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Abstract 

Research on children with Attention Deficit Hyperactivity Disorder (ADHD) 
has shown that they are extremely sensitive to distraction from external 
stimuli that lead to poor cognitive performance. This thesis shows that cog-
nitive performance can be improved if this external stimulus is smooth and 
continuous (e.g. auditory white noise). Control children attenuate their per-
formance under such conditions. The first Study proposes the moderate brain 
arousal model (MBA). This neurocomputational model predicts selective 
improvement from noise in ADHD children. Noise through a phenomenon 
called stochastic resonance (SR), can be beneficial in dopamine deprived 
neural systems. The statistical phenomenon of SR explains how the signal-
to-noise ratio can be improved by noise in neural systems where the passing 
a threshold is required. The second Study provides experimental support for 
the MBA-model by showing that ADHD children improve performance in a 
free recall task while exposed to auditive noise. Control children declines in 
the same condition. The third Study generalizes this finding among low 
achieving children, which it is argued have low dopamine levels. Noise ex-
posure improves performance in low achievers, but inhibits performance in 
high achievers. The conclusion is that external auditory noise can restore low 
dopamine levels and thus improve cognitive performance. It is also proposed 
that dopamine levels modulate the SR effect; this means that low dopamine 
persons require more noise to obtain an SR effect. Both excessive and insuf-
ficient dopamine is detrimental for cognitive performance. The MBA model 
can be used to explain several shortcomings where changes in the dopamine 
system have been identified. The MBA model can also help create appropri-
ate and adaptive environments, especially in schools, for persons with a defi-
cient dopamine function, such as ADHD children. 

Keywords: ADHD, noise, stochastic resonance, dopamine, episodic memory, 
model, brain arousal, SPT, cognitive performance, children 

 
 



 

Sammanfattning 

Tidigare forskning avseende barn med uppmärksamhetsstörning och/eller 
hyperaktivitet (ADHD) har betonat att dessa barn är extremt påverkade av 
störande inslag från omgivningen. Lättstördheten innebär att minsta distrahe-
rande ljud får dem att prestera sämre på kognitiva test. Avhandlingen visar 
att ADHD-barn kan prestera lika bra som en kontrollgrupp om de exponeras 
för vitt brusljud under inlärningsfasen samtidigt som kontrollgruppen för-
sämras under samma betingelse. Den första studien i avhandlingen presente-
rar en teoretisk modell som förklaringsgrund för den positiva bruseffekten, 
MBA-modellen (moderate brain arousal model). Denna neurala nätverks-
modell predicerar en selektiv kognitiv förbättring av brusljud för ADHD-
barn. Modellen visar vidare att brusljud har en positiv effekt på nervsystem 
med låg dopaminnivå via fenomenet stokastisk resonans (SR). Detta feno-
men förklarar hur förhållandet mellan signal och brus kan förbättras genom 
att tillföra externt brus i ett tröskelbaserat system som i nervsystemets ak-
tionspotentialer. Den andra studien ger empirisikt stöd för MBA-modellen 
och visar att brusljud förbättrar ADHD-barns förmåga i ett minnestest med 
fri återgivning av korta meningar. Hos en kontrollgrupp försämras minnes-
förmågan under samma betingelse. Den tredje studien generaliserar brusef-
fekten till att omfatta även lågpresterande skolbarn, vilka antas ha låga 
dopaminnivåer. Lågpresterande barns minnesförmåga förbättrades av brus-
ljud medan högpresterande barn, med hög dopamin nivå, presterade sämre. 
Slutsatsen är att brusljud kan höja låga dopaminnivåer och därigenom för-
bättra resultatet på kognitiva test via SR-fenomenet. En ytterligare slutsats är 
att dopaminnivån modulerar SR-effekten. Personer med låga dopaminnivåer 
behöver mer brusljud för att SR-effekten skall inträffa. Såväl för hög som för 
låg dopaminnivå är negativt för kognitiva funktioner, lagom är bäst, dvs. en 
moderat hjärnaktivitet. MBA-modellen kan ses både som ett hjälpmedel att 
förstå barn med koncentrationsproblem som ett redskap för att utforma 
lämpliga lärandemiljöer i skolan för dessa barn. 

Nyckelord: ADHD, brusljud, episodminne, modell, dopamin, stokastisk re-
sonans, barn, kognitiv förmåga, MBA 
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Introduction 

How this research came about… 
Before describing the aim of this present thesis I have a confession to make; 
I was wrong, and wrong again. Please let me explain. Metaphors like a jour-
ney or a ramble through science are often used to describe the writing of a 
thesis. The writer starts from an idea and tries to maneuver around, through 
and across various obstacles in order to reach the final goal in some unde-
fined future. Even if the goal is not clearly visible all the time, it is at least 
vaguely perceivable most of the time even in times of despair. Here this was 
not the case.  
 
Action memory was chosen as the research paradigm. Action memory is a 
test of episodic memory that compares memory for actions with verbal 
memory without actions. Being a former teacher, I found the paradigm inter-
esting, because most learning in school is dependent on episodic memory. 
During the literature review I realized that action memory has not previously 
been tested on attention deficit hyperactivity disorder (ADHD) children. It is 
well known that ADHD children have difficulties with schoolwork in gen-
eral and with paying attention in particular (e.g.  Barkley, 1998). The action 
memory paradigm offers an efficient way of encoding without the need for 
conscious learning strategies. Initial hypotheses were clear, namely, enact-
ment will help ADHD children perform in parity with control children, 
whereas in the non-enacted control condition, ADHD children will display 
inferior performance. The control condition, i.e. verbal learning, deserves a 
conscious encoding strategy on the part of the participant, which is difficult 
for the ADHD group to maintain during the entire period of the experiment. 
Furthermore, literature studies suggested that ADHD children are easy to 
distract. Noise was therefore added as a distracter condition to provoke dis-
traction, the core susceptibility in ADHD. 
 
As the observant reader already may already have guessed (see title of the-
sis), I was wrong in this hypothesis. Instead: (1) ADHD children performed 
as well as control persons irrespective of encoding mode. Even worse, the 
distracter did not distract; and (2) the noise that was designed to be a distrac-
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ter, improved instead performance for the ADHD group, the exact contrary 
to the initial predictions. The crucial question to deal with was therefore 
whether these data should be regarded as reliable or as caused by an artifact. 
As the title of this thesis reveals, the former prevailed, much after encour-
agement from experienced teachers for pupils with special needs during data 
collection. When told of the predictions and the consequent results they did 
not seem at all surprised, “…the more noise there is, the better ADHD chil-
dren seem to concentrate and fulfill their tasks….”, was a common notion 
among these teachers. As a consequence of this a thorough search was made 
of the available research literature for positive effects of distracters, such as 
noise to ADHD children. There was little to be found. Only two experiments 
using music distracters validated my findings and the explanations for this 
where rather vague, referring mainly to stimulation and general appeal. It 
now seems obvious that, if stimuli are define as distracting, researchers do 
not give up until they get the required effect i.e., distraction of participants. 
Either the experiment is redesigned or it is abandoned. It would be interest-
ing to know how many “failed” experiments in this topic are to be found in 
different research laboratories around the world.  

At this moment I found myself in a predicament. There was an answer; noise 
is good for cognitive performance in ADHD, but there was no question. This 
was certainly a high-risk project to tackle, involving a random journey with-
out any apparent goal.  

Nevertheless, when, thanks to Dr Sverker Sikström, the writer was intro-
duced to the perceptual phenomenon of stochastic resonance (SR), there was 
suddenly a path to follow. Studies of the stochastic resonance phenomenon, 
diligent studies in neuroscience at Stockholm’s Karolinska Institute (Kandel, 
Schwartz, & Jessel, 2000), and a recent theoretical model of ADHD, entitled 
the dynamic developmental model (Sagvolden, Johansen, Aase, & Russell, 
2005). Thanks to Dr Lars-Göran Nilsson who showed an early draft of this 
ADHD model to me. The dynamic developmental model expresses a theo-
retical bias towards neuroscience. Altogether these three components sud-
denly became the indispensable tools needed to fill in the missing gaps in 
current ADHD models, and to finally facilitate an explanation of my own 
data.  

In science it is very rare to make new findings. Most research involves fill-
ing in details, or explaining holes in the patchwork of current theories in 
different fields. On one occasion I was confronted with a question from a 
musician about my research, …”have you come up with something new, a 
new finding?” The immediate answer was: well…. there are positive effects 
of noise on cognition and memory, however these effects are selective. In 
other words, it is necessary to determine the individual subject’s internal 
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noise level and adapt the external noise stimulation to the internal level so 
that these levels resonate with each other. “Yes I know all that he said, and 
what is your new finding? For him, being a musician, this comment was as 
plain as a pikestaff, since every person has an individual internal noise level. 
At the start of the project this was not obvious to me but now - at last - it is.  

This research has therefore been accomplished in the spirit of The Three 
Princes of Serendip (Old Persian fairy tale); the noise effect is not an artifact 
but truly, a serendipity. One experienced researcher once told me that the 
difference between a good researcher and a mediocre one is that, the good 
one understands the unexpected. My ambition is to be a good one. 

Overview 

The thesis is organized as follows. After a short presentation of the phe-
nomenon of stochastic resonance there is a general introduction to ADHD, 
including an extensive section covering dopamine transmission and stimu-
lant medication in ADHD. The next section reviews the effects of noise on 
cognition. This is followed by a presentation of the first study, namely the 
elements for a Moderate Brain Arousal (MBA) model. The MBA model 
proposes a theoretical framework for the interaction between cognition in 
low dopamine children and environmental factors such as noise in stochastic 
resonance. This framework also includes variables such as inter-stimulus-
intervals, feedback rate, and working load. The two subsequent empirical 
studies provide support for the model in both a clinical, ADHD sample, and 
in a normal population of children grouped after school achievement. Fi-
nally, the general discussion presents some concluding remarks and possible 
future practical applications.  

Introduction to the theoretical framework 
Dopamine is proposed to modulate neuron responses by increasing the sig-
nal-to-noise ratio (SNR) through enhanced differentiation between back-
ground or efferent (internal) firing and afferent (external) stimulation (Blasi 
et al., 2005). In line with this, it is suggested that the low dopamine levels, 
that are associated with lower cognitive performance, can be enhanced 
through the addition of external noise. This thesis focuses on children of 
school age with ADHD; a situation where deficient dopamine transmission 
is implicated (Solanto, 2002). This thesis also argues that low achieving and 
clumsy school children have low dopamine levels. This claim is supported 
by empirical data showing selective effects of noise. The ambition with this 
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thesis is to integrate findings at various levels: behavior in cognitive tasks, 
environmental stimuli, and properties on a cellular level, particularly regard-
ing dopamine transmission. The methods used involve both behavioral stud-
ies and neurocomputational modeling.  
 
Neurotransmission in the brain is exerted by a large number of neurotrans-
mitters. Catecholamines’ in general and dopamine in particular is found to 
play a pivotal role in cognition and performance. Converging evidence from 
earlier research has shown that high dopamine levels are associated with 
high cognitive performance and low dopamine levels with poor performance 
in various cognitive tasks. Extensive support is given from various sources: 
patient studies, animal research, pharmacological interventions, and molecu-
lar genetics indicating that dopamine is critically implicated in higher order 
cognitive functioning (Bäckman, Nyberg, Lindenberger, Li, & Farde, 2006). 
Decline in dopamine, as seen in aging (Backman et al., 2000) and in diseases 
like Alzheimer and Parkinson (Nieoullon, 2002), also correlates with poor 
cognitive performance. Both hyper- or hypo-functioning of the dopamine 
system causes impairments in cognitive performance (Goldman-Rakic, 
Muly, & Williams, 2000). The empirical results, presented below, show that 
ADHD and low achieving children can improve performance in episodic 
memory during exposure to auditive noise, whereas the performance of high 
achieving children declines in the same condition. It is also argued here that 
increased levels of external auditive noise can activate a person’s internal 
noise, thereby leading to selective improvement of cognitive performance 
through the phenomenon of stochastic resonance. Furthermore, this thesis 
suggests a dose response effect, a condition in which the more deficient the 
dopamine transmission, the more external noise is needed to restore cogni-
tive ability. 

Stochastic Resonance 
Noise is usually considered as having a corrupting effect on information and 
signal processing. There is however one well-known counter example to this 
widespread belief, namely the stochastic resonance (SR) phenomenon. SR is 
a statistical phenomenon resulting from an effect of noise on information 
transfer, and occurs when the addition of a random interference noise to a 
weak signal (a sub-threshold stimuli), enhance its detection (Moss, Ward, & 
Sannita, 2004). SR is observed in both man-made and naturally occurring 
non-linear (bi-stable) systems; it exists in any system with noise and signal 
levels that requires the passing of a threshold. This is also present in neural 
communication, in the firing of action potentials. When a signal below the 
detection threshold cannot be detected, the addition of noise to the original 
signal allows information about the signal to pass a threshold so that the 
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signal can be detected (Figure 1). SR is a non-linear cooperative effect in 
which a weak periodic stimulus entrains large-scale environmental fluctua-
tions, with the result that the periodic component is greatly enhanced (Mori 
& Kai, 2002). SR is usually quantified by computing the signal-to-noise ratio 
(SNR) output of the system through a behavioral measure specified as a 
function of the intensity of the input noise combined with the signal. How-
ever, EEG, fMRI, or other psychophysical measures can also register SR. 
There is a peak in the SR curve, where the maximum SNR is attained for a 
certain value of noise input. Thus, in SR systems, a moderate level of noise 
is beneficial for performance whereas too little or too much noise attenuates 
performance, or the SNR. Thus, with poorly adjusted noise, signal discern-
ability deteriorates so that performance as a function of external noise fol-
lows an inverted U-shaped curve when the SNR is plotted against the noise 
intensity (Figure 2). In other words, SR should be seen as a useful adaptive 
mechanism for creatures living in noisy environments. 

 
 
Figure 1. (a) Shows SR where noise added to a weak signal pass a specific threshold 
(x-axis is a time line and y-axis shows neural activity).  

(b) Shows the number of threshold passing neural spikes in (a). A spike occurs when 
neural input activity is above the threshold.  

 

a 

b 

  

 

Threshold crossing spikes
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This non-linear relation between performance and arousal level (Figure 2) 
can be compared with the Yerkes-Dodson law (Yerkes & Dodson, 1908), 
where noise can be considered a possible arousal source. 
 
 

Figure 2. Signal detection probability (y-axis) as a function of noise level (x-axis) 

Note. The percentage correct recall is directly mapped into the mutual information 
measurement. 

 
SR is now known to occur in a wide range of physical systems. SR was 
originally proposed to explain the periodic occurrences of climate changes 
that caused the Earth’s ice ages, which exhibit a 100,000-year periodicity. It 
was proposed as a dynamic mechanism whereby small periodic perturbations 
in the Earth’s orbit could be amplified by large environmental fluctuations – 
thereby leading to long-term changes in global climate (Benzi, Parisi, Sutera, 
& Vulpiani, 1982). Further applications of SR are in optical systems such as 
the fluctuations in bistable ring laser systems, in electronic and magnetic 
systems such as analogue electric simulators, electron parametric resonance 
and super-conducting quantum interference devices (Gammaitoni, Hänggi, 
Jung, & Marchesoni, 1998).  
  
SR has also been confirmed in several biological sensory systems in both 
animals and in humans, it has been found in the neural system and in behav-
ioral data. Thresholds exists in the neural systems as a result of the all or 
none (bi-stable) nature of action potentials, and can be modeled by a non-
linear activation function (Gammaitoni et al., 1998). The first SR experiment 
in sensory biology was made on the mechanoreceptors of a crayfish 
(Douglass, Wilkens, Pantazelou, & Moss, 1993). Further, SR-enhanced per-
ception, and changed feeding behaviors, are found in the paddlefish (Russell, 
Wilkens, & Moss, 1999). In humans, SR has been found in several modali-
ties, for example in auditory (Morse & Evans, 1996; Zeng, Fu, & Morse, 
2000), in vision, and in tactile modalities (Laming, 1986; Manjarrez, Diez-
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Martinez, Mendez, & Flores, 2002; Wells, Ward, Chua, & Timothy Inglis, 
2005), where moderate noise was found to facilitate perception and thus 
improve sensory discrimination. 
 
In fMRI scans, a moderate visual noise level has been found to increase neu-
ral cortical activity more than too little or too much visual noise (Simonotto 
et al., 1999). However, the effect of SR from random exposure to visual 
stimuli (noise and target) to a right and left eye separately, seemed to occur 
in primary visual cortex and not in the retina, at least after the optic chiasm 
(Mori & Kai, 2002). Because SR can improve the ability of a sensory system 
to detect weak stimuli, it can be used to lower sensory thresholds, for exam-
ple in patients with cochlear implants (Behnam & Zeng, 2003). Gluckman et 
al. (1996) showed that a small amount of superimposed noise amplifies sub-
threshold stimuli in an isolated hippocampal preparation. Effects of SR have 
also been found in cognitive performance. Auditive noise improves the 
speed of arithmetic computations in a normal population (Usher & Feingold, 
2000). 
 
Biological systems such as brains are very noisy structures: membrane chan-
nels open and close randomly, quantal release at synapses is probabilistic, 
thermal and ionic regulation is imperfect, a neuron’s extracellular field po-
tentials fluctuates with both nearby and distant neighbour’s firing, and action 
potentials appear to occur stochastically (Gluckman, So, Netoff, Spano, & 
Schiff, 1998). However, this neural variability should not only be considered 
as neural noise. It is also proposed to be an part of the signal carrying impor-
tant information about the signal coding in inter-spike intervals (rate) and by 
temporal coding of neural spikes (Stein, Gossen, & Jones, 2005). The intrin-
sic stochastic properties of the nervous system are also inherently present in 
the components of neurons, such as synapses, which are central to the neuro-
transmission of dopamine, a neurotransmitter that modulates signal-to-noise 
ratio. This background activity is probably necessary for optimal neuronal 
signalling because neurons are highly non-linear threshold devices, and a 
certain amount of baseline activity is normally required to allow neurons to 
fire at optimal frequencies in response to external stimuli. In bi-stable mov-
ing systems driven by external periodic input, the presence of a moderate 
noise produces a periodic output that is much stronger than the input (Hu, 
Nicolis, & Nicolis, 1990). Results from deficient dopamine system, as impli-
cated in ADHD, will cause a low noise level that will make signal transmis-
sion less efficient and therefore put higher demands on external stimulation. 
This claim is elaborated in the following section. 
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ADHD – a general introduction 
This thesis attaches great importance to dopamine as playing a prominent 
role in attention and cognitive performance, irrespective of whether an 
ADHD diagnosis has been made or not. Therefore, the first part of the thesis 
focuses on ADHD both empirically and theoretically, while the second part 
moves into non-clinical groups with learning difficulties. It is therefore sug-
gested that dopamine plays a prominent role in explaining related problems 
in cognitive performance among low achieving school children as well. 

ADHD definition 
Attention Deficit Hyperactivity Disorder is a developmental disorder charac-
terized by behavioral impairments in three domains: inattention, impulsivity, 
and hyperactivity (see Table 1). According to the Diagnostical and Statistical 
Manual of Mental Disorders (DSM IV TR, APA, 2000) six out of nine be-
havioral symptoms concerning inattention, and six out of nine symptoms 
concerning hyperactivity or impulsivity should be present for the diagnosis 
ADHD. These symptoms should appear before the age of seven and persist 
for at least 6 months in two or more settings (i.e. school, home) to such an 
extent that it is maladaptive and inconsistent with the normal level of devel-
opment. The domain inattention includes symptoms such as failing to give 
close attention to details or making careless mistakes e.g. in schoolwork, 
having difficulties in sustaining attention, being easily distracted by extrane-
ous stimuli, failure to listen or follow instructions, and a dislike to engage in 
tasks that require sustained mental effort such as schoolwork. Impulsivity is 
defined as blurting out answers before questions have been completed; diffi-
culties in awaiting one’s turn, and a tendency to interrupt or intrude on oth-
ers. Finally hyperactivity includes symptoms such as a predisposition to 
fidget with the hands, running around, or climbing excessively in situations 
when it is inappropriate. In addition, having difficulty playing or engaging in 
leisure activities quietly, or excessive talking are defining features of hyper-
activity (APA, 2000). In DSM IV a distinction is also made between three 
different sub-types of ADHD: The combined type (ADHD-C), if both crite-
ria of inattention and hyperactivity/impulsivity are fulfilled for the last six 
months (Table 1). The predominantly hyperactive/impulsive type (ADHD-
H), if the criterion of hyperactivity/impulsivity but not inattention has been 
met for the last six months. The predominantly inattentive type (ADHD-I), if 
criterion of inattention but not hyperactivity/impulsivity is met for the last 
six months, see also Barkley (1998). Although overall symptoms of ADHD 
decline with age, about 15% of individuals who had ADHD in childhood 
even meet the full criteria for ADHD in adulthood, and 65% meet criteria 
partially (Faraone, Biederman, & Mick, 2006). 
 



 23 

Because the main body of evidence for IQ impairments in ADHD groups 
concerns laboratory-based cognitive tasks, IQ might confound these results 
(Barkley, 1998). There is a tendency of ADHD samples to have lower IQ 
scores than control groups (Barkley, 1997; Tripp, Ryan, & Peace, 2002). It is 
difficult to say whether this difference is due to actual lower intelligence or 
whether the results simply reflect the sample group’s inattentive–impulsive 
response style. Adaptive functioning usually refers to the child’s develop-
ment of age-appropriate behavioral skills in everyday situations. A discrep-
ancy between IQ and adaptive functioning among ADHD children is re-
ported to be greater than for control persons (Barkley, 1998). It is not the 
behavior per se, but rather the encounter between behavior and the environ-
ment that causes many impairments in school performance for this group 
(Barkley, 1998). Accordingly, since almost all clinic-referred ADHD chil-
dren perform poorly at school, this means they are underperforming relative 
to their known levels of ability as determined by intelligence and academic 
achievement tests (Barkley, 1998).  
 
Much of the recent research in the field of ADHD has emphasized the func-
tional impairments in working memory or executive functioning. WM is 
defined as a system that allows several pieces of information to be held in 
mind at the same time and interrelated. WM contains three elements: an 
attentional control system supported by two slave systems called visuo-
spatial sketchpad and phonological loop (Baddeley, 1999). The phonological 
loop can be seen as a primary memory and reflects the ability to keep things 
in mind for a short time. Various neuropsychological tests such as: go/no-go 
test, or a continuous performance test provide a good picture of WM capac-
ity. These tests mirror the function of the pre-frontal cortex (PFC) and work-
ing memory capacity or executive functions and results consequently report-
ing WM-deficits among ADHD-children compared to controls (Nigg, 2001), 
caused by the hypo-frontality that distinguish the syndrome of ADHD 
(Rubia et al., 1999). 

 
To a large extent this thesis focuses on the clinical syndrome of ADHD (see 
Table 1). ADHD should not be seen as a discrete category, but rather as a 
continuum along a scale of symptoms that can vary in severity between indi-
viduals and situations. In persons diagnosed as ADHD, these problems are 
manifest and salient. This group is well examined with reference to both 
behavior and etiology. 
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Table 1. DSM-IV criteria for ADHD1 
 

I. Either A or B: 
(A) Six or more of the following symptoms of inattention have been present for at least 6 
months to a point that is disruptive and inappropriate for developmental level: 
 
Inattention 
1. Often fails to give close attention to details or makes careless mistakes in schoolwork, 
work, or other activities. 
2. Often has difficulties sustaining attention on tasks or play activities. 
3. Often does not seem to listen when spoken to directly. 
4. Often does not follow instructions and fails to finish schoolwork, chores, or duties in the 
workplace (not due to oppositional behavior or failure to understand instructions). 
5. Often has trouble organizing tasks and activities. 
6. Often avoids, dislikes, or is reluctant to engage in tasks that require sustained mental effort 
(such as schoolwork or homework). 
7. Often loses things necessary for tasks or activities (e.g. toys, school assignments, pencils, 
books, or tools). 
8. Is often distracted by extraneous stimuli. 
9. Is often forgetful in daily activities. 

(B) Six or more of the following symptoms of hyperactivity-impulsivity have been pre-
sent for at least 6 months to an extent that is disruptive and inappropriate for develop-
mental level: 
 
Hyperactivity 
1. Often fidgets with hands or feet or squirms in seat. 
2. Often gets up from seat when remaining in seat is expected. 
3. Often runs about or climbs when and where it is not appropriate (adolescents or adults may 
feel very restless). 
4. Often has trouble playing or enjoying leisure activities quietly. 
5. Is often "on the go" or often acts as if "driven by a motor". 
6. Often talks excessively. 
Impulsivity 
7. Often blurts out answers before questions have been finished. 
8. Often has trouble waiting one's turn. 
9. Often interrupts or intrudes on others (e.g., butts into conversations or games). 
 
II. Some symptoms that cause impairment were present before age 7 years. 
III. Some impairment from the symptoms is present in two or more settings (e.g. at 
school/work and at home). 
IV. There must be clear evidence of significant impairment in social, school, or work func-
tioning. 
V. The symptoms do not happen only during the course of a Pervasive Developmental Disor-
der, Schizophrenia, or other Psychotic Disorder. The symptoms are not better accounted for 
by another mental disorder (e.g. Mood Disorder, Anxiety Disorder, Dissociative Disorder, or 
a Personality Disorder). 

                                 
1 American Psychiatric Association: Diagnostic and Statistical Manual of Mental Disorders, 
Fourth Edition, Text Revision. Washington, DC, American Psychiatric Association, 2000. 
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Prevalence 
In society in general, and in schools in particular, there is a lively and ongo-
ing discussion about the prevalence of children having problems with atten-
tion and hyperactivity. There are figures ranging from less than 1% up to 
almost 20% (see Swedish Socialstyrelsen, 2002 for a review). The consensus 
of expert opinion stresses figures such as 3-5% of a childhood population 
(Barkley, 1997) or 3-7% (APA, 2000). ADHD is about 3 times more com-
mon among boys (9%) than girls (3.3%), (Szatmari, Offord, & Boyle, 1989). 
Figures for the whole population are a bit lower if one uses the ICD-system 
(International Classification of Disease). In ICD 10, this type of problem is 
defined as Hyperkinetic Disorder (HKD). To fulfill the criteria of HKD all 
three impairments, inattention, hyperactivity and impulsiveness must be 
present. This lowers the figures to 0.5-1.5% in a population (Swanson et al., 
1998) or 1-2% (Taylor et al., 1998). Although the figures vary depending on 
the classification system used (DSM III, DSM III R, DSM IV TR, HKD), the 
syndrome is present in all parts of the World, though with a huge variation in 
prevalence, 2-20% (Barkley, 1998; Socialstyrelsen, 2002). 

Etiology 
Among ADHD researchers there seems to be consensus regarding multiple 
etiologies of ADHD. Heritability a prominent factor (Nigg & Hinshaw, 
1998). Genetic linkages are evidenced primarily in dopamine related path-
ways (Fisher et al., 2002; Smalley et al., 2002) or in the nicotinic system that 
promotes dopamine release (in addition to acetylcholine release) (Kent et al., 
2001). Major genes are the dopamine transporter gene (DAT1), dopamine 
receptor genes (DRD4, DRD5), dopamine beta-hydroxylase (DBH), sero-
tonin receptor and transporter genes (HTR1B, 5-HTT) and synaptosomal-
associated protein 25 (SNAP 25). SNAP 25 is associated with the release of 
exocytotic dopamine and is affected by amphetamine. The small odds for 
each gene in ADHD are consistent with the idea that the vulnerability to 
ADHD is mediated by many genes, each having a small effect (Faraone et 
al., 2005; Mill et al., 2005). 
 
Environmental variables have also been found to be important risk factors, 
such as: early deprivation (Kreppner, O'Connor, & Rutter, 2001), maternal 
smoking (Kotimaa et al., 2003; Mick, Biederman, Faraone, Sayer, & Klein-
man, 2002), family psycho-social problems (Biederman et al., 1995), and 
problems during pregnancy, delivery (Rowland, Lesesne, & Abramowitz, 
2002) and infancy (C. Harrison & Sofronoff, 2002). Some of the above-
mentioned factors might also interact with parental genotype (Castellanos & 
Tannock, 2002). Studies of identical and fraternal twins show a high genetic 
contribution to these traits, with 70% to 95% of trait variability in the popu-
lation (Barkley et al., 2002). 
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ADHD models 
The mechanisms underlying ADHD are not fully known or understood and 
current models take different perspectives. Some point to top-down process-
ing in the frontal cortex and inhibition as the core deficit in the ADHD syn-
drome (Barkley, 1997). Other models emphasize sub-cortical and brain stem 
loci’s as regions of interest in understanding ADHD, and highlight bottom-
up processing (Sergeant, Geurts, Huijbregts, Scheres, & Oosterlaan, 2003). 
Several models focus on a dysfunction of dopamine transmission (bottom-up 
processing) as a cause of the behavioral impairments seen in ADHD. Candi-
date endophenotypes to executive control failures (top-down performance) 
are shortened delay gradients, deficient temporal processing, and working 
memory deficits (Castellanos & Tannock, 2002; Sergeant et al., 2003). 
These single-cause theories (reviewed below) appeal to supporters of psy-
chological concepts such as response inhibition (Barkley, 1997), energetic 
(arousal) level (Sergeant, 2000), optimal stimulation (Zentall & Zentall, 
1983), delay aversion (Sonuga-Barke, 2002b), and extinction deficit 
(Sagvolden et al., 2005). However, apart from Sagvolden et al., (2005) rela-
tively little progress has been made in elucidating the neural mechanisms or 
pathophysiology of ADHD. This thesis has the ambition to illuminate some 
aspects of the neurophysiology of ADHD, in order to connect behavioral 
observations with neurophysiologic findings all the way down to single cell 
level. 
 
Inhibition theory. The longstanding and dominating model of ADHD is Bar-
kley’s inhibition theory (Barkley, 1997) which states that the lack of ability 
to inhibit prepotent responses, or stop ongoing responses and interference 
control will generate all the other symptoms that distinguish ADHD. These 
symptoms are behaviors connected to working memory such as holding 
events in mind, acting on events etc. Further hallmarks are different aspects 
of self-regulation such as; affect, motivation and arousal. The lack of ability 
to internalize speech imposes in turn goal-directed behaviors that are rule-
governed including the analysis and synthesis of behavior. All these impair-
ments in turn affect motor control and a general ability of executing planned 
and adaptive actions. These behaviors are all well documented in the ADHD 
literature, and constitutes a vast part of the symptoms described in DSM IV 
TR (APA, 2000).The inhibition theory also sketches out, in a hierarchical 
model, possible connections between these impairments. Various test results, 
performed by ADHD children, show deficits in performance of different 
aspects of executive functioning (e.g. Nigg, 2001). Barkley’s inhibition the-
ory is well grounded and different parts of the theory are well documented, 
solidly based on behavioral data and logically based. However, because of 
the great variability within the ADHD group, the topic is difficult. As a con-
sequence of this, an abundance of sub-and co-diagnoses has emerged (Nigg, 
Willcutt, Doyle, & Sonuga-Barke, 2005). Although constituting a stable 
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construction the Barkley inhibition theory begs a very basic question, 
namely: How can a lack of inhibition generate so many different symptoms 
and problems in coping with everyday life? In this respect, PFC- and work-
ing memory functions are far too general concepts and have insufficient 
explanatory value in their understanding of ADHD. PFC functions govern 
uncountable numbers of functions and abilities which make we humans able 
to have a theory of mind (Damasio, 1996). 
 
In an everyday sense, inhibition is easy to comprehend, for example the 
sense of inhibition can be found by leaning out of a window in a high build-
ing. Experimentally, at least eight kinds of inhibition have been distin-
guished (Nigg, 2000). However, to date neuronal correlates that govern the 
ability to inhibit have yet to be identified. Moreover, a substantial number of 
ADHD children lack inhibitory deficits (Nigg, 2001). 
 
In delay aversion- or dual pathway theory Sonuga-Barke (2003) identify two 
separate circuits that cause the major shortcomings among ADHD patients, 
namely the executive dysfunction circuit and the delay aversion circuit. 
These circuits represent opposing forces. Executive dysfunction circuit cor-
responds to (efferent) top-down processing and the delay aversion circuit to 
motivational (afferent) bottom-up dominance (Sonuga-Barke, 2003). Delay 
aversion refers to changes in motivational style, where delays are found 
aversive and cause shortened delay/reward gradients, i.e. effects of rein-
forcement only lasts for a short period of time (Sagvolden et al., 2005). 
ADHD children increase in their activity and inattention during delay peri-
ods (Sonuga-Barke, 2002a). Escape or avoidance of delay is also well docu-
mented for ADHD children in behavioral studies (Kuntsi, Oosterlaan, & 
Stevenson, 2001; Sonuga-Barke, De Houwer, De Ruiter, Ajzenstzen, & Hol-
land, 2004; Sonuga-Barke, Taylor, & Heptinstall, 1992; Sonuga-Barke, Tay-
lor, Sembi, & Smith, 1992; Tripp & Alsop, 2001).  
 
The reward (or delay aversion) circuit is modulated by the mesolimbic path-
way, involving ventral tegmental area, orbitofrontal cortex and amygdala. 
Dysfunction in this pathway causes inattention, impulsiveness and over-
activity, all defined as delay aversion (Solanto et al., 2001; Sonuga-Barke, 
2003, 2005). In this theory, delay aversion in ADHD is explained by alloca-
tion of attention to aspects of the environment that speed up the perceived 
passage of time in order to avoid the experience of delay. Increased activity, 
like fidgeting, during delays may be considered as self-stimulation and can 
be either self-stimulating or attention-removing. This process is influenced 
by both top-down and bottom-up pathways. ADHD patients cannot benefit 
from prolonged time-on-task to the same extent as controls (Sonuga-Barke, 
2002a; Sonuga-Barke, Taylor, & Heptinstall, 1992), delay aversion make 
ADHD persons sensitive to changes in inter-stimulus-intervals.  
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Cognitive-energetic model. In the Cognitive-Energetic Model (Sergeant, 
2000) ADHD is approached on three levels: First, a cognitive processing 
level, including concepts like encoding, storing and response organization. 
Second, an energetic level including elements such as arousal, activation and 
effort. Finally, an executive level dealing with abilities such as executive 
functioning, management and failure of inhibition. A reduction of the ener-
getic level is proposed to underlie failures of inhibition. The model claims 
that the lack of inhibition interferes with strategic planning and monitoring 
towards future goals. Error monitoring and correction are executive abilities 
that are dependent upon the state of the participant and the allocation of en-
ergy to the task at hand. Energetic dysregulation in turn creates a vulnerabil-
ity to external, attention-removing distractors (Sergeant, 2005). Stimulus 
event rate has been found to alter the participants energetic state, where both 
over- and under arousal could be induced by event rate (Sergeant, 2000). 
Confirmatory evidence comes from the fact that methylphenidate has been 
found to have the same effect as increased event rate, where both are seen as 
state regulating (van der Meere, Gunning, & Stemerdink, 1999). This model 
makes an attempt to encompass both top-down and bottom-up processes 
where allocation of energetic resources is claimed to be depending on neuro-
transmitters, in particular dopamine (Sergeant et al., 2003). 
 
Optimal stimulation theory states that in a homeostatic model there is an 
optimal level of stimulation toward which organisms strive (Zentall & Zen-
tall, 1983). It is argued that hyperactivity stems from low levels of arousal, 
and serves to maintain an optimal arousal level. Hyperactivity, impulsivity, 
and short attention span should be seen as a form of self-stimulation to 
achieve an optimal arousal level. Behaviors supporting this view are reward-
seeking and stimulation-seeking, features often seen in ADHD children 
(Zentall & Zentall, 1983). Zentall and colleagues found that different kinds 
of stimulation (colors, size, and movement) helped cognitive performance in 
e.g. spelling tasks as long as the stimulation could be mapped to target and 
not distractors (Zentall, 1986; Zentall & Dwyer, 1989; Zentall, Falkenberg, 
& Smith, 1985; Zentall & Kruczek, 1988; Zentall, Zentall, & Barack, 1978). 
However, what neural (or biological) mechanisms underlie this strive for 
optimal stimulation is not elaborated further in the model. 

 
Dynamic developmental theory (DD). The DD theory (Sagvolden et al., 
2005) is based on a solid neurobiological ground where altered dopamine 
functions are proposed to play a pivotal role. Hypofunctioning dopamine 
branches fail to modulate non-dopaminergic signal transmission appropri-
ately. According to this theory, delay aversion and response disinhibition are 
viewed as an extinction deficit caused by a dysfunctioning meso-limbic do-
pamine branch. Extinction deficits occur as the result of a low tonic dopa-
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mine level (see next section on tonic/ phasic dopamine) and stunted phasic 
dopamine responses to external stimulation which in turn produces short 
delay-of-reinforcement gradients (Sagvolden et al., 2005). Dopamine release 
serves as a learning signal and dopamine depression as an error signal during 
reinforcement and withdrawal of reinforcement (Schultz, 2002). Delay aver-
sion occurs because it takes more time and effort to build up sufficient do-
pamine levels via reinforcement for proper learning. Simultaneously, low 
tonic dopamine levels makes ADHD children reactive when exposed to ex-
ternal stimulation (Sagvolden et al., 2005). In ADHD children extinction 
does not work properly due to a floor (or lowest level) effect. Thus, the rela-
tively low value of reinforcement, caused by a stunted phasic dopamine re-
sponse, results in less or even non-detectable synaptic depression, that in 
turn causes situational mal-adaptation, according to the DD-model. How-
ever, this theory is inconsistent with the tonic/phasic dopamine-model 
(Grace, 1991, 1995), where low tonic dopamine levels are associated with 
elevated phasic dopamine responses through the pre-synaptic autoreceptor 
feedback system. In contrast the MBA model proposes delay aversion, 
which is caused by a ceiling effect where immediate reinforcement reaches a 
maximum value of dopamine level despite future more tempting goals 
(Sonuga-Barke, Taylor, Sembi et al., 1992). In other words, rather one 
marshmallow now than two marshmallows later on. In consequence with the 
ceiling-effect, the withdrawal of a reward and its consequent shut down of 
phasic dopamine response, would also produce a much greater negative ef-
fect on the ADHD patient (Grace, 2001), behaviors often seen in ADHD. 
The conclusions regarding ceiling effects are also consistent with Grace’s 
tonic/phasic model of dopamine (Grace, 1991, 1995). The writer considers 
the empirical support for the opposite proposal, as used by Sagvolden et al., 
(2005) as weak. Furthermore, the DD theory proposes that, a hypofunction-
ing meso-cortical dopamine branch causes attention deficits, and a hypo-
functioning nigro-striatal dopamine branch causes impaired motor functions 
and hyperactivity. 

 
To sum up the exposé of ADHD models, the ADHD diagnosis is based on 
behavioral observations and markers. Even though there are biological 
markers when the etiology of ADHD is discussed, none of these markers are 
sufficient to constitute the basis for a diagnosis. Assessments from fMRI and 
PET scans, and EEG studies are made on a group level, which does not al-
low conclusions on an individual level. Furthermore, when looking at brain 
volumes in ADHD children they are found to be smaller (Zang et al., 2005). 
However these differences seem to disappear when body mass is taken into 
account (Ljungberg, 2001). At the present state of knowledge, we can spec-
ify psychological functions that behaviorally and neurally may serve as en-
dophenotypes in ADHD research. Endophenotypes provide measures that lie 
between genes and behavioral symptoms. They can relate more directly to 
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relevant genetic variability than the clinically defined syndrome itself, and 
are helpful in generating testable predictions. Examples of such endopheno-
types are: shortened delay gradients, and deficits in temporal processing and 
working memory deficits (Castellanos & Tannock, 2002). It is the writer’s 
belief that noise and noise levels could serve as an endophenotype that mir-
rors the individual’s dopamine transmission, and in particular the ratio be-
tween phasic and tonic dopamine.  

Tonic and phasic dopamine 
Dopamine release appears to occur via two functionally distinct mecha-
nisms, the dopamine system is divided into phasic and tonic components 
(Grace, 1991). Phasic dopamine refers to the spike-dependent release of 
dopamine from axon terminals into the synaptic cleft in response to action 
potentials caused by a relevant external stimulus (Grace, 1995), or a reward 
signal that mediates new learning (Schultz, 1998). Tonic dopamine refers to 
the presence of low concentrations of dopamine in the extra-cellular fluid 
outside the synaptic cleft mediated by constant, low frequent, tonic firing 
(Floresco, West, Ash, Moore, & Grace, 2003) and diffusion from synaptic 
cleft (Grace, 2000). Dopamine is proposed to be involved in the modulation 
of investigatory response to novel and behaviorally relevant stimuli. The 
dopamine system appears to be oriented to provide a maximal initial re-
sponse, whereas continuous activation would cause an attenuation of subse-
quent responses (K. L. Davis, Charney, Coyle, & Nemeroff, 2002 p. 123). 
  
Tonic levels are continuous, and modulate phasic reactivity. Autoreceptors 
in the presynaptic cell are activated when the tonic level is too high; they 
suppress spike-dependent phasic dopamine release, whereas low tonic levels 
increase phasic release (Grace, 1991, 1995). It is suggested that excessive 
tonic dopamine transmission results in excessive stability of neuronal activ-
ity while inhibiting phasic dopamine release, and is associated with cognitive 
rigidity. Low tonic levels cause instead neuronal instability and boosted pha-
sic responses (Bilder, Volavka, Lachman, & Grace, 2004; Grace, 1995). 
Excessive phasic transmission has been suggested to cause instability in 
neuronal activation states, and is associated to cognitive symptoms such as 
failure to sustain attention, distractibility, and excessive flexibility 
(Martinussen, Hayden, Hogg-Johnson, & Tannock, 2005). 

 
Both hyper- and hypofunctioning of the dopamine system causes impair-
ments in cognitive performance. The relation between dopamine and per-
formance describes an inverted U-shaped curve, where either too low, or too 
high, levels attenuate performance. In low dopamine states (hypodopaminer-
gic D1 transmission in prefrontal cortex, PFC), facilitation via dopamine-
agonists improves working memory performance. In high dopamine states 
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(hyperdopaminergic), inhibition via dopamine-antagonists improves cogni-
tive performance (Goldman-Rakic et al., 2000). Dopamine modulates neuron 
responses by increasing the signal-to-noise ratio through enhanced differen-
tiation between background or efferent (internal) firing and afferent (exter-
nal) stimulation. This situation implies, in turn, that dopamine produces a 
suppressive influence on spontaneous activity through the indirect pathway 
(extending from the prefrontal cortex through the external segment of the 
globus pallidus and thalamus). This suppressive influence in the indirect 
pathway produces a net inhibition on other cortical output areas (Solanto, 
2002). Insufficient activity in this pathway (i.e. to little inhibition, or nogo) 
results in excessive motor output and explains its apparent inhibitory actions. 
Simultaneously, through the parallel direct pathway (projecting through the 
internal segment of globus pallidius), cortical signals are amplified (via dis-
inhibition, or go signals) thus causing an enhanced excitability in response to 
afferent driven transient stimulation (J. D. Cohen, Braver, & Brown, 2002). 
Deficient dopamine transmission can be conceptualized as increased levels 
of internal neural noise that decrease the signal-to-noise ratio, which itself 
plays a critical role in working memory (Nieoullon, 2002), attention, motor 
control (Sagvolden et al., 2005), and reward/motivation (Schultz, 2002), all 
domains where ADHD children display signs of impairments. To conclude, 
a sufficient dopamine level, regulated through the direct and indirect path-
ways, is necessary to find the balance between when to act (go), and when to 
hold your horses (no-go). 

Dopamine and ADHD 
ADHD is believed to involve hypo-functional dopamine transmission 
(Solanto, 2002). The behavioral consequences of this are both deficient inhi-
bition (no-go deficit) and difficulties in sustaining attention (excessive go) 
(Barkley, 1997).  The hypothesis behind this is that the hyperactivity and 
impulsivity of ADHD result from abnormally low tonic dopamine level, 
leading to abnormally high phasic dopamine responses (Grace, 2001). 
Moreover, hypofrontality or a prolonged decrease in prefrontal cortical ac-
tivity (Rubia et al., 1999) is proposed to further reduce tonic dopamine re-
lease and this would obtain homeostatic compensations that would increase 
overall dopamine responsivity and thereby cause subsequent phasic dopa-
mine release to elicit abnormally large responses (Grace, 1991, 2001). This 
makes ADHD children hyper sensitive to external stimulation. 
 
Three dopamine systems have been implicated in the ADHD syndrome, 
namely: 1) Dysfunction of the mesolimbic system that influences reinforce-
ment patterns and gives rise to delay aversion, hyperactivity in novel situa-
tions, impulsiveness, etc. 2) A hypofunctioning mesocortical dopamine 
pathway that causes attention response deficiencies and poor executive func-
tions. 3) The nigrostriatal branch that causes impairments in motor functions, 



 32 

and non-declarative habit learning and memory, as expressed in clumsiness 
(Sagvolden et al., 2005; Solanto, 2002; Sonuga-Barke, 2003). 

Medication and dopamine 
Stimulant medication is used as a medical treatment for ADHD children, 
with methylphenidate (in particular) and amphetamine being the most fre-
quently used (Greenhill, 2001). The medication rate in Sweden is very low 
compared to the USA. Prevalence figures are approximately the same in 
Sweden as in the USA, 3-7% (APA, 1994; Socialstyrelsen, 2002). During 
the year 2000 approximately 2000 Swedish children were medicated for 
ADHD, which is equivalent to 0.15% of children between 5 - 17 years. 
Given a prevalence of ADHD of 5% of (a conservative estimate), less than 
5% of diagnosed ADHD children are medicated (Socialstyrelsen, 2002). Of 
the medicated children 93 % are boys. However, the medication figures have 
been increasing slowly during the last few years (Socialstyrelsen, 2002). In 
the USA there has been a fourfold increase of stimulant medication from 
1987 (0.6%) to 1996 (2.4%) (Zuvekas, Vitiello, & Norquist, 2006). How-
ever, this rate of increase has attenuated in recent years, and figures for 2002 
leveled out at 2.9% of the population between 6-18 years (Zuvekas et al., 
2006).  
 
Despite the widespread use of methylphenidate (mph), over 2 million chil-
dren in USA (Zuvekas et al., 2006) receive stimulant medication, its actions 
on neurocellular level are not yet fully understood. There is consensus about 
some of the effects of stimulant medication on ADHD children on tonic do-
pamine and behavior. Positive effects on behavior from methylphenidate 
medication is seen in various cognitive abilities such as; an improvement in 
inhibition (van der Meere et al., 1999), increased vigilance and shortened 
reaction times (Greenhill, 2001), and reduced motor hyperactivity (Porrino, 
Rapoport, Behar, Ismond, & Bunney, 1983). Furthermore, both methylphe-
nidate and amphetamine have been shown to increase extracellular (tonic) 
dopamine (Carboni, Imperato, Perezzani, & Di Chiara, 1989; Schiffer et al., 
2006; Volkow et al., 2001). Methylphenidate acts by blocking dopamine 
reuptake via dopamine transporters i.e. inhibits presynaptic dopamine uptake 
(Bergman, Madras, Johnson, & Spealman, 1989; Krause, Dresel, Krause, 
Kung, & Tatsch, 2000) while amphetamine acts by blocking dopamine-
reuptake (as does mph) but also by increasing terminal dopamine release 
(Carboni et al., 1989). A standard therapeutic dose of methylphenidate (.5 
mg/kg) is estimated to block ≈ 60% of dopamine transporters (Volkow, 
Wang, Fowler, & Ding, 2005). In brain areas where dopamine density is 
high, such as in striatum, dopamine transporter activity is the most important 
mechanism for dopamine inactivation while methylphenidate will create a 
substantial rise in extracellular dopamine levels (Schmitz, Benoit-Marand, 
Gonon, & Sulzer, 2003). Converging evidence indicates that increased do-
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pamine transporter binding (i.e. over-active dopamine transporter) in ADHD 
(Spencer et al., 2005) leads to low levels of extracellular, tonic dopamine. 
The therapeutic effect of medication has been related to a striatal dopamine 
increase while it is suggested that it decreases background firing rates and 
increase signal-to-noise ratio in striatal cells (Kiyatkin & Rebec, 1996).  
 
There is, however, no consensus about phasic dopamine transmission in 
ADHD, there are two prominent hypotheses regarding the effects of stimu-
lant medication on phasic (pulsatile) dopamine release. Seeman and Madras 
(1998; 2002) proposed a medication related to relative or absolute attenua-
tion in phasic dopamine. Methylphenidate blocking of dopamine transporters 
raises the extracellular dopamine level; presynaptic autoreceptors are acti-
vated and diminish phasic dopamine release, resulting in a net decrease of 
dopamine (Seeman & Madras, 1998) or a reduced amplitude of phasic do-
pamine relative to tonic levels (Seeman & Madras, 2002). Volkow et al 
(2005) however, suggested the opposite, a methylphenidate-related increase 
in phasic dopamine. This occurs because blocking dopamine transporters 
increases extracellular dopamine and leads to a net increase of both tonic and 
phasic dopamine cell firing (Volkow et al., 2005). Despite the fact that both 
these proposals seem totally contradictory, i.e. an increase versus a decrease 
of phasic dopamine release, the framework proposed in this thesis suggests 
the possibility of integrating these apparently disparate views by discussing 
them in the context of absolute and relative dopamine levels. In particular it 
is suggested that methylphenidate decreases the relative influence of phasic 
dopamine compared to tonic dopamine. Detailed arguments for this position 
are provided in the extensive literature review in the theoretical article 
(Study 1) attached to this thesis (Sikström & Söderlund, in press). A brief 
summary of the conclusions is given below. 
 
In our view (Sikström & Söderlund, in press), the relative strength of phasic 
compared to tonic dopamine decreases with the administration of stimulant 
medication. In other words, methylphenidate decreases the relative impor-
tance of tonic compared to phasic dopamine that leads to an increased sig-
nal-to-noise ratio, an improvement of cognitive performance, and less influ-
ence by distracting stimuli. Support for this view, comes from the following 
findings: The normal resting level of extracellular (tonic) dopamine in the 
synaptic cleft is low (4nM), and transiently rises at least 60-fold (250nM) 
during a normal nerve impulse. The transiently elevated extracellular level 
falls back (in milliseconds) by diffusion and by the help of dopamine trans-
porters (Seeman & Madras, 2002). However, in the presence of methylphe-
nidate, and through the block of dopamine transporters, there is larger in-
crease in resting (tonic) dopamine levels (about six-fold) than the increase in 
stimulus triggered (phasic) release of additional dopamine (only twofold) 
(Seeman & Madras, 2002). This suggests that stimulant medication influ-
ences phasic release less than tonic firing, thus reducing the importance of 
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phasic dopamine relative to tonic firing. A normal therapeutic dose of meth-
ylphenidate in ADHD treatment is typically between 0.3 to 1.0 mg/kg and 
when higher doses (above 1-2 mg/kg) are given the resting level of extracel-
lular, tonic dopamine, dopamine raises more (14 to 35–fold) (Shetty & 
Chase, 1976) than the pulsatile, phasic dopamine, output (only 7 -fold) 
(Gonon, 1988). These high levels of both tonic and phasic dopamine cause 
widespread stimulation of postsynaptic dopamine receptors that supercedes 
the presynaptic inhibition of further dopamine release. This presynaptic 
feedback loop, via autoreceptors, is very frequency-dependent and operates 
most efficiently in the low and intermediate range of nerve stimulation fre-
quencies (Langer, 1997). This dependency on stimulus frequency reflects the 
physiological relevance of dopamine modulation and can explain the bipha-
sic effects of methylphenidate and sensitivity to inter-stimulus intervals. 
Thus, presynaptic autoreceptor modulation can occur both through changes 
in dopamine resting (tonic) levels and phasic burst (phasic) frequencies 
(Benoit-Marand, Borrelli, & Gonon, 2001).  
 
To sum up, in un-medicated ADHD persons phasic dopamine is relatively 
more important at the expense of tonic dopamine. Stimulant drug medication 
changes this relationship and instead makes tonic dopamine relatively more 
important compared to phasic dopamine. This means that the crucial factor is 
the ratio between phasic and tonic dopamine levels that decrease following 
the administration of methylphenidate. This perspective can be compared 
with the view that the relevant contrast is the absolute dopamine levels, 
where methylphenidate administration increases the phasic levels. The latter 
view has been advocated by, inter alia, Sagvolden et al. (Sagvolden et al., 
2005; Volkow, Fowler, Wang, Ding, & Gatley, 2002) and is sometimes 
computationally implemented in the error-driven learning mechanisms, such 
as temporal difference algorithm for explaining dopamine effects on learning 
(Rescorla & Wagner, 1972; Schultz, 2002; Sutton & Barto, 1990). These two 
views would lead to very similar predictions given that the phasic levels 
would change while the tonic levels are constant. The data referred to above, 
however, suggests that the tonic levels increase more than the phasic levels, 
owing to a decrease in the phasic to tonic ratio following administration of 
stimulant medication. This decrease in phasic sensitivity follows the increase 
tonic levels and may be connected to the desensitizing of postsynaptic do-
pamine receptors as noted above. It is the ratio that makes the difference. 

Noise and cognitive performance 
The notion that tasks, requiring cognitive processing, are very fragile and 
easily disturbed by noise and other distractors has been known for some time 
(Broadbent, 1958). The mechanism behind this effect, in general terms, is 
that the distracting event removes attention from the target task. Repeated 
research on this topic has demonstrated this finding to hold across a vide 
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variety of target tasks, distractors and participant populations. Most experi-
ments since Broadbent’s days have dealt with the negative effects of noise 
and distraction. 

ADHD and noise 
ADHD children are regarded as more vulnerable to distraction compared 
with normal control children (Corbett & Stanczak, 1999), and several studies 
have demonstrated results supporting this notion (e.g. Geffner, Lucker, & 
Koch, 1996; Higginbotham & Bartling, 1993). Two studies, however, were 
able to demonstrate the opposite, namely, that under certain circumstances 
participants could benefit from auditory noise and other task-irrelevant 
sounds presented concurrently with the target task. Abikoff, Courtney, Szei-
bel, and Koplewicz (1996), showed that the ADHD children were not dis-
tracted by background music, which can be considered as task-irrelevant 
noise. Moreover, the results showed a noise-induced improvement in per-
formance in the target (arithmetic) task. Only one other documented experi-
ment replicate this remarkable finding, by Gerjets, Graw, Heise, Wester-
mann, and Rothenberger, (2002), where the noise was induced by music as 
well. These two studies did not, however, provide a satisfactory theoretical 
account for why noise was beneficial for performance. Neither of these stud-
ies invoked the concept of stochastic resonance as an explanatory framework 
nor were they theory-driven; referring instead to an overall increase of 
arousal. Abikoff et al. (1996) attributed the enhancing effect to an increased 
level of general appeal counteracting boredom, while Gerjets and colleagues 
(2002) attributed it to optimal stimulation in accordance with the early opti-
mal stimulation theory by Zentall and Zentall (1983). Furthermore, in an 
experiment by Zentall et al (1980) high levels of speech noise (69 dB) were 
found to be detrimental for ADHD whereas low levels (64 dB) were benefi-
cial for cognitive performance. Fan noise, where the main energy is below 
1000 Hz, did not have any effect on cognitive performance in ADHD chil-
dren. However, noise and signal levels here were also lower than in experi-
ments where an effect has been found (50 dB above hearing level, SNR +10 
dB) (Geffner et al., 1996), and too low to induce SR. This thesis suggests 
that the phenomenon of stochastic resonance can be used to account for 
noise-induced improvement in cognitive performance. 
 
The beneficial effects of noise in cognitive performance for persons with a 
ADHD diagnosis have not been considered earlier, nor have these effects 
been systematically tested, or documented. Surprisingly few experiments 
have explored the possibilities of stimulating ADHD participants with noise, 
despite the fact that three of the earlier referred studies implicate state fac-
tors, or better deficient state control, as a primary cause of ADHD symptoms 
(cognitive-energetic, delay aversion, optimal stimulation).  
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In addition, Quay (1997) explained inhibition deficits in ADHD as underac-
tivity in the behavioral inhibition system as suggested by Gray (e.g. Gray & 
Braver, 2002). Thus, all these models claim that deficiencies in state regula-
tion (arousal, activation) leads to impairment in allocation of cognitive re-
sources and thus poor cognitive performance. Notwithstanding this, focusing 
on arousal and state factors in different models of ADHD, there are no theo-
ries about the positive effects of noise in the literature apart from the SR 
experiments referred to earlier in this thesis. 
 
In SR experiments it is suggested that low dopamine persons require more 
noise to obtain a facilitating effect of noise in signal detection. The experi-
mental studies (Study 2 and 3) will address this question, with low and high 
dopamine participants being exposed to noise. Low dopamine groups consist 
of ADHD or low-achieving schoolchildren; while high dopamine groups 
consist of non-ADHD or high-achieving school children. 
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Articles in the thesis 

This thesis contains one theoretical article, (Study 1) Stimulus Dependent 
Dopamine Release in ADHD that gives a theoretical background to hypothe-
ses addressed in the thesis and two empirical studies. The empirical studies 
are designed to experimentally test predictions made by the theoretical 
framework to the Moderate Brain Arousal model. The empirical studies are 
presented in the following order: (Study 2) Listen to the noise: noise is bene-
ficial for cognitive performance in ADHD (in press), and (Study 3) Noise is 
not a nuisance: noise improves cognitive performance in low-achieving 
school children (submitted). 

Study 1. Stimulus dependent dopamine release in 
ADHD 
Introduction to the Moderate brain arousal (MBA) model  
Persons who suffer from ADHD are extremely sensitive to environmental 
conditions. All kinds of stimulation may easily disrupt attention in persons 
diagnosed as having ADHD. This is believed to depend on a dysfunctional 
and hypoactive dopamine system (Solanto, 2002). When continuous tonic 
dopamine levels are abnormally low, stimuli-evoked (phasic) dopamine level 
is up regulated, via autoreceptors, causing hypersensitivity environmental 
stimuli. The opposite, high tonic levels, produces stunted phasic dopamine 
responses to external stimulation and cause cognitive rigidity and preserva-
tion such as in Parkinson’s disease. The MBA model propose that stimuli-
evoking moderate brain arousal leads to well-functioning cognitive perform-
ance; whereas too little or too much stimuli attenuate performance by caus-
ing a high brain arousal (HBA) state. On the other hand an impoverished 
stimulus environment causes low brain arousal (LBA) that is typically com-
pensated for by hyperactivity. The relation between brain arousal and cogni-
tion describes an inverted U-curve where the moderate state is optimal for 
performance (Figure 1). Through the phenomenon of stochastic resonance 
(SR) the signal-to-noise ratio, and thus brain arousal can be modulated by 
noise. Empirical findings indicate that in dopamine-deprived neural systems, 
in clinical groups such as ADHD and Parkinson sufferers, more noise is 
required for SR to occur in order to reach a well-functioning brain state, in 
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other words, a moderate brain arousal. However, this proposal is not limited 
to clinical groups. The MBA model also suggests that other patient groups 
with deficient dopamine transmission may benefit from increased brain 
arousal through noise exposure. However, the lower dopamine (tonic/phasic 
ratio) level the more noise is required. Low dopamine is henceforth referred 
to as a low relative dopamine level, and represents the relation between tonic 
and phasic dopamine rather than absolute dopamine levels. 

 

 
Figure 3. Stochastic resonance 
 
Note. Performance on cognitive tests (y-axis) is maximal for moderate noise levels 
(x-axis), and attenuated for both too low and too high noise levels. More noise is 
required for maximal performance in low dopamine compared to high dopamine 
neural systems, where dopamine modulates the gain in the sigmoid activation-
function. 

The MBA is a neuro-computational model where the level of dopamine is 
modeled by the gain parameter of the sigmoid function (Servan-Schreiber, 
Printz, & Cohen, 1990). This model can be expressed at the single-cell level, 
without simulating complex networks. A low dopamine level corresponds to 
a low gain, yielding a relatively more linear input-output relation compared 
to a high dopamine level and high gain. Thus, the MBA model suggests that 
the sigmoid activation-function has a flatter curve in ADHD, illustrating that 
neural activity is elicited more at random in ADHD persons as compared to 
control persons. In contrast, the steeper the sigmoid curve is the less random 
the neural responses are and the signal-to-noise ratio is increased (Figure 4). 
The function of a flatter curve is suggested to be valid for different low do-
pamine groups, e.g. low achievers, the elderly and Parkinson sufferers with 
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the result that the SR curve is shifted to the right (Figure 3). This means that 
more noise is required to obtain an SR effect. 

Figure 4. Signal and noise in the sigmoid activation-function for ADHD and control.  
 
Note. The y-axis represents the neural activity (i.e., spike frequency) as a function of 
net input on the x-axis. The smooth lines represent the sigmoid function, and the 
noise lines the sigmoid with added Gaussian noise. The smooth, flatter lines repre-
sent ADHD with a low gain parameter and the steeper lines control with a high gain 
parameter. 

Figure 5. Single spikes as a function of signal in the net input for ADHD and con-
trol.  
 
Note. Each vertical line represents a single neural spike that is generated when the 
signal plus noise exceeds a threshold in Figure 1. The lower gain in ADHD makes 
the spikes distribution less ‘distinct’ then for higher gain in control 
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There are also empirical findings that support the proposal that neural spik-
ing is more distributed or less focused in ADHD children (Figure 5). An 
effect of this is the exaggerated semantic priming effect that is seen in both 
ADHD (Söderlund & Sikström, unpublished data) and schizophrenia 
(Kiefer, Ahlegian, & Spitzer, 2005). 

ADHD patients are hypersensitive to environmental stimuli 
Perhaps the most exciting suggestion from the MBA model, is that ADHD 
children can, under the most advantageous conditions, perform in parity with 
normal control children. The well-documented poor performance of ADHD 
children in schools and elsewhere (Barkley, Anastopoulos, Guevremont, & 
Fletcher, 1991), may indicate that the environmental conditions are poorly 
adjusted to the needs of these children. Excessive phasic dopamine responses 
from environmental stimulation make ADHD children extra vulnerable, and 
create large fluctuations in dopamine as compared to controls. A number of 
environmental conditions that are of significant relevance for ADHD are 
surveyed below. Of particular interest is that these conditions can be ma-
nipulated in order to adapt the environmental conditions to the capacity of 
the individual as reflected by dopamine levels. According to the MBA 
model, the following concepts or conditions have to be taken into account 
during cognitive tests, in order to make good predictions with high fidelity: 
inter-stimulus-intervals, attention-removing stimulation, attention-focusing 
stimulation, increased variability, and noise level. 

Inter-stimulus-intervals 
Inter-stimulus-intervals (ISI) or inter task intervals refers to the event rate, or 
time elapse between tasks (e.g. items to remember) participants are exposed 
to during cognitive testing. Long ISIs increases encoding time. Intuitively, 
one would normally predict that prolonged study time improves memory 
performance on various tests. This notion is valid for normal control persons, 
where increased or spaced study time improves retention, at least up till one 
hour inter-stimuli intervals (Cepeda, Pashler, Vul, Wixted, & Rohrer, 2006). 
However, persons with ADHD do not benefit from prolonged study times or 
inter-stimulus intervals. Impairments, relative to control persons, are also 
found in short inter-stimulus intervals while in intermediate study times 
ADHD children perform as well as control children. This of course raises the 
crucial question, what is an intermediate inter-stimulus interval? The MBA 
model suggests that this depends on the experimental setting. Here follow a 
few examples.  
 
The inability to benefit from increased ISIs has been found in several tests, 
e.g. in paired association tests (Conte, Kinsbourne, Swanson, Zirk, & Sam-
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uels, 1986; Dalby, Kinsbourne, Swanson, & Sobol, 1977). In Go/NoGo tests 
ADHD children were more impaired using long intervals, but performed 
similarly in short ISIs (Wiersema, van der Meere, Roeyers, Van Coster, & 
Baeyens, 2006), event related potentials (ERPs) also showed a reduced pa-
rietal P3 amplitude. Yet another experiment using 2 or 6 second intervals 
found similar performance in ADHD children as controls in the fast (2 sec) 
condition, but worse in the slow condition (Börger & van der Meere, 2000). 
Furthermore, when three time intervals (1, 4, 8 secs) were used (in a go/nogo 
experiment) ADHD children performed best in the intermediate (4 sec) test 
(van der Meere et al., 1999; van der Meere, Stemerdink, & Gunning, 1995). 
Superior performance in intermediate intervals was also present in the 
matching familiar test, ADHD performed best using the 10 second interval 
whereas in both 5 and 15 second intervals performance was inferior to con-
trol children (Sonuga-Barke, 2002a). In a similar task, imposed stimulus 
intervals were found superior to self-paced intervals (Sonuga-Barke, Taylor, 
& Heptinstall, 1992). Moreover, prolonged ISIs caused a deterioration in 
performance amongst ADHD participants in sustained attention tasks 
(Börger et al., 1999) but methylphenidate medication abolished the differ-
ences between control and ADHD children (van der Meere, Shalev, Börger, 
& Gross-Tsur, 1995). Also in time reproduction tasks ADHD children per-
formed worse than control children, even if intermediate intervals were those 
best reproduced (Barkley, Koplowitz, Anderson, & McMurray, 1997). 

Predictions by the MBA model are based on the assumption that ADHD 
children, due to a malfunctioning dopamine system, are unable to regulate 
brain arousal. Long ISIs produces low brain arousal whereas short ISIs pro-
duces a high brain arousal state. According to the MBA model ADHD and 
control children perform at the same level in intermediate presentation rates 
(Figure 6). This is in accordance with predictions by the MBA model while 
dopamine levels in ADHD children largely depends on phasic dopamine that 
is strongly influenced by ISIs. For control subjects, however, dopamine lev-
els depend largely on the tonic dopamine, which make them less vulnerable 
to ISIs. 
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Figure 6. Percentage correct recall as function of ISI 

Note. The y-axis shows the percentage correct recall as a function ISI in the MBA 
model. Experimental data (Sonuga-Barke, 2002a) for ADHD (solid triangles) and 
control (solid squares) shown for 5, 10, and 15 seconds ISIs. Fitted data are in hol-
low triangles and squares. 

The MBA model was fitted with the ISI data from Sonuga-Barke (2002a) 
where the fit, consistent with Grace’s (Grace, 1995, 2001) tonic/phasic do-
pamine model, produced lower tonic and higher phasic dopamine levels in 
ADHD compared to control.  

The MBA model therefore suggests that ISIs influence ADHD- and control 
participants differently. There is a profusion of experimental data that sup-
ports this statement, in particular that ADHD persons perform worse in long 
ISIs. In short ISIs the data give more mixed results. To establish what an 
intermediate inter-stimulus interval is (and to distinguish between short and 
intermediate ISIs) experimental conditions have to be taken into account, 
such as: task difficulty, individual skills, and the internal noise level (i.e. 
dopamine level) of each participant. In general it can be said that long inter-
vals generate under arousal, whereas short intervals produce over arousal. 
One example is time perception (or time reproduction) tasks that are consid-
ered as a low brain arousal task according to the MBA model. This means, in 
the writer’s view that the experimental conditions cannot be tuned in opti-
mally on a group level or be set by diagnosis type. Instead, experimental 
conditions must be adjusted to the individual. It is worth noting that medica-
tion levels in ADHD normally are set on an individual bases. Future research 
could address this topic by manipulating several ISIs in various episodic- 
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and working memory tasks in order to see whether predictions made by the 
MBA model hold true. If so, the optimal presentation rate, or in this thesis 
terminology, intermediate presentation rate will induce a MBA state where 
ADHD children will perform as well as control persons on the task in hand. 

Attention removing stimulation 
As stated earlier, ADHD persons are often considered to be under-aroused, 
and that hyperactivity may be a way to increase arousal through self-
stimulation. This raises two crucial questions: (i) When does external stimu-
lation increase attention and benefit cognitive performance? (ii) When does 
external stimulation remove attention, acts as a distraction and deteriorate 
cognitive performance?  
 
The MBA model defines attention-removing stimulation as sudden salient 
changes in the environmental stimuli that are irrelevant to the measured cog-
nitive task. Examples of attention removing stimuli are sudden speech utter-
ances, distracting sound like from airplanes, and novel classroom activities 
etc. According to the MBA model these new salient stimuli cause boosted 
phasic dopamine responses that withdraw (i.e. remove) attention from the 
task in hand. A further question is whether auditory white noise, or rock 
music, is task-relevant, stimulating and attention focusing or the opposite, 
namely attention-removing during a arithmetic task? It is argued that this 
answer is context dependent. As long as the external stimulation maps to the 
target it is not attention-removing. As an example of this complexity, favor-
ite music has been found to be beneficial (attention-focusing) in a cognitive 
performance task experiment (Gerjets et al., 2002). However, piano music 
by Mozart was found to be detrimental (attention-removing) to monkeys in 
delayed response tasks (Carlson, Rama, Artchakov, & Linnankoski, 1997) 
whereas auditory white noise improved their performance (attention-
focusing). 

There is clear evidence that attention-removing stimuli are more distracting 
to ADHD children than to control children, and lead to poor performance. 
Low tonic dopamine levels in ADHD cause this distractibility and hyper-
reactivity on environmental stimuli. Examples of distracting stimuli are 
dropping books, walking across the test room (Higginbotham & Bartling, 
1993), highly appealing toys (Landau, Lorch, & Milich, 1992; Lorch et al., 
2000; Sanchez, Lorch, Milich, & Welsh, 1999), videotaped classroom activ-
ity (Rickman, 2001), animated cartoons (Blakeman, 2000), and speech 
sounds (Corbett & Stanczak, 1999). Task distractors (e.g. flankers) in selec-
tive attention tasks displayed the same pattern, but both reaction times and 
accuracy were more affected in the ADHD group (Brodeur & Pond, 2001; 
Crone, Jennings, & van der Molen, 2003; Shalev & Tsal, 2003). In Stroop 
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tasks that provoke the ability to handle two interfering stimuli (incongruent 
condition), results show that ADHD persons underperform as well (Homack 
& Riccio, 2004; van Mourik, Oosterlaan, & Sergeant, 2005).  

Methylphenidate medication has been found to ameliorate ADHD symptoms 
(Greenhill, 2001) reduce distractibility and improve performance in various 
tests (Boonstra, Kooij, Oosterlaan, Sergeant, & Buitelaar, 2005; Potter & 
Newhouse, 2004; Scheres et al., 2003). In particular, the ability to inhibit 
seems to be improved, which is in line with MBA model in the sense that 
methylphenidate raises tonic dopamine levels. This in turn makes presynap-
tic autoreceptors down-regulate phasic dopamine release (i.e. increase the 
tonic/phasic ratio) that together reduces reactivity to distracting stimuli and 
thus improves performance. It is interesting that the incongruent Stroop test 
is not improved by methylphenidate medication (Scheres et al., 2003) but is 
helped by nicotine (Potter & Newhouse, 2004). Since the MBA framework 
suggests that nicotine promotes phasic dopamine release (Grace, 2000) and 
methylphenidate diminish phasic dopamine (Seeman & Madras, 1998), indi-
cates that inhibition and interference are mediated differently. In this context 
Stroop interference could be conceived as a high dopamine task since it de-
mands the maintenance of two simultaneous processes, the inhibition of a 
faster process – word reading, and the responding of a slower process – color 
naming. However, it is still an open research question as to whether stimu-
lant medication increases target stimulus saliency through boosted phasic 
dopamine release in accordance with Volkow and colleagues (Volkow et al., 
2004) that makes interfering stimuli less tempting compared to target. The 
alternative conclusion, made by the MBA model, suggests that increased 
tonic dopamine levels diminishes reactivity on irrelevant stimuli to the ex-
clusion of everything else in accordance with the Seeman and Madras (2002) 
hypothesis.  

Attention focusing stimulation 
A hypersensitivity to environmental stimulation in ADHD implicates that 
attention can be brought in two directions; either attention is removed from 
the task at hand as reviewed above, or stimulation may be a help to focus 
attention. This means that salient task-related stimuli evokes strong phasic 
dopamine responses in ADHD children that rules out irrelevant stimuli and 
focuses attention on the current task. Examples of focusing stimuli are mov-
ing, colored, or novel objects in complex environments, typically found in 
computer games.  

The most straightforward form of focusing stimulation is to experimentally 
manipulate the stimulus properties per se like color, size or movement. This 
kind of stimulation has been found beneficial in spelling tasks as long as the 
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stimulation was mapped to target and not to distractors i.e., attention-
removing (Zentall, 1986; Zentall & Dwyer, 1989; Zentall et al., 1985; Zen-
tall & Kruczek, 1988). Thus, relevant stimuli can be used to direct attention 
to target in visual scenes (Corbetta & Shulman, 2002) as long as they are 
used within test stimuli and do not interfere with target as in e.g. flanker tests 
(Stins, van Leeuwen, & de Geus, 2005). 

A more complex form of attention-focusing stimulation is provided in 
videogames where several crucial variables can be manipulated simultane-
ously such as: colors, movement, sounds, ISIs, feedback rate and working 
load. However, there are studies showing that ADHD children perform less 
well than control persons under low working load, and that this difference 
disappears as working load increases (Bunner, 1998; Lawrence et al., 2002). 
Furthermore, the resistance to distractors increased dramatically under high 
working load conditions (Farrace-Di Zinno et al., 2001). 

Stimulant medication has a positive effect in both high and low working load 
conditions, and yields a diminished error rate (Berman, Douglas, & Barr, 
1999). Medication also prolonged time-on-task in the high load condition 
(Berman et al., 1999). These findings are also corroborated by PET-studies 
where the signal-to-noise ratio in brain activity was diminished by methyl-
phenidate medication. Interestingly, the effect was larger in salient tasks as 
compared to neutral tasks (Volkow et al., 2001; Volkow et al., 2005).  

By way of conclusion, studies cited above support the idea that increasing 
working load can serve as a focusing stimulation and improve performance 
of persons with ADHD as they move from a low brain arousal state and ap-
proach a MBA state. This means that excessive load or stimulation is also 
detrimental since it leads to a high brain arousal state and thus lowers cogni-
tive performance. Reliable experimental predictions require that parameters 
influencing arousal have to be controlled to avoid inconsistent results. An 
illustration is a study where the effects of methylphenidate on go/nogo tasks 
was measured with fMRI (Vaidya et al., 1998). The number of key presses 
in the experiment was either stimulus-controlled or response-controlled that 
changed ISIs and, according to the MBA model, brain arousal. From this 
experiment it is difficult to differentiate whether brain activation changes 
where caused by medication or ISIs. This is also illustrated by working 
memory testing in ADHD children where inconsistent results have been 
found. No working memory impairments were found in two studies (Kerns, 
McInerney, & Wilde, 2001; Pennington & Ozonoff, 1996). Other studies 
have found working memory impairments (Karatekin & Asarnow, 1998; 
Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005) and a recent meta-
analysis found selective impairments in certain conditions (Martinussen et 
al., 2005). This illustrates the vulnerability of ADHD performance and sug-
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gests that this group is highly variable and a lack of appropriate control leads 
to equivocal results. The topic of variability will be addressed in the follow-
ing section. 

Increased variability in ADHD 
The increased variability in ADHD samples is well documented and is pre-
sent in most experimental studies. One prominent neuromodulatory correlate 
of variability is dopamine, reduced dopamine transmission increases vari-
ability. Increased variability is found both in elderly (Hultsch, MacDonald, 
& Dixon, 2002) and in children (Williams, Hultsch, Strauss, Hunter, & Tan-
nock, 2005). Dopamine transmission changes over a person’s life span and 
deteriorates with age (Erixon-Lindroth et al., 2005). Increased variability is 
strongly linked to frontal regions in the brain and is a more sensitive measure 
of cognitive dysfunctions as compared to group means (MacDonald, Nyberg, 
& Backman, 2006). It is rather surprising that very few studies have dealt 
with within participant variability in ADHD persons while, due to this, group 
means can be misleading. In a key-color matching experiment ADHD par-
ticipants had extremely large response variability compared to control per-
sons while group means just differed only slightly (Leth-Steensen, Elbaz, & 
Douglas, 2000). A similar increase in reaction time variability was found 
using the Erikson flanker test (Castellanos et al., 2005), where stimulant 
medication (mph) diminished this variability difference. This gives further 
credence to the connection between dopamine transmission and variability. 
Increased ADHD intra-individual variability was also seen in simple tasks 
such as in finger tapping (Toplak & Tannock, 2005) and time perception 
(Toplak, Rucklidge, Hetherington, John, & Tannock, 2003). 

One advantage of the MBA model is that it predicts a ADHD related vari-
ability because of the earlier mentioned hypersensitivity to stimulus changes. 
Stimuli-evoked phasic responses are, caused by low tonic levels, up-
regulated by autoreceptors, thus yielding a large impact on performance. 
This means that a small variability in stimuli is up-regulated to a large vari-
ability on performance level in ADHD. Furthermore, variability may be in-
troduced both through internally generated noise (thoughts, associations, etc) 
and through external stimuli (noise, ISI, novel stimuli, etc). 

Noise levels, ADHD benefit from noise 
The MBA model predicts that there is an improvement in cognitive perform-
ance in ADHD and low achieving persons in environments with moderate 
external noise levels. The basic assumption is that noise in the environment, 
through the perceptual system, introduces internal noise in the neural system. 
The SR phenomenon predicts that moderate noise is beneficial for cognitive 
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performance in all threshold-based systems, whereas it is detrimental when 
noise levels are lower or higher. Neurocomputational simulations made in 
connection with this thesis show that there is a right shift in the SR curve 
(Figure 3, p. 38) for low dopamine persons (ADHD, low achievers etc). This 
means that these persons require more noise to achieve high performance 
compared to control persons. It is proposed that this noise induced external 
background activity compensates for the reduced neural (internal) back-
ground activity in ADHD patients and in low achievers. Thus noise serves as 
an attention-focusing stimulation and produces a MBA state. Empirical evi-
dence for selective effects of noise on cognitive performance will be pre-
sented in the empirical studies (Study 2 and 3) later in this thesis. 
 
It is therefore proposed that the ambiguity in the earlier presented results of 
noise effects on cognition could be explained by taking cognitive perform-
ance and dopamine levels into account. Earlier studies of the effects of noise 
(e.g. Stansfeld et al., 2005) on cognitive performance have not addressed 
whether, or how, noise interacts with cognitive performance. The MBA 
model suggests, that the results in the noise experiments referred to above 
would look different if participants were divided into high and low perform-
ers. 

Conclusions 
Two major conclusions can be drawn from the MBA model. First, ADHD 
children are capable of performing on the same level as non-ADHD children 
as long as environmental conditions are well adjusted after the demands of 
the individual. This conclusion may be of interest in pedagogical settings. 
Second, the peak of the SR curve is narrower for ADHD persons compared 
to control persons. In other words, there is a thin region where environ-
mental stimuli yield a good performance. This means that the span in which 
ADHD children can operate successfully is very limited in comparison to 
non-ADHD children. 

 
The MBA-model suggests that participants should be split by performance 
level, or by dopamine levels in accordance with the theoretical view brought 
forward in the empirical studies. Thus, establishing the internal noise level 
could serve as tool to understand cognitive performance, not only in ADHD 
children, but also in different populations. 
 
Taken together, the literature review suggests that several conditions, includ-
ing noise level, type of noise, task context, and individual differences, have 
to be considered before making predictions of behavioral outcomes. As an 
example, beneficial noise levels may vary between groups depending on 
different internal dopamine levels. Dysfunctional modulation of neurotrans-
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mitters such as dopamine causes large intra individual variability in experi-
mental data from population groups such as aging, ADHD, Alzheimer’s, 
dementia, Parkinson, and schizophrenia (MacDonald et al., 2006).  

Empirical studies 
The two empirical studies presented below originate from two different ex-
periments. Study 2 compared a group of ADHD children and a control 
group; while Study 3 was undertaken on a group of normal schoolchildren.  

Methods for Studies 2 and 3 
Since the two studies were conducted using similar methods, the methods 
are presented here. As the thesis is oriented towards investigating perform-
ance for different signal and noise levels (mapping to different parts of the 
stochastic resonance curve), four different encoding conditions were used in 
all experiments. These were: external auditive noise vs. no noise; and high 
vs. low memory performance tasks. Low memory performance is associated 
with a high internal noise level whereas high memory performance is associ-
ated with a low internal noise level. The external auditive noise activates the 
internal neural noise, and the internal noise influences performance through 
the phenomenon of SR. 
 
The SPT-Paradigm. For low noise, or high recall performance, a Self Per-
formed Task was used. The Self Performed Task (SPT)-paradigm is known 
to help focus attention by means of enactment. SPT yields an efficient en-
coding condition that requires few conscious strategies and, the enactment 
per se helps focus attention thereby increasing memory performance (R. L. 
Cohen, 1981). Participants are presented with verbal commands, simple verb 
– noun sentences such as “roll the ball” or “break the match”. While these 
commands are presented, participants are asked to perform the action indi-
cated by each command. At the subsequent memory test, participants are 
instructed to remember as many of the verbal commands presented as possi-
ble. For high noise, or low recall performance a verbal task (VT) was used 
that includes the same type of verbal commands, and the same study time, as 
in the SPT-condition except that they are presented to the participant without 
any instructions to perform any actions. Results from experiments using this 
paradigm are very stable; and memory performance after enacted phrases 
(SPT) is consistently superior to the ones without enactment (VT). This is 
generally referred to as the SPT-effect (e.g. Nilsson, 2000).  
 
Materials. The to-be-remembered (TBR) items consisted of 96 sentences 
divided into 8 separate lists with 12 verb-noun sentences in each list. Each 
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sentence consisted of a unique verb and a unique noun (e.g., “roll the ball”). 
The sentences were placed in random order. All to-be-remembered sentences 
were recorded on a CD. In the no noise conditions the sentences were read in 
silence, and in the noise conditions they were read in the presence of white 
noise. In Study 1 (ADHD experiment) the equivalent continuous sound level 
of the white noise and the speech signal was 81 and 80 dB(A), respectively. 
Thus, the signal-to-noise ratio was -1 dB. In Study 2 the sound level of the 
white noise and the speech signal was 78 and 86 dB respectively, thus the 
signal-to-noise ratio was 8 dB. The two noise levels were set in accordance 
with earlier studies where an effect of SR on cognition (arithmetic) was ob-
tained for a normal population (Usher & Feingold, 2000) and on working 
memory for Alzheimer patients (Belleville, Rouleau, Van der Linden, & 
Collette, 2003). All recordings were made in a sound studio.  
 
Procedure. In both studies the participants were tested individually in a 
room. The test, including instructions, lasted for about 45 minutes. Before 
starting the experiment itself, two practice sentences were presented. Four 
conditions were tested; SPT, SPT + noise, VT and VT + noise. SPT / VT 
conditions occurred every second list, and noise or no-noise was used during 
every second SPT / VT encoding condition. The encoding conditions (SPT / 
VT, no noise / + noise) were counterbalanced across the participants so that 
each list was present in each condition an equal number of times. List-order 
(1-8) and condition-order (SPT/VT and no noise / + noise) were also coun-
terbalanced. All TBR items were recorded on a CD, and a new item was read 
every 9th second. The time taken to present each list was approximately 1 
min. 40 sec. The participants where screened off from that part of the table 
where all the objects used were placed. All SPT-items required one or two 
external objects; the objects were given to the subjects at the same time as 
presentation of the commands, and were then hidden after the actions had 
been performed. Directly after presentation of the last item, the subjects per-
formed a free recall test in which they spoke out loud as many sentences as 
possible, in any order. Recall time was measured, and the maximum allowed 
time was 2 minutes.  
 
Participants in Study 2: Forty-two children of ages 9.4 – 13.7 years (M= 
11.2 yrs), participated in the study. The ADHD group consisted of 21 boys, 
and no girls. This group was diagnosed by pediatricians (in Hospitals or 
local neuro-teams) according to the guidelines of DSM IV (APA, 1994). 
Fifteen of the children were diagnosed as ADHD-combined type (ADHD-
C), and six as predominantly inattentive (ADHD-I). Diagnoses had been 
given between 1-4 years prior to the experiment, and the children where 6 – 
11 years at the time of the diagnose (M= 8.1 yrs). An interview based on 
Conner’s rating scale of the children’s teachers confirmed, in all cases, the 
diagnostic distinction between ADHD-C and ADHD-I at the time of the 
experiment. Although most of the participants (14) did not use medication, a 
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smaller group (7) of the ADHD children used methylphenidate at the time of 
the experiment, supplied for one month or longer. Six of the medicated chil-
dren were in the ADHD-C group; only one child in the ADHD-I group was 
given medication. 
 
The control group, also consisting of 21 children, was matched to the ADHD 
group on the basis of four inclusion criteria; district (control children were 
chosen from the same area as the experimental group), gender (boys), age 
(months), and school performance (teacher ratings). Teachers made a judg-
ment of school performance on three levels; average, above average and 
below average, based on what is expected for the age according to the cur-
riculum. Teachers’ school performance ratings corresponded well with the 
earlier WISC scores obtained at the time of the ADHD diagnosis. IQs below 
80 were excluded. Teacher interviews confirmed that all control children 
were well within the normal range on the Conner rating scale and with intel-
ligence within a normal range. 
 
Participants in Study 3: Sixty-nine secondary school pupils in Sogndal, 
Norway, between 10 – 12 years of age participated in the study. The children 
were prescreened on motor competence using the Movement ABC test 
(Henderson & Sudgen, 1992). This test was designed to identify children 
with motor co-ordination problems. The participant group was selected from 
the children (12 boys, 4 girls) with the 16 highest scores (motor problem 
group), and the 16 children with the lowest scores (motor skilled group). No 
interactions between motor skills, cognitive performance and noise were 
found in this experiment. No further investigations of this selected group 
were made. 
 
The 32 participants (age: M= 11.5 yrs, SD= 0.8) were divided into groups on 
the basis of an assessment of achievements or scholastic skills by their 
teachers for abilities concerning general school performance in three levels, 
as in Study 2. Furthermore, restlessness (i.e. hyperactive or calm), reading 
skills (high or low), and concentration (high or low) were assessed on scales 
consisting of seven grades. No diagnosed dyslectics were found among the 
participants. School performance was merged into two groups (below aver-
age /average and above average achievers), while the below average group 
only consisted of only four participants. 
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Study 2. Listen to the noise: noise is beneficial for 
cognitive performance in ADHD 
Background and aim 
As pointed out earlier, noise is typically conceived as being detrimental for 
cognitive performance, since the distractors remove attention from the target 
task and impair cognitive performance. Through the years the bulk of ex-
perimental evidence supports this discovery, and this finding has been dem-
onstrated to hold across a vide variety of target tasks, distractors, and par-
ticipant populations. Consistent with this, ADHD children are regarded as 
more vulnerable to distraction compared with other children, a notion sup-
ported by several studies (Corbett & Stanczak, 1999; Geffner et al., 1996; 
Higginbotham & Bartling, 1993). However, given the mechanism of sto-
chastic resonance, a certain amount of noise can benefit performance. Study 
2 investigates cognitive performance in noisy environments in relation to a 
neuro-computational model of ADHD and dopamine, namely the MBA 
model. Via the perceptual system, noise in the surrounding environment 
introduces internal noise into the neural system. It is proposed that this noise 
compensates for the reduced neural background activity in ADHD and the 
hypofunctional dopamine system (Solanto, 2002). The MBA-model predicts 
that noise enhances memory performance for ADHD children and attenuates 
performance for control children. This Study also argues for a link between 
the effects of noise, dopamine regulation, and cognitive performance. 
 
Supported by the two earlier studies (Abikoff et al., 1996; Gerjets et al., 
2002) that showed a positive effect on arithmetic task performance when 
ADHD children were exposed to rock music, it was concluded that under 
certain circumstances participants could benefit from noise and other task-
irrelevant sounds presented concurrently with the target task. The studies 
referred did not, however, provide a satisfactory theoretical account for why 
noise was beneficial for performance. The ambition with the present study is 
to provoke the same conclusions made by these earlier studies regarding the 
general positive effect caused by favorite music using instead auditory white 
noise. The present study rejects the general appeal hypothesis and proposes 
that the phenomenon known as stochastic resonance can be used to account 
for noise-induced improvements in cognitive performance. 
 
Hypothesis. The MBA model predicts that cognitive performance in ADHD 
children benefits from noisy environments because the dopamine system 
modulates the SR phenomenon. It suggests that the stochastic resonance 
curve displays a right shift in ADHD children due to lower gain or lower 
dopamine. The MBA model predicts that for a given cognitive task ADHD 
children require more external noise or stimulation, in order to reach optimal 
(i.e. moderate) brain arousal level compared to control children. However, in 
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the high noise condition (VT task) performance will be near the peak for 
ADHD children whereas control children will operate on that part of the SR 
curve where there is too much noise for optimal performance (Figure 7). 
This means that noise will attenuate performance for control children but not 
for ADHD children. In the low noise condition (SPT task) ADHD children 
will operate on that part of the SR curve where noise is beneficial for per-
formance, whereas control children operate near the peak. In other words, in 
the SPT condition noise will increase performance for ADHD children but 
not for control children. Each participant is exposed to four conditions: white 
auditory noise and a control condition without noise during both SPT and 
VT encoding. 
 

 
 
Figure 7. ADHD needs more noise (x-axis) for optimal performance (y-axis) com-
pared to control 
 
Note. SPT has a higher SNR ratio (left side of the figure) compared with VT (right 
side) 

 
Design. Study 2 comprised a 2 x 2 x 2 design, where the types of encoding 
(i.e. subject performed task vs. verbal task) and noise (no noise versus 
noise), were the within-subject manipulations, and the between group vari-
able, was ADHD versus Control. 

Results 
As predicted, data showed a significant interaction between groups and 
noise. That is to say, ADHD children performed better in noisy environ-
ments whereas control children performed worse when exposed to noise (see 
Figure 8). 
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Apart from the selective noise-effect, there was only one main effect of the 
encoding condition. SPT encoding outperformed VT encoding in line with 
earlier results in which the SPT-effect was confirmed. Interestingly, the posi-
tive noise effect was also present in the medicated group. And contrary to 
predictions, there was no three-way interaction between group, noise, and 
encoding. However, paired samples t-test showed that the noise-enhanced 
performance was larger in the SPT- condition than in the VT- condition for 
the ADHD group, and that the deterioration for control children was at 
greatest in the VT condition (Table 2). 

Figure 8. Percentage correct answers in free recall as a function of noise and group 
(collapsed over SPT and VT  conditions)  

 

Table 2. Proportion of items correctly recalled across encoding conditions and 
groups (SPT – VT, Noise – No Noise, ADHD – Control, Medicated – Non Medi-
cated) 
  Type of encoding 

Group N   SPT (SD)     SPT+noise (SD) VT (SD) VT+noise 

ADHD 21   .47 (.12) .52  (.12) ** .40  (.12) .41  (.10) 
ADHD non med 14   .47 (.11) .50  (.11) * .40  (.15) .42  (.11) 
ADHD med   7   .49 (.13) .55  (.13) .39  (.06) .39  (.06) 
 
Control 21   .52 (.14) .50  (.13) .42  (.14) .35  (.13) ** 
     
 Note. ** p = 0.01 (one-tailed), * p = 0.07 (one-tailed) 
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Discussion and conclusions 
The predictions from the MBA-model were confirmed, there was a positive 
effect from white noise on performance amongst ADHD children. This sup-
ports, as suggested by the MBA-model, that the endogenous (neural) noise 
level in children with ADHD is sub-optimal. MBA accounts for the noise-
enhancing phenomena by stochastic resonance (SR). Thus, this thesis sug-
gests that earlier ADHD models that refer to state factors, should include SR 
as an explanatory framework of (irrelevant) noise effects on cognition. The 
MBA model suggests that external noise in the surrounding environment, 
through the perceptual system. This activates internal noise in the neural 
system that provides, through the SR phenomenon, an output measured by 
cognitive performance. However, the most important prediction made by the 
MBA model is the proposal that the peak of the SR curve depends on the 
dopamine level. This means that participants with low dopamine levels (as in 
ADHD children) require more noise for optimal cognitive performance 
compared to control (Figure 7). 

 
There is further evidence, both pharmacological and genetic, that shows that 
the relationship between dopamine transmission and cognitive performance, 
consistent with the MBA model, depicts an inverted U-curve (Bäckman et 
al., 2006). In a non-clinical group, interesting interactions were found be-
tween the COMT gene (Val-Met polymorphism), stimulant medication (am-
phetamine), and workload. For low dopamine participants (COMT, Val/Val) 
amphetamine improved performance in all workload conditions (1, 2, 3 back 
test), whereas high dopamine participants (COMT Met/Met) showed no ef-
fect in low or medium workload conditions (1, 2 back) and impaired per-
formance in high workload conditions (Mattay et al., 2003). These differ-
ences were also corroborated by changes in fMRI activation patterns in PFC. 
In addition, children genotyped for Met/Met allele were superior in working 
memory performance and inhibition compared to the Val/Val homozygote 
(Diamond, Briand, Fossella, & Gehlbach, 2004). 

 
Study 2 display limitations that call for further investigation. In some aspect 
this study raises more questions than it answers. For example, the study only 
investigated two noise levels, and two encoding conditions. It would there-
fore be interesting to include additional noise levels so that the entire sto-
chastic resonance curve can be mapped out. Future studies could also meas-
ure individual dopamine levels, and study how these levels correlate to 
symptom severity, intellectual capacity, and the required noise level. 
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Study 3. Noise is Not a Nuisance: noise improves 
cognitive performance in low achieving school children 

Background and aim 
The purpose of this study was to examine the effects of external auditive 
white noise on performance in two episodic recall tasks in a normal popula-
tion. In order to elaborate on auditive white noise effects on cognition, the 
intention with this study were to investigate whether exposing normal 
schoolchildren to white noise during the encoding phase would exert a selec-
tive positive effect on memory performance for low achieving schoolchil-
dren, a feature it is argued can be seen in low dopamine children. Simultane-
ously, it is proposed that the opposite pattern is valid for high achieving 
children, i.e. high dopamine children. Cognitive performance was measured 
in two episodic recall tasks, as in Study 2. 
 
The theoretical framework in this thesis, the Moderate Brain Arousal model, 
argues for a link between the positive effects of noise, dopamine regulation, 
and cognitive performance. A mal-functioning dopamine system is implied 
to cause impairments in cognitive performance. Consistent with neurocom-
putational modeling in aging (Li, von Oertzen, & Lindenberger, 2006) and in 
ADHD children (Sikström & Söderlund, in press), this study suggest that 
low dopamine levels are associated with a syndrome of lower cognitive per-
formance that can partially be restored through the addition of external 
noise. This proposal is supported by data showing that low achieving chil-
dren improve performance in episodic memory tests during exposure to 
auditive noise, whereas high-achieving children decline in the same condi-
tion. This study also argues, as does Study 2, that increased levels of external 
auditive noise can activate internal noise leading to a selective improvement 
of cognitive performance through the phenomenon of stochastic resonance. 
Noise, as stated in the noise section earlier in this thesis can, under certain 
circumstances, be beneficial for cognitive performance as long as it is not of 
attention-removing, but rather attention-focusing character (Sikström & 
Söderlund, in press).  
 
High dopamine levels are evidently associated with high performance and 
low levels with poor performance in various cognitive tasks (Bäckman et al., 
2006). In particular, this can be seen in aging (Erixon-Lindroth et al., 2005). 
Low dopamine in the prefrontal cortex is a central neurobiological substrate 
of the cognitive and behavioral deficits associated with the ADHD condition 
(Arnsten & Li, 2005; Sagvolden et al., 2005). However, excessive dopamine 
also attenuates working memory performance and inhibitory control 
(Goldman-Rakic et al., 2000). 
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Low dopamine levels have also been connected to variability in perform-
ance. Fast within-person changes in behavioral performance, intra-individual 
variability, and changes over a person’s life span depict an U-shaped func-
tion, where children and elderly show a large variability compared to adult-
hood (Williams et al., 2005). This increased intra-individual variability is 
significant in clinical groups with a mal-functioning dopamine system such 
as: demented, head injured, ADHD-, Parkinson-, and schizophrenic patients 
(Bunce, MacDonald, & Hultsch, 2004; Castellanos et al., 2005; Goldman-
Rakic, Castner, Svensson, Siever, & Williams, 2004; MacDonald et al., 
2006). 
 
Hypothesis. In Study 3 the MBA model investigates the interaction between 
stochastic resonance, noise, and high/low cognitive performers. A link is 
suggested between the level of cognitive performance, the efficiency of do-
pamine transmission, and noise. To investigate this proposal, children with 
high and low cognitive achievements in noisy and silent environments were 
asked to perform an episodic memory test. To study whether subsequent 
findings are replicable across study conditions, SPT and VT encoding was 
used. The MBA model predicts that for a given cognitive task, low-
performing children require more external noise or stimulation, compared to 
high-performing children, in order to reach optimal (i.e. moderate) brain 
arousal level. Cognitive achievements were measured by means of school 
performance, reading skills, motor activity (during lectures), and concentra-
tion as assessed by teachers’ judgments, visuo-spatial working, memory 
tests, and inhibition in a Stroop test (Stroop, 1935). According to this frame-
work low achievers (low dopamine) will benefit from noise whereas high 
achievers (high dopamine) will not. In other words, the SR curve displays a 
right shift for low-achievers compared to high achievers, and low achievers 
need more noise to reach optimal performance through SR (see Figure 7). 
Furthermore increased variability in episodic memory, and in measurements 
of cognitive achievement, will be found in low-achievers as compared to 
high-achievers. 
 
Design. The design of the study was the same as used in Study 2, namely a 2 
x 2 x 2, where the type of encoding (no noise vs. noise) and (subject per-
formed task vs. verbal task) were the within-subject’s manipulation. The 
between group variable was school performance (below average /average vs. 
above average). 

Results 
Consistent with the model hypothesis, noise enhanced performance for the 
below /average group (M = .36 vs. .40) and impaired performance for the 
above group (M = .46 vs. .42), see Figure 9. There was a significant overall 
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difference between groups in performance where above-group outperformed 
below/average group (M = .44 vs. .38, F(4.8), p = 0.036). Note that the dif-
ference in performance between the below/average- and the above groups in 
silent conditions where eliminated in the noise condition. Independent sam-
ple t-tests revealed that this was valid over encoding conditions (SPT and 
VT). In the SPT condition the above group outperformed the below/average 
group but not in SPT-noise condition. A significant difference between 
groups in the VT condition was eliminated in VT-noise condition. 
 
In this study there was no three-way interaction between encoding (SPT vs. 
VT), noise, and group. Noise-induced changes in cognitive performance 
were in the same direction as for SPT and VT encoding. However, when a 
paired samples t-test was conducted to test the SNR within tasks, the noise 
increment was only present in the SPT condition (trend, p= .069) for the 
below/average group. Likewise the noise impairment for the above group 
was only present in the SPT condition (p= .049). Noise induced changes in 
the VT condition were in the same direction as SPTs but not significant. 

 
The cognitive behavioral tests revealed significantly higher performance for 
the above group compared to the average/below group in the following as-
sessments: Stroop congruent color naming, reading skill, concentration, and 
motor activity. The following tests did not differentiate between the groups: 
visuo-spatial working memory test, Stroop color-reading, incongruent color-
naming, and motor skills.  
 
Variability in cognitive tests was predicted to be larger for low-achievers as 
compared to high-achievers. However, an aggregate measure of the variance 
in all SPT and VT lists, and an aggregate of the three Stroop conditions, 
revealed no differences in variance between groups when t-tested.  
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Figure 9. Percentage correct answers in free recall as a function of noise and school-
performance (below/average vs. above) 

Discussion and conclusions 

The most intriguing result from Study 3 is that it was possible to replicate 
the findings from Study 2 on a non-clinical group, and to show that there is a 
selective effect of white noise on cognitive performance even in a normal 
population. The below/average group improved their performance while the 
cognitive performance of the above group deteriorated when exposed to 
white noise during encoding. This selective effect of noise on performance 
gives confirmatory evidence to the hypothesized link between dopamine 
level, noise, and cognitive performance, the main proposal of this Thesis. 
Interestingly, the effects of noise eliminated the group differences in cogni-
tive performance, and during noise exposure groups performed at the same 
level. The prediction that the below/average group would have a higher vari-
ability was however not confirmed. This prediction is consistent with the 
idea that this group has lower dopamine levels than the high achievers. Apart 
from this, these results corroborate neurocomputational modeling in the 
MBA model. 

The fact that there was no three-way interaction between encoding mode, 
noise and group indicated that noise-induced changes where in the same 
direction as for SPTs and VTs. However, when testing within task predic-
tions, results showed that the overall noise-induced changes were larger in 
the low noise (SPT) condition as compared to high noise (VT) condition. 
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The larger noise improvement in the SPT condition is consistent with earlier 
findings in ADHD studies (Söderlund, Sikström, & Smart, in press). The 
negative effect of noise on the control group in Söderlund et al.’s (in press) 
experiment was, in contrast to the present experiment, larger in the VT con-
dition. This calls for the necessity to map out the entire SR-curve using more 
noise levels (at least five) and to study how noise levels interacts with encod-
ing mode and individual dopamine level as measured by symptom severity 
in ADHD children or cognitive performance in non-clinical groups.   

The prediction regarding variance was not fulfilled; there was no difference 
in variance between groups; even if the absolute values were in the postu-
lated direction (larger variance for low achievers). A possible explanation to 
the lack of significance is that the design, used in present experiments, was 
not sensitive enough to capture differences in variance. Increasing power by 
adding participants or extending the test in order to gain more measuring 
points would probably take care of this. A further suggestion is to make 
group differences larger. Teachers’ judgment in three levels might be con-
sidered a rather rough measure of cognitive ability, and the link between this 
measure and the dopamine level needs to be strengthened, for example by a 
direct measure of dopamine. This could be done by a more thorough estima-
tion of baseline performance and exclusion of average participants. To do 
this differentiation properly, participants would need to fulfill a complete, or 
at least a mini WISC-test. These limitations suggest that cautiousness should 
be shown so as to avoid drawing too strong conclusions. As indicated by the 
classification into clumsy, non-clumsy participants, this experiment was not 
assigned primarily for this purpose. These problems will be taken care of in 
a follow-up experiment. 
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General discussion 

This general discussion summaries the main findings and conclusions of this 
thesis. Furthermore, methodological issues and limitations of the three stud-
ies are also discussed. Finally, directions for future studies are outlined. 

Main findings of the empirical studies 
Results from the two empirical studies support the predictions of the MBA 
model. Auditory noise affected performance selectively. Groups distin-
guished by low dopamine levels improved their performance, whereas high 
dopamine persons did not. It is suggested that these findings can be ex-
plained by the phenomenon of stochastic resonance (SR). In addition, SR is 
modulated by dopamine so that persons with low dopamine levels benefit 
more from noise than control persons. 

The major finding from Study 2 (Listen to the noise) was a positive effect of 
white auditory noise on performance for ADHD children but not for control 
children. Interestingly, the noise effect was stable over ADHD sub-groups, 
in medication, and in the encoding mode. The noise effect was therefore 
present in both ADHD-C and ADHD-I groups, and in medicated children. 
With one exception the medicated children belonged to the ADHD-C group. 
Thesis conclusions are based on the largest group ADHD-C children, 
whereas the other sub-groups were too small to examine thoroughly. How-
ever, when looking at nominal values of noise effects it seems that a dose-
response effect is present, even if this effect did not reach significance lev-
els. These trends suggest that the more symptoms that are present (in 
ADHD-C and medicated groups), the larger the effect from noise. While this 
question was not addressed in Study 1, a conclusion in this direction never-
theless is in accordance with the MBA model. Thus this conclusion really 
calls for further investigation in future research.  

In Study 3 (Noise is not a nuisance), the MBA model is extended outside of 
clinical groups. The major finding was that positive noise effects are present 
in low school-performers but cause detrimental effects in high school per-
formers; where it is argued that there is a link between school performance 
and dopamine. The strength of this link can be discussed, but an extensive 
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review of the literature supports this linkage between cognitive performance 
in various tests and dopamine transmission (e.g. Bäckman et al., 2006). The 
MBA-model suggests that the positive effects of noise will be more pro-
nounced when the dopamine level is low, since external noise is presented to 
persons with low endogenous noise level. Internal and external noise will 
thus interact and improve these individuals’ performance. In surroundings 
which give rise to high levels of dopamine (i.e. stimulating environments), 
external noise will cause excessive stimulation and therefore deterioration in 
performance.  

Study 1 (Stimulus dependent dopamine release in ADHD) presents a theo-
retical framework that accounts for noise and other phenomena; for example, 
inter-stimulus-intervals (Sonuga-Barke, 2002a), and the role of the ratio 
between tonic and phasic dopamine in cognition. Study 1 discusses, in an 
extensive literature review, a vast amount of empirical findings from ADHD 
persons to see whether they confirm or falsify conclusions made in the 
MBA-model. The MBA model explains to a large extent earlier findings, 
and inconsistencies, on cognition in individuals diagnosed as having ADHD. 

Methodological issues 
The need for replication  
Beyond an extensive review of the available literature, the empirical founda-
tion of this thesis is based on two experiments. It is therefore essential to be 
able to replicate findings from the present studies while several of the find-
ings in thesis are of a novel character. 

 
Further testing of sub-groups would also be of great value, while symptoms 
and developmental courses indicate that the present ADHD diagnosis con-
sists of two separate disorders, probably with separate etiology. The pre-
dominantly inattentive type of ADHD, without impulsiveness and hyperac-
tivity (ADHD-I), and the hyperactive/impulsive type (ADHD-C), both have 
problems to sustain attention (Diamond, 2005; Sagvolden et al., 2005). 
ADHD-I is accompanied with slow reaction times, poor working memory, 
an inability to sustain attention, forgetfulness, and a tendency to be easily 
pulled off course (Diamond, 2005). Whereas children with ADHD-C are 
frenetic and hyperactive, children with ADHD-I are exactly the opposite, 
being hypoactive, sluggish, and very slow to respond (Diamond, 2005). At-
tention problems amongst ADHD-I children look different. These children 
seem to have deficient sensory processes and poor attention-focusing abili-
ties that lead to learning problems. ADHD-C children on the other hand do 
not have attention problems in the same sense, their problems being more 
related to distractibility and reduced persistence (Sagvolden et al., 2005). 
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Although there was a measurable effect from noise in both ADHD-I and 
ADHD-C groups, no conclusions regarding ADHD sub-groups could be 
made due to the small number of participants. It would therefore be of great 
interest to follow up the recorded differences in the SR curve between 
ADHD-I and ADHD-C subtypes. As indicated by Grace (2001), dopamine 
and the effects of methylphenidate may be mediated differently in inattentive 
as compared to hyperactive or combined subtypes. Although dopamine defi-
ciencies distinguish both groups, it is suggested that the relationship between 
tonic and phasic dopamine might differ. Probable evidence for this proposal 
is that both ADHD-I and ADHD-C differentiate in the primacy effect 
(Söderlund, Sikström, & Loftesnes, in progress) (see the section other patient 
groups, below). 

The need for refinement of the studies 
While not significant, trends indicate support for the notion that there is a 
correlation between symptom severity and noise levels. Medicated partici-
pants responded stronger to external auditive noise than non-medicated per-
sons. Furthermore, ADHD-C participants responded stronger to noise com-
pared to the inattentive (ADHD-I) sub-type, where six of the seven medi-
cated participants were combined sub-types. Thus, the greater the severity of 
ADHD symptoms (i.e. combined, medicated), the greater the effect of noise, 
and presumably the more noise that is required to obtain an SR effect. Medi-
cation and diagnose sub-typing are confounding factors, and it would be 
interesting to look further for possible interactions between noise, symptom 
severity, and medication during noise exposure.  

The interplay between top-down and bottom-up processes, is described in a 
metaphoric manner, as “hot” and “cool” executive functions by Castellanos 
et al. (2006). The cool (top-down driven) part refers to dorsolateral prefron-
tal cortex and the hot (bottom-up driven) part, involves mesolimbic struc-
tures affecting orbital and medial prefrontal cortex (Castellanos et al., 2006). 
In relation to the MBA model, it is argued that a moderate noise may tune 
both the hot (affective), and the cool (cognitive) pathway. In this context 
white noise and inter-stimulus-intervals (ISI) could serve as modulators of 
arousal and attention (i.e. attention-focusing stimulation). ISIs of intermedi-
ate length, or noise of intermediate strength, yields an optimal arousal state 
so that ADHD persons perform at the same cognitive levels as normal con-
trols (e.g. Sonuga-Barke, 2002a). This framework makes it interesting to 
manipulate ISIs in executive function experiments to test whether there is an 
intermediate interval where ADHD-children perform in parity with control 
children. Furthermore, it would be of great interest to see whether the cool 
system could influence the stimulus-driven hot system by manipulating re-
ward-saliency and/or reward frequency. The MBA-model would predict that 
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ADHD-children can perform as well as control children under MBA condi-
tions, and otherwise ADHD-children are suggested to possess reward circuit 
abnormalities (Sonuga-Barke, 2005), or shortened reward delay gradients 
(Sagvolden et al., 2005; Scheres et al., 2006). 

Gender differences is an important topic that is not addressed in this thesis. 
When looking at gender differences in neuropsychological functioning, more 
similarities can be found than differences (Seidman et al., 2005). Girls are 
impaired to the same extent as boys in e.g.: Stroop performance, Wisconsin 
card sorting test, and continuous performance test (Seidman et al., 2006). 
However, there are differences in symptom types between groups, with fe-
males showing higher rates of the inattentive sub-type, and males displaying 
higher extent hyperactive and conduct disorders (Levy, Hay, Bennett, & 
McStephen, 2005). Despite these differences, ADHD-C is the most prevalent 
diagnose type for both sexes (Levy et al., 2005). Stimulant medication ap-
pears to have similar effects on both sexes (Seidman et al., 2006). However, 
it is not yet known whether noise will affect males and females differently. If 
the noise effect, through the SR phenomenon, is mediated by dopamine, 
there are reasons to believe that no differences will be found between sexes 
as far as noise is concerned. 

Study 3, based on school achievement and noise should also be replicated. In 
particular, the test groups should be selected so that the difference in per-
formance level is maximized. Furthermore, a WISC-test should be used to 
estimate achievement levels, which would complement teachers’ judgments. 
Although this study consisted of both boys and girls, the number of partici-
pants was too small for further sub-groping, and hence made it inappropriate 
to draw any firm conclusions regarding possible gender differences. Earlier 
experiments with noise-distractors, indicates that the sexes responds differ-
ently (Boman, 2004; Holding & Baker, 1987), yet in this experiment cogni-
tive performance was not taken into account. 

The need for neurophysiological measures 
None of the studies in this thesis provides physiological measures either of 
neural activity in general or of dopamine transmission in particular. Such 
measurements require additional equipment and financial resources. An in-
teresting technique would be to use PET scans to trace dopamine levels dur-
ing exposure to white noise (auditory, or visual). The prediction from this 
thesis is that noise would mimic the effect of methylphenidate. An fMRI 
experiment would also be of great interest, but the machine is noisy which 
makes it difficult to use when conducting auditory noise experiments. In-
stead visual white noise (see the cover) could be used, as the effects on the 
visual domain is known to be larger, as compared to auditory noise 
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(Simonotto et al., 1999). A subsequent experiment using ERP technique 
(Söderlund, Smart & Sikström, in progress) has already been designed and 
started. Preliminary results confirm predictions from the MBA model; 
ADHD participants required more noise in a simple signal detection task to 
detect a sub-threshold signal compared to control persons. Furthermore, 
increased performance was found in visuo-spatial working memory tests 
both for ADHD and control children. ERPs showed that noise reduced am-
plitude and latency of the P3 component in both groups, in particular the 
ADHD group. These findings are the first to demonstrate cross-modality SR-
type effects in working memory in children with and without ADHD. 

Mapping out the entire SR curve 
Noise levels 
In none of the empirical studies there were any three-way interactions be-
tween noise, encoding condition and group. However, directed hypotheses 
(independent or paired samples t-tests) revealed that there were differences 
in noise effects between SPT and VT tasks. This calls for the necessity of 
mapping out the entire SR curve using several noise levels. It may be that the 
low noise condition (SPT task) requires more noise to obtain an SR effect 
compared with the high noise condition (VT task). Of particular interest is 
how much noise is generated from the cognitive task itself; here this noise 
labeled as the within-task noise. Intuitively, it could be thought that the high 
memory performance/low noise condition (SPT) would be more resistant to 
external auditive noise as compared to the high noise condition (VT). As a 
very speculative suggestion, the phenomenon of neural coherence (during 
attentional processing) could be related to stochastic resonance. Neural co-
herence, or phase locking, is the phenomena when groups of neurons tend to 
synchronize their activity or oscillate. This synchronization seems to be dy-
namically modulated during cognitive processes (Womelsdorf & Fries, 
2007). Activated neuronal groups undergo rhythmic excitability fluctuations 
that produce temporal windows for communication, and this coherence may 
be facilitated by the SR phenomenon (Ward, Doesburg, Kitajo, MacLean, & 
Roggeveen, 2006). In SPTs, as compared to VTs, increased numbers of neu-
ron groups are activated by the motor activity. This could in turn, again as a 
speculative suggestion, enhance the oscillations and thereby cause an in-
creased impact on cognitive performance. Several neurotransmitters deter-
mine the efficiency of this neural communication: acetylcholine determines 
the general level of neural activity (internal noise), and dopamine possesses 
a modulating and focusing property. Neural coherence could provide a tag 
that binds the neurons that represent the same perceptual object together, 
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thereby linking neurons into assemblies and enlarging the representation. 
This is known as the binding-by-synchronization hypothesis (Fries, 2005). 

Noise in non-clinical groups 
Research has shown the enhancing effects of auditory (white) noise on non-
clinical groups (90 dB) on simpler, short-term memory tasks like anagrams, 
whereas speech noise was detrimental (Baker & Holding, 1993). These noise 
effects also interacted with other variables such as gender and time of the 
day (Holding & Baker, 1987), which makes these results equivocal. Hence, 
no firm conclusions where drawn from these experiments. In simple addition 
tasks, white noise (80 dB) was found to improve performance in both elderly 
and younger participants, as compared to a no-noise condition (D. W. 
Harrison & Kelly, 1989). More recent experiments using white noise found 
no effect on cognition in digit-span recall in compared with irrelevant 
speech, which attenuated performance (Belleville et al., 2003; Rouleau & 
Belleville, 1996). In the Belleville et al’s (2003) experiment using white 
noise (75 dB) a small, but insignificant, increment was seen among older and 
Alzheimer patients as compared with young participants. Furthermore, extra 
noise required in old age to induce SR was modeled by Li and colleagues 
(2006). Consistent with the SR framework, detrimental effects of noise have 
been found at excessive noise levels, where cognitive performance deterio-
rated at noise levels around 100 dB (e.g. Broadbent, 1951, 1953; Broadbent, 
1954). Later experiments by Broadbent and colleagues have found more 
ambiguous results regarding noise levels. Exposure to moderate noise levels 
between 80-85 dB during the encoding phase showed no effects on percent-
age recall in a word recall task (Smith, Jones, & Broadbent, 1981). The same 
noise levels were, however, detrimental when exposed during the recall 
phase (Smith & Broadbent, 1982). 
 
In experiments where ecologically relevant noise was studied, effects on 
episodic and semantic memory showed that road traffic noise (62 dB fol-
lowed by 78 dB sequences) and meaningful irrelevant speech was detrimen-
tal for memory performance. Episodic memory was found particularly vul-
nerable to noise, and irrelevant speech was most detrimental for memory 
performance. Under some conditions road traffic noise did not interfere with 
memory recall at all (Boman, Enmarker, & Hygge, 2005). Young (19-36 yrs) 
and older 49-53) skilled miniature golf players were exposed to speech noise 
(radio broadcasting) and traffic noise during a game. Traffic noise affected 
neither group (in any direction), but speech noise increased the number of 
shots for the elderly group (Molander & Bäckman, 1990). 

Earlier research studying the effects of noise on cognitive performance have 
not addressed selective noise-effects and how noise interacts with high and 
low cognitive performers. Results from Study 3 suggest that the effects of 
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external noise in many referred experiments would look different if partici-
pant data were divided into high and low performers (i.e. high/low dopa-
mine). Selective effects of noise can easily get hidden in group means if 
some participants improve and others are impaired. An illustration of this is 
the findings from a large population study by Stansfeld and colleagues 
(2005) where environmental stressors was studied. Exposure to external 
aircraft- and road traffic noise on children showed that aircraft noise caused 
impairments whereas road traffic noise exposure was associated with an 
increase in episodic memory performance for the entire group. Stansfeld et 
al. (2005) viewed these findings as highly surprising and proposed that they 
were due to a confounding artifact. Moreover, and highly interesting, is that 
Stansfeld found significant interactions between improvement from noise 
and socio-demographic status and crowded housing. The positive effects of 
noise were larger for children from crowded households and low socio-
economic status, where population samples were generally low-achievers are 
over-represented. This noise-improvement effect could instead be explained 
by school achievement levels or, in accordance with the MBA model, a low 
dopamine level.  
 
After reviewing various experiments where auditory noise or distractors 
have been used, only one distinct conclusion can be made. Noise is not al-
ways detrimental for cognitive performance; the noise effect can also be 
positive. The research question is; what makes the difference? Three major 
conditions that address this question have been discussed in this thesis and 
the following conclusions are drawn: First, the external noise stimuli should 
not be attention-removing, i.e. not salient noise with a sudden onset, as this 
removes attention from the target task. In order to be attention-focusing and 
mapped to the task at hand, the noise has to be continuous and probably at a 
certain dB level. This distinction has been elucidated in Study 1 in two para-
graphs a) attention-removing stimulation, and b) attention-focusing stimula-
tion. Second, noise properties seem to exert different effects on cognition; of 
particular importance are: noise levels in dB, and the character of noise such 
as music, white noise, fan noise, and noise at different frequencies (Hz). 
However, in this thesis these variables are only discussed and not systemati-
cally manipulated, a task that remains to be done in future research. Third, 
individual internal noise levels are determined by dopamine transmission. 
Some empirical evidence is given that effects of noise are selective in the 
sense that low dopamine groups (e.g. ADHD children and the elderly) bene-
fit from noise, whereas noise impairs cognition in high dopamine persons. A 
general aim in this thesis has been to try and establish a link between noise, 
dopamine, and cognitive performance. As the observant reader now may 
perceive, noise is not always a nuisance and a lot of work remain to be done 
in noise research. 
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Clinical implications of MBA model 

Treatment of ADHD 
When approaching the problem of ADHD it is necessary to consider whether 
this syndrome is a discrete category or the extreme end of a dimension that 
falls along a continuum with normal children. For a non-ADHD person, it is 
easy to recognize oneself in some of the DSM IV criteria for ADHD. Any 
person sometimes fails to inhibit an inappropriate action, fails to remain 
focused on a particular task, and jump between different actions without 
getting anything done. Either too much (i.e. stress) or too little (i.e. brain 
wash / stimulus deprivation) environmental stimulation makes us all fit into 
most of the DSM IV ADHD symptoms. The difference between a normal 
person and a ADHD sufferer is that in ADHD there are so many more situa-
tions where the environmental conditions are inappropriate, and the span 
where the brain arousal is moderate is extremely narrow. High demands are 
then put on the environment in order to get a person diagnosed as having 
ADHD to function properly. In some cases a diagnosis of ADHD can be 
helpful, since treatment is available. ADHD treatments may differ with indi-
viduals. If the severity of symptoms is low it may be enough simply to adjust 
the school environment slightly. In many cases it might be sufficient to adapt 
the environmental demands to the individual for a successful outcome. In 
more severe cases, however, medication is often necessary but only after 
testing other means of behavioral treatment, e.g. environmental changes and 
behavioral therapy. 

 
The clinical implications and applications of the results in this thesis are 
obvious; they can be used to understand shortcomings in cognitive function-
ing for patient groups, where changes in the dopamine system have been 
identified. While noise affects children selectively, it can be used as a non-
pharmacological treatment of ADHD, though many children are only medi-
cated during the school day. Moreover, if the surrounding environment is 
adapted to the individual’s dopamine level these data suggests that ADHD-
diagnosed children can perform at the same level as non-ADHD children, a 
notion that all schoolteachers should be aware of. It is still an open research 
question whether training cognitive tasks with a well-tuned brain arousal 
level can create plastic long-term changes in the brain.  

Working memory training in ADHD 
Working memory training has been found to be efficient for ADHD-
children. The effect was attributed to the brain’s large plasticity, i.e. training 
improves performance even after treatment. There have been remarkable 
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results reported from Klingberg and colleagues when training working 
memory with a computer game, RoboMemo (Klingberg et al., 2005; Kling-
berg, Forssberg, & Westerberg, 2002a, 2002b; Olesen, Westerberg, & 
Klingberg, 2004). Extended time effects on working memory capacity were 
found, via plastic traceable changes in the brain captured in fMRI scans. 
Working memory training also induced increased performance in problem-
solving as measured by the Ravens test. These improvements are not exclu-
sive for ADHD patients, but also elderly stroke patients improved after com-
puterized WM training (Westerberg et al., 2007). 

Extending the results to other patient groups 
In the primacy effect depletion of stimuli-dependent, or phasic, dopamine 
may play an important role. The primacy effect is related to neural activity 
and can be seen as a result of short-term depression. This should be under-
stood in terms of neural activity as a response to novel stimuli (Sikström, 
2006). Evidently, in EEG recordings, gamma oscillations (28-100 Hz) have 
been linked to communication between brain regions and top-down atten-
tional processing. Sederberg et al. (2006) found that these oscillations pre-
dict successful memory encoding, and that the gamma activity was signifi-
cantly higher during early item (primacy) presentations. 
 
In a group of Parkinson patients, distinguished by insufficient dopamine 
transmission, a reduced cognitive performance and a reduced primacy can be 
seen (Della Sala, Pasetti, & Sempio, 1987). The primacy effect in Parkinson 
patients was restored with lev-dopa medication (Marini, Ramat, Ginestroni, 
& Paganini, 2003). Memory deficits are also found in Alzheimer patients 
(Burkart, Heun, & Benkert, 1998) and in patients with vascular dementia 
(Paul, Cohen, Moser, Zawacki, & Gordon, 2002). Another clinical group of 
great interest, Huntington’s disease, with excessive phasic dopamine, dem-
onstrate a normal primacy effect despite working memory impairments in 
other areas (J. D. Davis, Filoteo, Kesner, & Roberts, 2003). In schizophrenia 
(excessive phasic dopamine) the primacy effect is reduced as well, but this 
may be caused by antipsychotic medication (i.e. dopamine blocker) 
(Manschreck, Maher, Rosenthal, & Berner, 1991; Stephane & Pellizzer, 
2007). Furthermore, benzodiazepine, given to healthy participants, was 
found to have a negative effect on episodic memory in all serial positions 
apart from the last words (recency) (Nogueira, Pompeia, Galduroz, & 
Bueno, 2006).  Ageing is also distinguished by changes in dopamine trans-
mission and correlates strongly with cognitive performance (Erixon-Lindroth 
et al., 2005). Unpublished data from the Betula cohort study (Nilsson, 
Bäckman, Erngrund, Nyberg, & et al., 1997) shows a strong correlation be-
tween the size of the primacy effect and age. Furthermore, data from study 1 
and 2 shows that ADHD-C children possessed a normal primacy effect 
whereas ADHD-I and clumsy children (developmental coordination disor-



 69 

der) did not. Interestingly, auditory noise was found to reinstate the primacy 
effect in the ADHD-I and the clumsy groups, both distinguished by deficient 
dopamine transmission (Söderlund et al., in progress). 
 
Therefore to conclude, it would be of great interest in all the above referred 
patient groups, to investigate the effects of white noise on cognition in dif-
ferent tasks: episodic memory, working memory, and primacy and recency 
effects. Studies of abnormal groups can also provide knowledge of the nor-
mal. There is a lot of within group variability, and the boundary between 
health and sickness is set in accordance with guidelines. The MBA model 
may also be used in extra-clinical groups and may serve as an instrument to 
tailor training tools in order to improve cognitive performance in different 
groups where dopamine deficiencies can be found. 

Working memory training in non-ADHD groups 
The Swedish school system of today has a major problem in reaching its 
politically set educational goals. In compulsory school, more than 25% of 
pupils do not achieve a complete exam, and 11 % are not qualified for upper 
secondary school studies where grades in mathematics, Swedish and English 
are required. The same pattern goes for upper secondary school where about 
20% of the pupils do not fulfill their studies. These figures show an incre-
ment over recent years but have been stable at this high level for the last five 
years (Skolverket, 2005, 2006). Considering the high ambitions of the na-
tional curriculum and the high drop-out rate, today’s school is obviously not 
adapted to all its pupils. Low-achieving pupils in particular are disadvan-
taged in the current school system. Self governed learning puts large, if not 
impossible, demands on various cognitive skills such as: attention, vigilance, 
endurance, executive abilities like planning, inhibition, handling interfer-
ence, and in particular working memory capacity. The level of these abilities 
determines, to a large extent, the outcome of schoolwork for the individual. 
Teacher experience indicates that these skills are never systematically 
trained in school. This training may be abundant for a majority of pupils, but 
is a prerequisite for low performers, in particular at an early age, in order to 
get a good start on the school career ladder. 
 
Thus, in conclusion this last paragraph puts the discussion of diagnosis or 
not to one side. If one forth of a population will probably benefit from sys-
tematic working memory training, then it is not a matter of setting clinical 
diagnoses by psychologists or psychiatrists or not. The decision as to 
whether a child needs a working memory training program or not should be 
taken by the parents and schoolteachers in cooperation, and the effects 
should be evaluated continuously. Furthermore, training tools have to be 
cheaper, easier to access, and more obtainable. If the figures worldwide are 
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as high as they are in Sweden then the problem encompasses millions of 
children and maybe adults and elderly as well. 
 

 
  
 



 71 

References: 

 
 
Abikoff, H., Courtney, M. E., Szeibel, P. J., & Koplewicz, H. S. (1996). The 

effects of auditory stimulation on the arithmetic performance of 
children with ADHD and nondisabled children. Journal of Learning 
Disabilities, 29(3), 238-246. 

APA. (1994). Diagnostic and statistical manual of mental disorders (4 ed.). 
Washington DC: American Psychiatric Association. 

APA. (2000). Diagnostic and Statistical Manual of Mental Disorders, 
Fourth Edition, Text Revision (4 ed.). Washington DC: American 
Psychiatric Association. 

Arnsten, A. F., & Li, B. M. (2005). Neurobiology of executive functions: 
catecholamine influences on prefrontal cortical functions. Biological 
Psychiatry, 57(11), 1377-1384. 

Backman, L., Ginovart, N., Dixon, R. A., Wahlin, T. B., Wahlin, A., 
Halldin, C., et al. (2000). Age-related cognitive deficits mediated by 
changes in the striatal dopamine system. American Journal of Psy-
chiatry, 157(4), 635-637. 

Baddeley, A. D. (1999). Essentials of human memory. Bristol: Hove, Eng-
land: Psychology Press/ Taylor & Francis. 

Baker, M. A., & Holding, D. H. (1993). The effects of noise and speech on 
cognitive task performance. The Journal of General Psychology, 
120(3), 339-355. 

Barkley, R. A. (1997). Behavioral inhibition, sustained attention, and execu-
tive functions: constructing a unifying theory of ADHD. Psycho-
logical Bulletin, 121(1), 65-94. 

Barkley, R. A. (1998). Attention-Defict Hyperactivity Disorder. A handbook 
for diagnosis and treatment (2 ed.). New York: Guilford Press. 

Barkley, R. A., Anastopoulos, A. D., Guevremont, D. C., & Fletcher, K. E. 
(1991). Adolescents with ADHD: patterns of behavioral adjustment, 
academic functioning, and treatment utilization. Journal of the 
American Academy of Child and Adolescent Psychiatry, 30(5), 752-
761. 

Barkley, R. A., Cook, E. H., Dulcan, M., Campbell, S., Prior, M., Atkins, 
M., et al. (2002). Consensus statement on ADHD. European Child 
& Adolescent Psychiatry, 11(2), 96-98. 

Barkley, R. A., Koplowitz, S., Anderson, T., & McMurray, M. B. (1997). 
Sense of time in children with ADHD: effects of duration, distrac-



 72 

tion, and stimulant medication. Journal of the International Neuro-
psycholgical Society, 3(4), 359-369. 

Behnam, S. E., & Zeng, F. G. (2003). Noise improves suprathreshold dis-
crimination in cochlear-implant listeners. Hearing Research, 186(1-
2), 91-93. 

Belleville, S., Rouleau, N., Van der Linden, M., & Collette, F. (2003). Effect 
of manipulation and irrelevant noise on working memory capacity of 
patients with Alzheimer's dementia. Neuropsychology, 17(1), 69-81. 

Benoit-Marand, M., Borrelli, E., & Gonon, F. G. (2001). Inhibition of dopa-
mine release via presynaptic D2 receptors: time course and func-
tional characteristics in vivo. Journal of Neuroscience, 21(23), 9134-
9141. 

Benzi, R., Parisi, G., Sutera, S., & Vulpiani, A. (1982). Stochastic resonance 
in climatic change. Tellus, 34, 10-16. 

Bergman, J., Madras, B. K., Johnson, S. E., & Spealman, R. D. (1989). Ef-
fects of cocaine and related drugs in nonhuman primates. III. Self-
administration by squirrel monkeys. Journal of Pharmacology Exp 
Ther, 251, 150-155. 

Berman, T., Douglas, V. I., & Barr, R. G. (1999). Effects of Methylpheni-
date on Complex Cognitive Processing in Attention-Deficit Hyper-
activity Disorder. Journal of Abnormal Psychology, 108(1), 90-105. 

Biederman, J., Milberger, S., Faraone, S. V., Kiely, K., Guite, J., Mick, E., et 
al. (1995). Family-environment risk factors for attention-deficit hy-
peractivity disorder. A test of Rutter's indicators of adversity. Ar-
chives of General Psychiatry, 52, 464-470. 

Bilder, R. M., Volavka, J., Lachman, H. M., & Grace, A. A. (2004). The 
catechol-O-methyltransferase polymorphism: relations to the tonic-
phasic dopamine hypothesis and neuropsychiatric phenotypes. Neu-
ropsychopharmacology, 29(11), 1943-1961. 

Blakeman, R. S. (2000). ADHD and distractibility: The role of distractor 
appeal. Dissertation Abstracts International: Section B: The Sci-
ences & Engineering, 61(1-B), 517. 

Blasi, G., Mattay, V. S., Bertolino, A., Elvevag, B., Callicott, J. H., Das, S., 
et al. (2005). Effect of catechol-O-methyltransferase val158met 
genotype on attentional control. Journal of  Neuroscience, 25(20), 
5038-5045. 

Boman, E. (2004). The effects of noise and gender on children's episodic and 
semantic memory. Scandinavian Journal of Psychology, 45(5), 407-
416. 

Boman, E., Enmarker, I., & Hygge, S. (2005). Strength of noise effects on 
memory as a function of noise source and age. Noise Health, 7(27), 
11-26. 

Boonstra, A. M., Kooij, J. J., Oosterlaan, J., Sergeant, J. A., & Buitelaar, J. 
K. (2005). Does methylphenidate improve inhibition and other cog-
nitive abilities in adults with childhood-onset ADHD? Journal of 
Clinical and Experimantal Neuropsychology, 27(3), 278-298. 



 73 

Broadbent, D. E. (1951). The twenty dials and twenty lights test under noise 
conditions. Medical Research Council, Applied Psychology Re-
search Unit Report, 160(51), 8. 

Broadbent, D. E. (1953). Noise, paced performance and vigilance tasks. Brit-
ish Journal of Psychology, 44, 295-303. 

Broadbent, D. E. (1954). Some effects of noise on visual performance. 
Quarterly Journal of Experimental Psychology, 6, 1-5. 

Broadbent, D. E. (1958). The effects of noise on behaviour. In. Elmsford, 
NY, US: Pergamon Press, Inc. 

Brodeur, D. A., & Pond, M. (2001). The development of selective attention 
in children with attention deficit hyperactivity disorder. Journal of 
Abnormal Child Psychology, 29(3), 229-239. 

Bunce, D., MacDonald, S. W., & Hultsch, D. F. (2004). Inconsistency in 
serial choice decision and motor reaction times dissociate in younger 
and older adults. Brain and Cognition, 56(3), 320-327. 

Bunner, M. R. (1998). Effects of task interest level and distraction on selec-
tive attention and task performance in children with adhd. Disserta-
tion Abstracts International: Section B: The Sciences & Engineer-
ing, 59(2-B), 0865. 

Burkart, M., Heun, R., & Benkert, O. (1998). Serial position effects in de-
mentia of the Alzheimer type. Dementia and Geriatric Cognitive 
Disorders, 9(3), 130-136. 

Bäckman, L., Nyberg, L., Lindenberger, U., Li, S. C., & Farde, L. (2006). 
The correlative triad among aging, dopamine, and cognition: Current 
status and future prospects. Neuroscience Biobehavioral Reviews, 
30(6), 791-807. 

Börger, N., & van der Meere, J. (2000). Motor control and state regulation in 
children with ADHD: a cardiac response study. Biological Psychol-
ogy, 51(2-3), 247-267. 

Börger, N., van der Meere, J., Ronner, A., Alberts, E., Geuze, R., & Bogte, 
H. (1999). Heart rate variability and sustained attention in ADHD 
children. Journal of Abnormal Child Psychology, 27(1), 25-33. 

Carboni, E., Imperato, A., Perezzani, L., & Di Chiara, G. (1989). Ampheta-
mine, cocaine, phencyclidine and nomifensine increase extracellular 
dopamine concentrations preferentially in the nucleus accumbens of 
freely moving rats. Neuroscience, 28, 653–661. 

Carlson, S., Rama, P., Artchakov, D., & Linnankoski, I. (1997). Effects of 
music and white noise on working memory performance in mon-
keys. Neuroreport, 8(13), 2853-2856. 

Castellanos, F. X., Sonuga-Barke, E. J., Milham, M. P., & Tannock, R. 
(2006). Characterizing cognition in ADHD: beyond executive dys-
function. Trends in Cognitive Science, 10(3), 117-123. 

Castellanos, F. X., Sonuga-Barke, E. J., Scheres, A., Di Martino, A., Hyde, 
C., & Walters, J. R. (2005). Varieties of attention-
deficit/hyperactivity disorder-related intra-individual variability. 
Biological Psychiatry, 57(11), 1416-1423. 



 74 

Castellanos, F. X., & Tannock, R. (2002). Neuroscience of attention-
deficit/hyperactivity disorder: the search for endophenotypes. Nature 
Reviews Neuroscience, 3(8), 617-628. 

Cepeda, N. J., Pashler, H., Vul, E., Wixted, J. T., & Rohrer, D. (2006). Dis-
tributed Practice in Verbal Recall Tasks: A Review and Quantitative 
Synthesis. Psychological Bulletin, 132(3), 354-380. 

Cohen, J. D., Braver, T. S., & Brown, J. W. (2002). Computational perspec-
tives on dopamine function in prefrontal cortex. Current Opinion in 
Neurobiology, 12(2), 223-229. 

Cohen, R. L. (1981). On the generality of some memory laws. Scandinavian 
Journal of Psychology, 22(4), 267-281. 

Conte, R., Kinsbourne, M., Swanson, J. M., Zirk, H., & Samuels, M. (1986). 
Presentation rate effects on paired associate learning by attention 
deficit disordered children. Child Development, 57(3), 681-687. 

Corbett, B., & Stanczak, D. E. (1999). Neuropsychological performance of 
adults evidencing Attention-Deficit Hyperactivity Disorder. Ar-
chives in Clinical Neuropsychology, 14(4), 373-387. 

Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and stimu-
lus-driven attention in the brain. Nature Reviews. Neuroscience, 
3(3), 201-215. 

Crone, E. A., Jennings, J. R., & van der Molen, M. W. (2003). Sensitivity to 
interference and response contingencies in attention-
deficit/hyperactivity disorder. Journal of Child Psychology and Psy-
chiatry, 44(2), 214-226. 

Dalby, J. T., Kinsbourne, M., Swanson, J. M., & Sobol, M. P. (1977). Hy-
peractive children's underuse of learning time: correction by stimu-
lant treatment. Child Dev, 48(4), 1448-1453. 

Damasio, A. R. (1996). The somatic marker hypothesis and the possible 
functions of the prefrontal cortex. Philos Trans R Soc Lond B Biol 
Sci, 351(1346), 1413-1420. 

Davis, J. D., Filoteo, J. V., Kesner, R. P., & Roberts, J. W. (2003). Recogni-
tion memory for hand positions and spatial locations in patients with 
Huntington's disease: differential visuospatial memory impairment? 
Cortex, 39(2), 239-253. 

Davis, K. L., Charney, D., Coyle, J. T., & Nemeroff, C. (Eds.). (2002). Neu-
ropsychopharmacology: The Fifth Generation of Progress (Vol. 
2010). 

Della Sala, S., Pasetti, C., & Sempio, P. (1987). Deficit of the "primacy ef-
fect" in parkinsonians interpreted by means of the working memory 
model. Schweizer Archiv für Neurologie und Psychiatrie, 138(5), 5-
14. 

Diamond, A. (2005). Attention-deficit disorder (attention-deficit/ hyperactiv-
ity disorder without hyperactivity): a neurobiologically and behav-
iorally distinct disorder from attention-deficit/hyperactivity disorder 
(with hyperactivity). Dev Psychopathol, 17(3), 807-825. 



 75 

Diamond, A., Briand, L., Fossella, J., & Gehlbach, L. (2004). Genetic and 
neurochemical modulation of prefrontal cognitive functions in chil-
dren. American Journal of Psychiatry, 161(1), 125-132. 

Douglass, J. K., Wilkens, L., Pantazelou, E., & Moss, F. (1993). Noise en-
hancement of information transfer in crayfish mechanoreceptors by 
stochastic resonance. Nature, 365(6444), 337-340. 

Erixon-Lindroth, N., Farde, L., Wahlin, T. B., Sovago, J., Halldin, C., & 
Backman, L. (2005). The role of the striatal dopamine transporter in 
cognitive aging. Psychiatry Research, 138(1), 1-12. 

Faraone, S. V., Biederman, J., & Mick, E. (2006). The age-dependent de-
cline of attention deficit hyperactivity disorder: a meta-analysis of 
follow-up studies. Psychol Med, 36(2), 159-165. 

Faraone, S. V., Perlis, R. H., Doyle, A. E., Smoller, J. W., Goralnick, J. J., 
Holmgren, M. A., et al. (2005). Molecular genetics of attention-
deficit/hyperactivity disorder. Biol Psychiatry, 57(11), 1313-1323. 

Farrace-Di Zinno, A. M., Douglas, G., Houghton, S., Lawrence, V., West, J., 
& Whiting, K. (2001). Body movements of boys with Attention 
Deficit Hyperactivity Disorder (ADHD) during computer video 
game play. British Journal of Educational Technology, 32(5), 607-
618. 

Fisher, S. E., Francks, C., McCracken, J. T., McGough, J. J., Marlow, A. J., 
MacPhie, I. L., et al. (2002). A genomewide scan for loci involved 
in attention-deficit/hyperactivity disorder. Am J Hum Genet, 70(5), 
1183-1196. 

Floresco, S. B., West, A. R., Ash, B., Moore, H., & Grace, A. A. (2003). 
Afferent modulation of dopamine neuron firing differentially regu-
lates tonic and phasic dopamine transmission. Nature Neuroscience, 
6(9), 968-973. 

Fries, P. (2005). A mechanism for cognitive dynamics: neuronal communi-
cation through neuronal coherence. Trends in Cognitive Science, 
9(10), 474-480. 

Gammaitoni, L., Hänggi, P., Jung, P., & Marchesoni, F. (1998). Stochastic 
resonance. Reviews of Modern Physics, 70(1), 223-287. 

Geffner, D., Lucker, J. R., & Koch, W. (1996). Evaluation of auditory dis-
crimination in children with ADD and without ADD. Child Psychia-
try & Human Development, 26(3), 169-180. 

Gerjets, P., Graw, T., Heise, E., Westermann, R., & Rothenberger, A. 
(2002). Deficits of action control and specific goal intentions in hy-
perkinetic disorder. II: Empirical results/Handlungskontrolldefizite 
und störungsspezifische Zielintentionen bei der Hyperkinetischen 
Störung: II: Empirische Befunde. Zeitschrift für Klinische Psycholo-
gie und Psychotherapie: Forschung und Praxis, 31(2), 99-109. 

Gluckman, B. J., Netoff, T. I., Neel, E. J., Ditto, W. L., Spano, M. L., & 
Schiff, S. J. (1996). Stochastic Resonance in a Neuronal Network 
from Mammalian Brain. Physical Review Letters, 77(19), 4098-
4101. 



 76 

Gluckman, B. J., So, P., Netoff, T. I., Spano, M. L., & Schiff, S. J. (1998). 
Stochastic resonance in mammalian neuronal networks. Chaos, 8(3), 
588-598. 

Goldman-Rakic, P. S., Castner, S. A., Svensson, T. H., Siever, L. J., & Wil-
liams, G. V. (2004). Targeting the dopamine D1 receptor in schizo-
phrenia: insights for cognitive dysfunction. Psychopharmacology 
(Berl), 174(1), 3-16. 

Goldman-Rakic, P. S., Muly, E. C., 3rd, & Williams, G. V. (2000). D(1) 
receptors in prefrontal cells and circuits. Brain Research. Brain Re-
search Reviews, 31(2-3), 295-301. 

Gonon, F. G. (1988). Nonlinear relationship between impulse flow and do-
pamine released by rat midbrain dopaminergic neurons as studied by 
in vivo electrochemistry. Neuroscience, 24(1), 19-28. 

Grace, A. A. (1991). Phasic versus tonic dopamine release and the modula-
tion of dopamine system responsivity: a hypothesis for the etiology 
of schizophrenia. Neuroscience, 41(1), 1-24. 

Grace, A. A. (1995). The tonic/phasic model of dopamine system regulation: 
its relevance for understanding how stimulant abuse can alter basal 
ganglia function. Drug and Alcohol Dependence, 37(2), 111-129. 

Grace, A. A. (2000). The tonic/phasic model of dopamine system regulation 
and its implications for understanding alcohol and psychostimulant 
craving. Addiction, 95 Suppl 2, S119-128. 

Grace, A. A. (2001). Psychostimulant actions on dopamine and limbic sys-
tem function: Relevance to the pathophysiology and treatment of 
ADHD. In M. V. Solanto, A. F. T. Arnsten & F. X. Castellanos 
(Eds.), Stimulant drugs and ADHD: Basic and clinical neuroscience 
(pp. 134-157): London, Oxford University Press. 

Gray, J. R., & Braver, T. S. (2002). Personality predicts working-memory-
related activation in the caudal anterior cingulate cortex. Cogn Affect 
Behav Neurosci, 2(1), 64-75. 

Greenhill, L. L. (2001). Clinical effects of stimulant medication in ADHD. 
In M. V. Solanto, A. F. T. Arnsten & F. X. Castellanos (Eds.), 
Stimulant drugs and ADHD: Basic and clinical neuroscience. (pp. 
31-71): Oxford University Press, New York, NY, US. 

Harrison, C., & Sofronoff, K. (2002). ADHD and parental psychological 
distress: Role of demographics, child behavioral characteristics, and 
parental cognitions. Journal of the American Academy of Child & 
Adolescent Psychiatry, 41(6), 703-711. 

Harrison, D. W., & Kelly, P. L. (1989). Age differences in cardiovascular 
and cognitive performance under noise conditions. Perception and 
Motor Skills, 69(2), 547-554. 

Henderson, S., & Sudgen, D. (1992). The movement assessment battery for 
children. 

Higginbotham, P., & Bartling, C. (1993). The effects of sensory distractions 
on short-term recall of children with attention deficit-hyperactivity 
disorder versus normally achieving children. Bulletin of the Psy-
chonomic Society, 31(6), 507-510. 



 77 

Holding, D. H., & Baker, M. A. (1987). Toward meaningful noise research. 
The Journal of General Psychology, 114(4), 395-410. 

Homack, S., & Riccio, C. A. (2004). A meta-analysis of the sensitivity and 
specificity of the Stroop Color and Word Test with children. Arch 
Clin Neuropsychol, 19(6), 725-743. 

Hu, G., Nicolis, G., & Nicolis, C. (1990). Periodically forced Fokker-Planck 
equation and stochastic resonance. Physical Review. A, 42(4), 2030-
2041. 

Hultsch, D. F., MacDonald, S. W., & Dixon, R. A. (2002). Variability in 
reaction time performance of younger and older adults. The Journals 
of Gerontology. Series B, Psychological Sciences and Social Sci-
ences, 57(2), P101-115. 

Kandel, E. R., Schwartz, J. H., & Jessel, T. M. (2000). Priciples of Neural 
Science (4 ed.). New York: McGraw-Hill. 

Karatekin, C., & Asarnow, R. F. (1998). Working memory in childhood-
onset schizophrenia and attention-deficit/hyperactivity disorder. 
Psychiatry Research, 80(2), 165-176. 

Kent, L., Middle, F., Hawi, Z., Fitzgerald, M., Gill, M., Feehan, C., et al. 
(2001). Nicotinic acetylcholine receptor alpha4 subunit gene poly-
morphism and attention deficit hyperactivity disorder. Psychiatric 
Genetics, 11(1), 37-40. 

Kerns, K. A., McInerney, R. J., & Wilde, N. J. (2001). Time reproduction, 
working memory, and behavioral inhibition in children with ADHD. 
Neuropsychol Dev Cogn Sect C Child Neuropsychol, 7(1), 21-31. 

Kiefer, M., Ahlegian, M., & Spitzer, M. (2005). Working memory capacity, 
indirect semantic priming, and stroop interference: pattern of inter-
individual prefrontal performance differences in healthy volunteers. 
Neuropsychology, 19(3), 332-344. 

Kiyatkin, E. A., & Rebec, G. V. (1996). Dopaminergic modulation of gluta-
mate-induced excitations of neurons in the neostriatum and nucleus 
accumbens of awake, unrestrained rats. Journal of Neurophysiology, 
75(1), 142-153. 

Klingberg, T., Fernell, E., Olesen, P. J., Johnson, M., Gustafsson, P., Dahl-
strom, K., et al. (2005). Computerized training of working memory 
in children with ADHD--a randomized, controlled trial. Journal of 
the American Academy of Child and Adolescent Psychiatry, 44(2), 
177-186. 

Klingberg, T., Forssberg, H., & Westerberg, H. (2002a). Increased brain 
activity in frontal and parietal cortex underlies the development of 
visuospatial working memory capacity during childhood. Journal of 
Cognitive Neuroscience, 14(1), 1-10. 

Klingberg, T., Forssberg, H., & Westerberg, H. (2002b). Training of work-
ing memory in children with ADHD. Journal of Clinical and Ex-
perimental Neuropsychology, 24(6), 781-791. 

Kotimaa, A. J., Moilanen, I., Taanila, A., Ebeling, H., Smalley, S. L., 
McGough, J. J., et al. (2003). Maternal smoking and hyperactivity in 



 78 

8-year-old children. Journal of the American Academy of Child & 
Adolescent Psychiatry, 42(7), 826-833. 

Krause, K. H., Dresel, S. H., Krause, J., Kung, H. F., & Tatsch, K. (2000). 
Increased striatal dopamine transporter in adult patients with atten-
tion deficit hyperactivity disorder: effects of methylphenidate as 
measured by single photon emission computed tomography. Neuro-
sci Lett, 285(2), 107-110. 

Kreppner, J. M., O'Connor, T. G., & Rutter, M. (2001). Can inatten-
tion/overactivity be an institutional deprivation syndrome? Journal 
of Abnormal Child Psychology, 29, 513-528. 

Kuntsi, J., Oosterlaan, J., & Stevenson, J. (2001). Psychological mechanisms 
in hyperactivity: I. Response inhibition deficit, working memory 
impairment, delay aversion, or something else? Journal of Child 
Psychology and Psychiatry, 42(2), 199-210. 

Laming, D. (1986). Sensory analysis. New York: Academic Press. 
Landau, S., Lorch, E. P., & Milich, R. (1992). Visual attention to and com-

prehension of television in attention-deficit hyperactivity disordered 
and normal boys. Child Development, 63(4), 928-937. 

Langer, S. Z. (1997). 25 years since the discovery of presynaptic receptors: 
present knowledge and future perspectives. Trends in Pharmacol-
ogical Sciences, 18(3), 95-99. 

Lawrence, V., Houghton, S., Tannock, R., Douglas, G., Durkin, K., & Whit-
ing, K. (2002). ADHD outside the laboratory: boys' executive func-
tion performance on tasks in videogame play and on a visit to the 
zoo. Journal of Abnormal Child Psychology, 30(5), 447-462. 

Leth-Steensen, C., Elbaz, Z. K., & Douglas, V. I. (2000). Mean response 
times, variability, and skew in the responding of ADHD children: a 
response time distributional approach. Acta Psychologia, 104(2), 
167-190. 

Levy, F., Hay, D. A., Bennett, K. S., & McStephen, M. (2005). Gender dif-
ferences in ADHD subtype comorbidity. Journal of the American 
Academy of Child and Adolescent Psychiatry, 44(4), 368-376. 

Li, S. C., von Oertzen, T., & Lindenberger, U. (2006). A neurocomputational 
model of stochastic resonance and aging. Neurocomputing, 69, 
1553-1560. 

Ljungberg, T. (2001). ADHD hos barn och ungdomar. Diagnostik, orsaker 
och farmakologisk behandling. Stockholm: Socialstyrelsen. 

Lorch, E. P., Milich, R., Sanchez, R. P., van den Broek, P., Baer, S., Hooks, 
K., et al. (2000). Comprehension of televised stories in boys with at-
tention deficit/hyperactivity disorder and nonreferred boys. Journal 
of Abnormal Psychology, 109(2), 321-330. 

MacDonald, S. W., Nyberg, L., & Backman, L. (2006). Intra-individual 
variability in behavior: links to brain structure, neurotransmission 
and neuronal activity. Trends in Neurosciences, 29(8), 474-480. 

Manjarrez, E., Diez-Martinez, O., Mendez, I., & Flores, A. (2002). Stochas-
tic resonance in human electroencephalographic activity elicited by 
mechanical tactile stimuli. Neuroscience Letters, 324(3), 213-216. 



 79 

Manschreck, T. C., Maher, B. A., Rosenthal, J. E., & Berner, J. (1991). Re-
duced primacy and related features in schizophrenia. Schizophr Res, 
5(1), 35-41. 

Marini, P., Ramat, S., Ginestroni, A., & Paganini, M. (2003). Deficit of 
short-term memory in newly diagnosed untreated parkinsonian pa-
tients: reversal after L-dopa therapy. Neurological Sciences, 24(3), 
184-185. 

Martinussen, R., Hayden, J., Hogg-Johnson, S., & Tannock, R. (2005). A 
meta-analysis of working memory impairments in children with at-
tention-deficit/hyperactivity disorder. Journal of the American 
Academy of Child and Adolescent Psychiatry, 44(4), 377-384. 

Mattay, V. S., Goldberg, T. E., Fera, F., Hariri, A. R., Tessitore, A., Egan, 
M. F., et al. (2003). Catechol O-methyltransferase val158-met geno-
type and individual variation in the brain response to amphetamine. 
Proceedings of the National Academy of  Sciences of the U S A, 
100(10), 6186-6191. 

Mick, E., Biederman, J., Faraone, S. V., Sayer, J., & Kleinman, S. (2002). 
Case-control study of attention-deficit hyperactivity disorder and 
maternal smoking, alchol use, and drug use during pregnancy. J. Am. 
Acad. Child Adolesc. Psychiatry, 41, 378-385. 

Mill, J., Xu, X., Ronald, A., Curran, S., Price, T., Knight, J., et al. (2005). 
Quantitative trait locus analysis of candidate gene alleles associated 
with attention deficit hyperactivity disorder (ADHD) in five genes: 
DRD4, DAT1, DRD5, SNAP-25, and 5HT1B. Am J Med Genet B 
Neuropsychiatr Genet, 133(1), 68-73. 

Molander, B., & Bäckman, L. (1990). Age differences in the effects of back-
ground noise on motor and memory performance in a precision 
sport. Experimental Aging Research, 16(1-2), 55-60. 

Mori, T., & Kai, S. (2002). Noise-induced entrainment and stochastic reso-
nance in human brain waves. Physical Review Letters, 88(21), 
218101. 

Morse, R. P., & Evans, E. F. (1996). Enhancement of vowel encoding for 
cochlear implants by addition of noise. Nat Med, 2, 928–932. 

Moss, F., Ward, L. M., & Sannita, W. G. (2004). Stochastic resonance and 
sensory information processing: a tutorial and review of application. 
Clin Neurophysiol, 115(2), 267-281. 

Nieoullon, A. (2002). Dopamine and the regulation of cognition and atten-
tion. Progress in Neurobiology, 67(1), 53-83. 

Nigg, J. T. (2000). On Inhibition/Disinhibition in Developmental Psychopa-
thology: Views From Cognitive and Personality Psychology and a 
Working Inhibition Taxonomy. Psychological Bulletin, 126(2), 220-
246. 

Nigg, J. T. (2001). Is ADHD a disinhibitory disorder? Psychological Bulle-
tin, 127(5), 571-598. 

Nigg, J. T., & Hinshaw, S. P. (1998). Parent personality traits and psychopa-
thology associated with antisocial behaviors in childhood attention-



 80 

deficit hyperactivity disorder. Journal of Child Psychology & Psy-
chiatry & Allied Disciplines, 39(2), 145-159. 

Nigg, J. T., Willcutt, E. G., Doyle, A. E., & Sonuga-Barke, E. J. (2005). 
Causal heterogeneity in attention-deficit/hyperactivity disorder: do 
we need neuropsychologically impaired subtypes? Biol Psychiatry, 
57(11), 1224-1230. 

Nilsson, L. G. (2000). Remembering actions and words. In E. Tulving & F. 
I. M. Craik (Eds.), The Oxford handbook of memory (pp. 137-148). 

Nilsson, L. G., Bäckman, L., Erngrund, K., Nyberg, L., & et al. (1997). The 
Betula prospective cohort study: Memory, health, and aging. Aging, 
Neuropsychology, and Cognition, 4(1), 1-32. 

Nogueira, A. M., Pompeia, S., Galduroz, J. C., & Bueno, O. F. (2006). Ef-
fects of a benzodiazepine on free recall of semantically related 
words. Hum Psychopharmacol, 21(5), 327-336. 

Olesen, P. J., Westerberg, H., & Klingberg, T. (2004). Increased prefrontal 
and parietal activity after training of working memory. Nat Neuro-
sci, 7(1), 75-79. 

Paul, R. H., Cohen, R. A., Moser, D. J., Zawacki, T. M., & Gordon, N. 
(2002). The serial position effect in mild and moderately severe vas-
cular dementia. Journal of the International Neuropsychological So-
ciety, 8(4), 584-587. 

Pennington, B. F., & Ozonoff, S. (1996). Executive functions and develop-
mental psychopathology. Journal of Child Psychology and Psychia-
try, 37(1), 51-87. 

Porrino, L. J., Rapoport, J. L., Behar, D., Ismond, D. R., & Bunney, W. E., 
Jr. (1983). A naturalistic assessment of the motor activity of hyper-
active boys. II. Stimulant drug effects. Arch Gen Psychiatry, 40(6), 
688-693. 

Potter, A. S., & Newhouse, P. A. (2004). Effects of acute nicotine admini-
stration on behavioral inhibition in adolescents with attention-
deficit/hyperactivity disorder. Psychopharmacology (Berl), 176(2), 
182-194. 

Quay, H. C. (1997). Inhibition and attention deficit hyperactivity disorder. J 
Abnorm Child Psychol, 25(1), 7-13. 

Rescorla, R. A., & Wagner, A. R. (1972). A theory of Pavlovian condition-
ing: Variations in the effectiveness of reinforcement and nonrein-
forcement. In classical conditioning II. In A. H. Black & W. F. Pro-
kasy (Eds.), Current  Research and Theory (pp. 64-99). New York: 
Appleton Century Crofts. 

Rickman, D. L. (2001). The effect of classroom-based distraction on con-
tinuous performance test scores of ADHD and nonADHD children. 
Dissertation Abstracts International: Section B: The Sciences & En-
gineering, 61(10-B), 5578. 

Rouleau, N., & Belleville, S. (1996). Irrelevant speech effect in aging: an 
assessment of inhibitory processes in working memory. The Jour-
nals of Gerontology. Series B, Psychological Sciences and Social 
Sciences, 51(6), P356-363. 



 81 

Rowland, A. S., Lesesne, C. A., & Abramowitz, A. J. (2002). The epidemi-
ology of attention-deficit/hyperactivity disorder (ADHD): a public 
health view. Ment Retard Dev Disabil Res Rev, 8(3), 162-170. 

Rubia, K., Overmeyer, S., Taylor, E., Brammer, M., Williams, S. C., Sim-
mons, A., et al. (1999). Hypofrontality in attention deficit hyperac-
tivity disorder during higher-order motor control: a study with func-
tional MRI. Am J Psychiatry, 156(6), 891-896. 

Russell, D. F., Wilkens, L. A., & Moss, F. (1999). Use of behavioural sto-
chastic resonance by paddle fish for feeding. Nature, 402(6759), 
291-294. 

Sagvolden, T., Johansen, E. B., Aase, H., & Russell, V. A. (2005). A dy-
namic developmental theory of attention-deficit/hyperactivity disor-
der (ADHD) predominantly hyperactive/impulsive and combined 
subtypes. The Behavioral and Brain Sciences, 28(3), 397-419. 

Sanchez, R. P., Lorch, E. P., Milich, R., & Welsh, R. (1999). Comprehen-
sion of televised stories by preschool children with ADHD. J Clin 
Child Psychol, 28(3), 376-385. 

Scheres, A., Dijkstra, M., Ainslie, E., Balkan, J., Reynolds, B., Sonuga-
Barke, E., et al. (2006). Temporal and probabilistic discounting of 
rewards in children and adolescents: effects of age and ADHD 
symptoms. Neuropsychologia, 44(11), 2092-2103. 

Scheres, A., Oosterlaan, J., Swanson, J., Morein-Zamir, S., Meiran, N., 
Schut, H., et al. (2003). The effect of methylphenidate on three 
forms of response inhibition in boys with AD/HD. J Abnorm Child 
Psychol, 31(1), 105-120. 

Schiffer, W. K., Volkow, N. D., Fowler, J. S., Alexoff, D. L., Logan, J., & 
Dewey, S. L. (2006). Therapeutic doses of amphetamine or methyl-
phenidate differentially increase synaptic and extracellular dopa-
mine. Synapse, 59(4), 243-251. 

Schmitz, Y., Benoit-Marand, M., Gonon, F., & Sulzer, D. (2003). Presynap-
tic regulation of dopaminergic neurotransmission. Journal of Neuro-
chemistry, 87(2), 273-289. 

Schultz, W. (1998). Predictive reward signal of dopamine neurons. Journal 
of Neurophysiology, 80(1), 1-27. 

Schultz, W. (2002). Getting formal with dopamine and reward. Neuron, 
36(2), 241-263. 

Sederberg, P. B., Gauthier, L. V., Terushkin, V., Miller, J. F., Barnathan, J. 
A., & Kahana, M. J. (2006). Oscillatory correlates of the primacy ef-
fect in episodic memory. Neuroimage, 32(3), 1422-1431. 

Seeman, P., & Madras, B. (2002). Methylphenidate elevates resting dopa-
mine which lowers the impulse-triggered release of dopamine: a hy-
pothesis. Behav Brain Res, 130(1-2), 79-83. 

Seeman, P., & Madras, B. K. (1998). Anti-hyperactivity medication: meth-
ylphenidate and amphetamine. Mol Psychiatry, 3(5), 386-396. 

Seidman, L. J., Biederman, J., Monuteaux, M. C., Valera, E., Doyle, A. E., 
& Faraone, S. V. (2005). Impact of Gender and Age on Executive 
Functioning: Do Girls and Boys With and Without Attention Deficit 



 82 

Hyperactivity Disorder Differ Neuropsychologically in Preteen and 
Teenage Years? Developmental Neuropsychology, 27(1), 79-105. 

Seidman, L. J., Biederman, J., Valera, E. M., Monuteaux, M. C., Doyle, A. 
E., & Faraone, S. V. (2006). Neuropsychological functioning in girls 
with attention-deficit/hyperactivity disorder with and without learn-
ing disabilities. Neuropsychology, 20(2), 166-177. 

Sergeant, J. A. (2000). The cognitive-energetic model: an empirical ap-
proach to attention-deficit hyperactivity disorder. Neuroscience and 
Biobehavioral Reviews, 24(1), 7-12. 

Sergeant, J. A. (2005). Modeling attention-deficit/hyperactivity disorder: a 
critical appraisal of the cognitive-energetic model. Biological Psy-
chiatry, 57(11), 1248-1255. 

Sergeant, J. A., Geurts, H., Huijbregts, S., Scheres, A., & Oosterlaan, J. 
(2003). The top and the bottom of ADHD: a neuropsychological 
perspective. Neuroscience and Biobehavioral Reviews, 27(7), 583-
592. 

Servan-Schreiber, D., Printz, H., & Cohen, J. D. (1990). A network model of 
catecholamine effects: gain, signal-to-noise ratio, and behavior. Sci-
ence, 249(4971), 892-895. 

Shalev, L., & Tsal, Y. (2003). The wide attentional window: a major deficit 
of children with attention difficulties. Journal of Learning Disabili-
ties, 36(6), 517-527. 

Shetty, T., & Chase, T. N. (1976). Central monoamines and hyperkinase of 
childhood. Neurology, 26(10), 1000-1002. 

Sikström, S. (2006). The Isolation, Primacy, and Recency Effects Predicted 
by an Adaptive LTD/LTP Threshold in Postsynaptic Cells. Cogni-
tive Science, 30(2), 243-275. 

Sikström, S., & Söderlund, G. B. W. (in press). Stimulus Dependent Dopa-
mine Release in ADHD. Psychological Review. 

Simonotto, E., Spano, F., Riani, M., Ferrari, A., Levero, F., Pilot, A., et al. 
(1999). fMRI studies of visual cortical activity during noise stimula-
tion. Neurocomputing: An International Journal. Special double 
volume: Computational neuroscience: Trends in research 1999, 26-
27, 511-516. 

Skolverket. (2005). Education Results National level. Report, 257(Part 1), 1-
172. 

Skolverket. (2006). Utbildningsresultat Riksnivå. Rapport, 274, 1-155. 
Smalley, S. L., Kustanovich, V., Minassian, S. L., Stone, J. L., Ogdie, M. N., 

McGough, J. J., et al. (2002). Genetic linkage of attention-
deficit/hyperactivity disorder on chromosome 16p13, in a region im-
plicated in autism. Am J Hum Genet, 71(4), 959-963. 

Smith, A. P., & Broadbent, D. E. (1982). The effects of noise on recall and 
recognition of instances of categories. Acta Psychologica, 51(3), 
257-271. 

Smith, A. P., Jones, D. M., & Broadbent, D. E. (1981). The effects of noise 
on recall of categorized lists. British Journal of Psychology, 72(3), 
299-316. 



 83 

Socialstyrelsen. (2002). ADHD hos barn och vuxna (Swedish, Trans. Vol. 
2002-110-16). Stockholm: Socialstyrelsen. 

Solanto, M. V. (2002). Dopamine dysfunction in AD/HD: integrating clini-
cal and basic neuroscience research. Behavioral Brain Research, 
130(1-2), 65-71. 

Solanto, M. V., Abikoff, H., Sonuga-Barke, E., Schachar, R., Logan, G. D., 
Wigal, T., et al. (2001). The ecological validity of delay aversion 
and response inhibition as measures of impulsivity in AD/HD: a 
supplement to the NIMH multimodal treatment study of AD/HD. 
Journal of Abnormal Child Psychology, 29(3), 215-228. 

Sonuga-Barke, E. J. (2002a). Interval length and time-use by children with 
AD/HD: a comparison of four models. Journal of Abnormal Child 
Psychology, 30(3), 257-264. 

Sonuga-Barke, E. J. (2002b). Psychological heterogeneity in AD/HD--a dual 
pathway model of behaviour and cognition. Behavioral Brain Re-
search, 130(1-2), 29-36. 

Sonuga-Barke, E. J. (2003). The dual pathway model of AD/HD: an elabora-
tion of neuro-developmental characteristics. Neuroscience and 
Biobehavioral Reviews, 27(7), 593-604. 

Sonuga-Barke, E. J. (2005). Causal models of attention-deficit/hyperactivity 
disorder: from common simple deficits to multiple developmental 
pathways. Biological Psychiatry, 57(11), 1231-1238. 

Sonuga-Barke, E. J., De Houwer, J., De Ruiter, K., Ajzenstzen, M., & Hol-
land, S. (2004). AD/HD and the capture of attention by briefly ex-
posed delay-related cues: evidence from a conditioning paradigm. 
Journal of Child Psychology and Psychiatry, 45(2), 274-283. 

Sonuga-Barke, E. J., Taylor, E., & Heptinstall, E. (1992). Hyperactivity and 
delay aversion--II. The effect of self versus externally imposed 
stimulus presentation periods on memory. Journal of Child Psychol-
ogy and Psychiatry, 33(2), 399-409. 

Sonuga-Barke, E. J., Taylor, E., Sembi, S., & Smith, J. (1992). Hyperactivity 
and delay aversion: I. The effect of delay on choice. Journal of 
Child Psychology and Psychiatry, 33(2), 387-398. 

Spencer, T. J., Biederman, J., Madras, B. K., Faraone, S. V., Dougherty, D. 
D., Bonab, A. A., et al. (2005). In vivo neuroreceptor imaging in at-
tention-deficit/hyperactivity disorder: a focus on the dopamine 
transporter. Biological Psychiatry, 57(11), 1293-1300. 

Stansfeld, S. A., Berglund, B., Clark, C., Lopez-Barrio, I., Fischer, P., Ohr-
strom, E., et al. (2005). Aircraft and road traffic noise and children's 
cognition and health: a cross-national study. Lancet, 365(9475), 
1942-1949. 

Stein, R. B., Gossen, E. R., & Jones, K. E. (2005). Neuronal variability: 
Noise of part of the signal. Nature Reviews Neuroscience, 6(5), 389-
397. 

Stephane, M., & Pellizzer, G. (2007). The dynamic architecture of working 
memory in schizophrenia. Schizophr Res, 92(1-3), 160-167. 



 84 

Stins, J. F., van Leeuwen, W. M., & de Geus, E. J. (2005). The multi-source 
interference task: the effect of randomization. Journal of Clinical 
and Experimental Neuropsychology, 27(6), 711-717. 

Stroop, J. R. (1935). Studies of interference in serial verbal reactions. Jour-
nal of Experimental Psychology, 18, 643-661. 

Sutton, R. S., & Barto, A. G. (1990). Time-derivative models of Pavlovian 
reinforcement. In M. Gabriel & J. Moore (Eds.), Learning and com-
putational neuroscience: Foundations of adaptive networks. (pp. 
497-537). Cambridge, MA, US: The MIT Press. 

Swanson, J. M., Sergeant, J. A., Taylor, E., Sonuga-Barke, E. J., Jensen, P. 
S., & Cantwell, D. P. (1998). Attention-deficit hyperactivity disorder 
and hyperkinetic disorder. Lancet, 351(9100), 429-433. 

Szatmari, P., Offord, D. R., & Boyle, M. H. (1989). Ontario Child Health 
Study: Prevalence of attention deficit disorder with hyperactivity. 
Journal of Child Psychology & Psychiatry & Allied Disciplines, 
30(2), 219-230. 

Söderlund, G. B. W., Sikström, S., & Loftesnes, J. M. (in progress). Good 
News for Noise: Noise Improves Performance at the Primacy Effect 
in ADHD and DCD-Children 

. 
Söderlund, G. B. W., Sikström, S., & Smart, A. (in press). Listen to the 

noise: Noise is beneficial for cognitive performance in ADHD. 
Journal of Child Psychology and Psychiatry. 

Taylor, E., Sergeant, J., Doepfner, M., Gunning, B., Overmeyer, S., Mobius, 
H. J., et al. (1998). Clinical guidelines for hyperkinetic disorder. 
European Society for Child and Adolescent Psychiatry. Eur Child 
Adolesc Psychiatry, 7(4), 184-200. 

Toplak, M. E., Rucklidge, J. J., Hetherington, R., John, S. C., & Tannock, R. 
(2003). Time perception deficits in attention-deficit/ hyperactivity 
disorder and comorbid reading difficulties in child and adolescent 
samples. Journal of Child Psychology and Psychiatry, 44(6), 888-
903. 

Toplak, M. E., & Tannock, R. (2005). Tapping and anticipation performance 
in attention deficit hyperactivity disorder. Perceptual and Motor 
Skills, 100(3 Pt 1), 659-675. 

Tripp, G., & Alsop, B. (2001). Sensitivity to reward delay in children with 
attention deficit hyperactivity disorder (ADHD). Journal of Child 
Psychology and Psychiatry, 42(5), 691-698. 

Tripp, G., Ryan, J., & Peace, K. (2002). Neuropsychological functioning in 
children with DSM-IV combined type Attention Deficit Hyperactiv-
ity Disorder. Aust N Z J Psychiatry, 36(6), 771-779. 

Usher, M., & Feingold, M. (2000). Stochastic resonance in the speed of 
memory retrieval. Biological Cybernetics, 83(6), L11-16. 

Vaidya, C. J., Austin, G., Kirkorian, G., Ridlehuber, H. W., Desmond, J. E., 
Glover, G. H., et al. (1998). Selective effects of methylphenidate in 
attention deficit hyperactivity disorder: a functional magnetic reso-
nance study. Proc Natl Acad Sci U S A, 95(24), 14494-14499. 



 85 

van der Meere, J., Gunning, B., & Stemerdink, N. (1999). The effect of 
methylphenidate and clonidine on response inhibition and state regu-
lation in children with ADHD. Journal of Child Psychology and 
Psychiatry, 40(2), 291-298. 

van der Meere, J., Shalev, R., Börger, N., & Gross-Tsur, V. (1995). Sus-
tained attention, activation and MPH in ADHD: a research note. 
Journal of Child Psychology and Psychiatry, 36(4), 697-703. 

van der Meere, J., Stemerdink, N., & Gunning, B. (1995). Effects of presen-
tation rate of stimuli on response inhibition in ADHD children with 
and without tics. Perceptual and Motor Skills, 81(1), 259-262. 

van Mourik, R., Oosterlaan, J., & Sergeant, J. A. (2005). The Stroop revis-
ited: a meta-analysis of interference control in AD/HD. Journal of 
Child Psychology and Psychiatry, 46(2), 150-165. 

Ward, L. M., Doesburg, S. M., Kitajo, K., MacLean, S. E., & Roggeveen, A. 
B. (2006). Neural synchrony in stochastic resonance, attention, and 
consciousness. Can J Exp Psychol, 60(4), 319-326. 

Wells, C., Ward, L. M., Chua, R., & Timothy Inglis, J. (2005). Touch noise 
increases vibrotactile sensitivity in old and young. Psychological 
Science, 16(4), 313-320. 

Westerberg, H., Jacobaeus, H., Hirvikoski, T., Clevberger, P., Ostensson, M. 
L., Bartfai, A., et al. (2007). Computerized working memory train-
ing after stroke--a pilot study. Brain Inj, 21(1), 21-29. 

Wiersema, R., van der Meere, J., Roeyers, H., Van Coster, R., & Baeyens, 
D. (2006). Event rate and event-related potentials in ADHD. Journal 
of Child Psychology and Psychiatry, 47(6), 560-567. 

Willcutt, E. G., Doyle, A. E., Nigg, J. T., Faraone, S. V., & Pennington, B. 
F. (2005). Validity of the Executive Function Theory of Attention-
Deficit/Hyperactivity Disorder: A Meta-Analytic Review. Biological 
Psychiatry, 57(11), 1336-1346. 

Williams, B. R., Hultsch, D. F., Strauss, E. H., Hunter, M. A., & Tannock, 
R. (2005). Inconsistency in reaction time across the life span. Neu-
ropsychology, 19(1), 88-96. 

Volkow, N. D., Fowler, J. S., Wang, G., Ding, Y., & Gatley, S. J. (2002). 
Mechanism of action of methylphenidate: insights from PET imag-
ing studies. J Atten Disord, 6 Suppl 1, S31-43. 

Volkow, N. D., Wang, G., Fowler, J. S., Logan, J., Gerasimov, M., Maynard, 
L., et al. (2001). Therapeutic doses of oral methylphenidate signifi-
cantly increase extracellular dopamine in the human brain. J Neuro-
sci, 21(2), RC121. 

Volkow, N. D., Wang, G. J., Fowler, J. S., & Ding, Y. S. (2005). Imaging 
the effects of methylphenidate on brain dopamine: new model on its 
therapeutic actions for attention-deficit/hyperactivity disorder. Bio-
logical Psychiatry, 57(11), 1410-1415. 

Volkow, N. D., Wang, G. J., Fowler, J. S., Telang, F., Maynard, L., Logan, 
J., et al. (2004). Evidence that methylphenidate enhances the sali-
ency of a mathematical task by increasing dopamine in the human 
brain. American Journal of Psychiatry, 161(7), 1173-1180. 



 86 

Womelsdorf, T., & Fries, P. (2007). Neuronal coherence during selective 
attentional processing and sensory-motor integration. Journal of 
Physiology - Paris. 

Yerkes, R. M., & Dodson, J. D. (1908). The relation of strength of stimulus 
to rapidly of habit-formation. Journal of Comparative Neurology 
and Psychology, 18, 459-482. 

Zang, Y. F., Jin, Z., Weng, X. C., Zhang, L., Zeng, Y. W., Yang, L., et al. 
(2005). Functional MRI in attention-deficit hyperactivity disorder: 
Evidence for hypofrontality. Brain Dev. 

Zeng, F. G., Fu, Q. J., & Morse, R. (2000). Human hearing enhanced by 
noise. Brain Research, 869(1-2), 251-255. 

Zentall, S. S. (1986). Effects of Color Stimulation on Performance and Ac-
tivity of Hyperactive and Nonhyperactive Children. Journal of Edu-
cational Psychology, 78(2), 159-165. 

Zentall, S. S., & Dwyer, A. M. (1989). Color Effects on the Impulsivity and 
Activity of Hyperactive Children. Journal of School Psychology, 
27(2), 165-173. 

Zentall, S. S., Falkenberg, S. D., & Smith, L. B. (1985). Effects of color 
stimulation and information on the copying performance of atten-
tion-problem adolescents. Journal of Abnormal Child Psychology, 
13(4), 501-511. 

Zentall, S. S., & Kruczek, T. (1988). The attraction of color for active atten-
tion-problem children. Exceptional Children, 54(4), 357-362. 

Zentall, S. S., & Shaw, J. H. (1980). Effects of classroom noise on perform-
ance and activity of second-grade hyperactive and control children. 
Journal of Educational Psychology, 72(6), 830-840. 

Zentall, S. S., & Zentall, T. R. (1983). Optimal stimulation: A model of dis-
ordered activity and performance in normal and deviant children. 
Psychological Bulletin, 94(3), 446-471. 

Zentall, S. S., Zentall, T. R., & Barack, R. C. (1978). Distraction as a func-
tion of within-task stimulation for hyperactive and normal children. 
Journal of Learning Disabilities, 11(9), 540-548. 

Zuvekas, S. H., Vitiello, B., & Norquist, G. S. (2006). Recent trends in 
stimulant medication use among U.S. children. Am J Psychiatry, 
163(4), 579-585. 

 
 


