Test of evolutionary neuroandrogenic theory. 
Criminology. 2015;53(1):54-73. Doi: https://doi.
org/10.1111/1745-9125.12056

55. Raven J, Court J, Raven J. Raven manual: section 3. 
Standard progressive matrices. In: San Antoni, TX: 
Pearson Assessment and Information; 2000. Doi: 
https://doi.org/10.1007/978-1-4615-0153-4_11

56. Field AP. Discovering statistics using IBM SPSS 
statistics: And sex and drugs and rock “n” roll. 4th 
edition. Los Angeles: Sage; 2013. 

57. Rosenthal R. Meta-analytic procedures for social 
research. 2nd ed. Newbury Park, CA: Sage Publications; 
1991. https://us.sagepub.com/en-us/nam/meta-
analytic-procedures-for-social-research/book3523

58. Verhage F. Intelligentie en leeftijd; onderzoek bij 

https://doi.org/10.1016/j.cobeha.2015.04.008
https://doi.org/10.1016/j.ijlp.2009.04.008
https://doi.org/10.1007/s10979-008-9163-7
https://doi.org/10.1177/1073191103010002009
https://doi.org/10.1177/1073191103010002009
https://doi.org/10.1002/ab.20115
https://doi.org/10.1037/0022-3514.63.3.452
https://doi.org/10.1037/0022-3514.63.3.452
https://doi.org/10.1016/0005-7967(96)00065-4
https://doi.org/10.1055/s-2007-1014514
https://doi.org/10.1016/0010-0277(94)90018-3
https://doi.org/10.1007/s11065-009-9083-4
https://doi.org/10.1080/13803390500507196
https://doi.org/10.1016/j.cpr.2010.04.002
https://doi.org/10.1016/j.cpr.2010.04.002
https://doi.org/10.1016/j.jpsychores.2011.11.014
https://doi.org/10.1016/0306-4530(94)90013-2
https://doi.org/10.1016/S1090-5138(03)00052-7
https://doi.org/10.1037/a0018764
https://doi.org/10.1037/a0018764
https://doi.org/10.1111/1745-9125.12056
https://doi.org/10.1111/1745-9125.12056
https://doi.org/10.1007/978-1-4615-0153-4_11
https://us.sagepub.com/en-us/nam/meta-analytic-procedures-for-social-research/book3523
https://us.sagepub.com/en-us/nam/meta-analytic-procedures-for-social-research/book3523


221 Annal Behav Neurosci, 2(1): 206-222 (2019)

Nederlanders van twaalf tot zevenenzeventig jaar. 
Assen: Van Gorcum; 1964. 

59. Blair RJR. The roles of orbital frontal cortex in the 
modulation of antisocial behavior. Brain Cogn. 
2004;55(1):198-208. Doi: https://doi.org/10.1016/
S0278-2626(03)00276-8

60. DeWall C, Anderson C. The general aggression 
model, in Human aggression and violence: Causes, 
manifestations, and consequences. In: Shaver PR, 
Mikulincer M, eds. 1st ed. The Herzliya series on 
personality and social psychology. Washington, DC: 
American Psychological Association; 2011:15-33. 
https://psycnet.apa.org/record/2010-09286-001.

61. Yechiam E, Busemeyer JR, Stout JC, et al. Using 
cognitive models to map relations between 
neuropsychological disorders and human decision-
making deficits. Psychol Sci. 2005;16(12):973-978. Doi: 
https://doi.org/10.1111/j.1467-9280.2005.01646.x

62. Lejuez CW, Read JP, Kahler CW, et al. Evaluation of 
a behavioral measure of risk taking: The Balloon 
Analogue Risk Task (BART). J Exp Psychol Appl. 
2002;8(2):75-84. Doi: https://doi.org/10.1037/1076-
898X.8.2.75

63. Buelow MT, Blaine AL. The assessment of risky decision 
making: A factor analysis of performance on the 
Iowa gambling task, balloon analogue risk task, and 
Columbia card task. Psychol Assess. 2015;27(3):777-
785. Doi: https://doi.org/10.1037/a0038622

64. Bishara AJ, Pleskac TJ, Fridberg DJ, et al. Similar 
processes despite divergent behavior in two 
commonly used measures of risky decision making. 
J Behav Decis Making. 2009;22(4):435-454. Doi: https://
doi.org/10.1002/bdm.641

65. Ardila A. Is intelligence equivalent to executive 
functions? Psicothema. 2018;30(2):159-164. Doi: 
https://doi.org/10.7334/psicothema2017.329

66. Ardila A, Pineda D, Rosselli M. Correlation between 
intelligence test scores and executive function 
measures. Arch Clin Neuropsychol. 2000;15(1):31-36. 
Doi: https://doi.org/10.1093/arclin/15.1.31

67. Lung FW, Chen PF, Shu BC. Performance of 
wisconsin card sorting test in five-year-old 
children in Taiwan: Relationship to intelligence and 
cognitive development. Erdodi LA, ed. PLoS One. 
2018;13(8):e0202099. Doi: https://doi.org/10.1371/
journal.pone.0202099

68. Dekkers TJ, van Rentergem JAA, Meijer B, et al. A meta-
analytical evaluation of the dual-hormone hypothesis: 
Does cortisol moderate the relationship between 

testosterone and status, dominance, risk taking, 
aggression, and psychopathy? Neurosci Biobehav 
Rev. 2018;96:250-271. Doi: https://doi.org/10.1016/j.
neubiorev.2018.12.004

69. Grebe NM, Del Giudice M, Emery Thompson M, et al. 
Testosterone, cortisol, and status-striving personality 
features: A review and empirical evaluation of the 
dual hormone hypothesis. Horm Behav. 2019;109:25-
37. Doi: https://doi.org/10.1016/j.yhbeh.2019.01.006

70. Zorn JV, Schür RR, Boks MP, et al. Cortisol stress 
reactivity across psychiatric disorders: A systematic 
review and meta-analysis. Psychoneuroendocrinology. 
2017;77:25-36. Doi: https://doi.org/10.1016/j.
psyneuen.2016.11.036

71. Aguilar Cordero MJ. Salivary cortisol as an indicator 
of physological stress in children and adults: A 
systematic review. Nutr Hosp. 2014;29(5):960-968. 
Doi: https://doi.org/10.3305/nh.2014.29.5.7273

72. Pratt TC, Turanovic JJ, Cullen FT. Revisiting the 
criminological consequences of exposure to fetal 
testosterone: A meta-analysis of the 2D:4D digit ratio 
criminology. Criminology. 2016;54(4):587-620. Doi: 
https://doi.org/10.1111/1745-9125.12115

73. Kaltwasser L, Mikac U, Buško V, et al. No robust 
association between static markers of testosterone 
and facets of socio-economic decision making. 
Front Behav Neurosci. 2017;11:250. Doi: https://doi.
org/10.3389/fnbeh.2017.00250

74. Turanovic JJ, Pratt TC, Piquero AR. Exposure to fetal 
testosterone, aggression, and violent behavior: A 
meta-analysis of the 2D:4D digit ratio. Aggress Violent 
Behav. 2017;33:51-61. Doi: https://doi.org/10.1016/j.
avb.2017.01.008

75. Chichinadze KN, Domianidze TR, Matitaishvili TT, et 
al. Possible relation of plasma testosterone level to 
aggressive behavior of male prisoners. Bull Exp Biol 
Med. 2010;149(1):7-9. Doi: https://doi.org/10.1007/
s10517-010-0861-z

76. Karbach J, Verhaeghen P. Making working memory 
work: A meta-analysis of executive-control and 
working memory training in older adults. Psychol 
Sci. 2014;25(11):2027-2037. Doi: https://doi.
org/10.1177/0956797614548725

77. Olesen PJ, Westerberg H, Klingberg T. Increased 
prefrontal and parietal activity after training of 
working memory. Nat Neurosci. 2004;7(1):75-79. Doi: 
https://doi.org/10.1038/nn1165

78. Melby-Lervåg M, Hulme C. Is working memory 
training effective? A meta-analytic review. Dev Psychol. 

https://doi.org/10.1016/S0278-2626(03)00276-8
https://doi.org/10.1016/S0278-2626(03)00276-8
https://psycnet.apa.org/record/2010-09286-001
https://doi.org/10.1111/j.1467-9280.2005.01646.x
https://doi.org/10.1037/1076-898X.8.2.75
https://doi.org/10.1037/1076-898X.8.2.75
https://doi.org/10.1037/a0038622
https://doi.org/10.1002/bdm.641
https://doi.org/10.1002/bdm.641
https://doi.org/10.7334/psicothema2017.329
https://doi.org/10.1093/arclin/15.1.31
https://doi.org/10.1371/journal.pone.0202099
https://doi.org/10.1371/journal.pone.0202099
https://doi.org/10.1016/j.neubiorev.2018.12.004
https://doi.org/10.1016/j.neubiorev.2018.12.004
https://doi.org/10.1016/j.yhbeh.2019.01.006
https://doi.org/10.1016/j.psyneuen.2016.11.036
https://doi.org/10.1016/j.psyneuen.2016.11.036
https://doi.org/10.3305/nh.2014.29.5.7273
https://doi.org/10.1111/1745-9125.12115
https://doi.org/10.3389/fnbeh.2017.00250
https://doi.org/10.3389/fnbeh.2017.00250
https://doi.org/10.1016/j.avb.2017.01.008
https://doi.org/10.1016/j.avb.2017.01.008
https://doi.org/10.1007/s10517-010-0861-z
https://doi.org/10.1007/s10517-010-0861-z
https://doi.org/10.1177/0956797614548725
https://doi.org/10.1177/0956797614548725
https://doi.org/10.1038/nn1165


222 Annal Behav Neurosci, 2(1): 206-222 (2019)

2013;49(2):270-291. Doi: https://doi.org/10.1037/
a0028228

79. Schmiedek. Hundred days of cognitive training 
enhance broad cognitive abilities in adulthood: 
Findings from the COGITO study. Front Aging 
Neurosci. 2010;2:27. Doi: https://doi.org/10.3389/
fnagi.2010.00027

80. Gray SI, Robertson J, Manches A, et al. BrainQuest: 
The use of motivational design theories to create a 
cognitive training game supporting hot executive 
function. Int J Hum Comput Stud. 2018;127:124-149. 
Doi: https://doi.org/10.1016/j.ijhcs.2018.08.004

81. Dovis S, Van der Oord S, Wiers RW, et al. Improving 
executive functioning in children with ADHD: Training 
multiple executive functions within the context of a 
computer game. A randomized double-blind placebo 
controlled trial. PLoS One. 2015;10(4):e0121651. Doi: 
https://doi.org/10.1371/journal.pone.0121651

82. Alfonso JP, Caracuel A, Delgado-Pastor LC, et 
al. Combined goal management training and 
mindfulness meditation improve executive functions 
and decision-making performance in abstinent 
polysubstance abusers. Drug and Alcohol Dependence. 
2011;117(1):78-81. Doi: https://doi.org/10.1016/j.
drugalcdep.2010.12.025

83. Moreau D, Kirk IJ, Waldie KE. High-intensity 
training enhances executive function in children 

in a randomized, placebo-controlled trial. eLife. 
2017;6:e25062. Doi: https://doi.org/10.7554/
eLife.25062

84. Moreno S, Bialystok E, Barac R, et al. Short-term music 
training enhances verbal intelligence and executive 
function. Psychol Sci. 2011;22(11):1425-1433. Doi: 
https://doi.org/10.1177/0956797611416999

85. Miura H, Fuchigami Y. Impaired executive function 
in 14- to 16-year-old boys with conduct disorder 
is related to recidivism: A prospective longitudinal 
study: Neurocognitive function and recidivism. Crim 
Behav Ment Health. 2017;27(2):136-145. Doi: https://
doi.org/10.1002/cbm.1993

Copyright: © Kuin et al. This is an Open Access article distributed under the terms of the 
Creative Commons Attribution License, which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1037/a0028228
https://doi.org/10.1037/a0028228
https://doi.org/10.3389/fnagi.2010.00027
https://doi.org/10.3389/fnagi.2010.00027
https://doi.org/10.1016/j.ijhcs.2018.08.004
https://doi.org/10.1371/journal.pone.0121651
https://doi.org/10.1016/j.drugalcdep.2010.12.025
https://doi.org/10.1016/j.drugalcdep.2010.12.025
https://doi.org/10.7554/eLife.25062
https://doi.org/10.7554/eLife.25062
https://doi.org/10.1177/0956797611416999
https://doi.org/10.1002/cbm.1993
https://doi.org/10.1002/cbm.1993

	Journal of Nutritional Biology
	_Hlk10040772
	_Hlk7617250
	_Hlk9973266
	_Hlk527628948

