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ABSTRACT 
Distractors and environmental noise has long been regarded as detrimental for 
cognitive processing. In particular children with Attention Deficit Hyperactivity 
Disorder (ADHD) are extremely sensitive to distraction from task irrelevant stimuli. 
However, recently it has been shown that exposure to auditory white noise facilitated 
cognitive performance in ADHD children whereas control children performed worse. 
The Moderate Brain Arousal (MBA) model (Sikström & Söderlund 2007) suggest that 
this selective effect of noise adheres from stochastic resonance (SR). This 
phenomenon occurs in any system where a signal plus noise requires passing of a 
threshold, for example the all or none nature of action potentials in neural systems. 
The basic assumption is that noise in the environment, through the perceptual 
system introduces noise in the neural system. According to the SR phenomenon 
moderate noise is beneficial for cognitive performance whereas both excessive and 
insufficient noise is detrimental. The MBA model suggests that the amount of noise 
required for optimal cognitive performance is modulated by levels of dopamine. The 
model predictes that low dopamine children, as in ADHD, require more noise 
compared to high dopamine children for optimal cognitive performance; in short, 
when dopamine is low noise is good. 
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INTRODUCTION 
It has long been known that, under most circumstances, cognitive processing is eas-
ily disturbed by environmental noise and non-task compatible distractors (Broadbent 
1958). This effect is believed to be due to competition for attentional resources be-
tween the distractor and the target stimuli. The distractor effects hold across a wide 
variety of tasks, distractors and participant populations (Belleville et al. 2003; Boman 
et al. 2005; Hygge et al. 2003; Rouleau & Belleville 1996; Shidara & Richmond 
2005). Children with attentional problems such as ADHD are more vulnerable to dis-
traction compared to normal control children (Corbett & Stanczak 1999; Geffner et al. 
1996). In contrast to the main body of evidence regarding distractors and noise, there 
have been a few reports of contradictory findings, although these findings have not 
been satisfactory explained. Specifically that under certain circumstances children 
with attentional problems (such as ADHD), rather than being distracted, actually 
benefit from environmental noise presented concurrently with the target task. Until 
recently the facilitative effect of non-task related environmental stimulation has been 
limited to the effects of background music on simple arithmetic task performance 
(Abikoff et al. 1996; Gerjets et al. 2002). More recently, Stansfeld et al. (2005) found 
that under certain conditions even road traffic noise can improve performance on epi-
sodic memory tasks, especially in children with low socio-economic status and from 
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crowded households, groups that are likely to be distinguished by attentional prob-
lems and academic under-achievement. However, these earlier studies did not use or 
introduce SR as theoretical account for the beneficial effect of noise. 
The aim of this manuscript is to show that auditory white noise can, under certain 
prescribed circumstances, improve attention and cognitive performance in inattentive 
children. Our research group has found compelling data supporting the counterintui-
tive notion that noise exposure under certain conditions can be beneficial for per-
formance in cognitive tasks, in particular for individuals with attentional problems 
such as Attention Deficit/Hyperactivity Disorder (ADHD). The purpose of this presen-
tation is to overview a model and findings showing a link between noise stimulation 
and cognitive performance. This is accomplished in the Moderate Brain Arousal 
model (Sikström & Söderlund 2007), which suggests a link between attention, dopa-
mine transmission, and external auditory noise (white noise) stimulation.  

The Moderate Brain Arousal model 
Signaling in the brain is characterized by myriads of noisy inputs and outputs with a 
poor fidelity. The capacity of the central nervous system to distinguish between the 
information-carrying component of the neuronal signaling and the noisy racket of 
neuronal inputs is a remarkable feature, which includes an ability to deal with noisy 
signals and to use them to its advantage to increase the signal-to-noise ratio (SNR). 
A fundamental mechanism that contributes to this process is the phenomenon of sto-
chastic resonance (SR), which is a core concept of the MBA model. SR is the coun-
terintuitive statistical phenomena where signals that are too weak to be detected be-
come detectable when a random (stochastic) noise is added, see Figure 1. Although 
SR is a paradoxical phenomenon, it is well established across a range of settings; it 
exists in any threshold-based system where noise and signal are required to pass a 
threshold for the registering of a signal. The concept of SR was originally introduced 
to explain climate changes (Benzi et al., 1982), it has been identified in a number of 
naturally occurring phenomena, like bistable optical systems (Gammaitoni et al. 
1998); mechanoreceptors of the crayfish (Douglass et al. 1993); and the feeding be-
havior in the paddlefish (Russell et al. 1999). In particular SR has been found in neu-
ral systems and in behavior. 

Figure 1: Stochastic resonance where a weak sinusoidal signal goes undetected as it does not bring 
the neuron over its activation threshold. With added noise, the same signal results in action potentials 

Threshold phenomena in neural systems are found in the all-or-none nature of action 
potentials. They can be modeled by a non-linear activation function, for example the 
sigmoid function, that simulates the probability that a neural cell will fire (Servan-
Schreiber et al. 1990). The firing probability is influenced by the gain parameter that 
modifies how responsive a neural cell is to stimulation.  

Threshold
Signal
Noise + signal

 = Threshold passing event
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In humans SR has been found in: touch (Wells et al. 2005), auditive (Zeng et al. 
2000), and visual (Simonotto et al. 1999) sensory modalities, where moderate noise 
improves sensory discrimination. In fMRI scans a moderate noise level increased 
neural cortical activity in visual cortex (Simonotto et al. 1999). Most SR studies are 
done in perception tasks, requiring a detection of weak peripheral sensory inputs. 
However less known, empirical evidence suggests that SR also improve central 
processing and cognitive performance, For example, SR has been found in cognitive 
tasks where auditory noise improved the speed of arithmetic computations in a nor-
mal group (Usher & Feingold 2000).  
Our research group has focused on cognitive effects of SR in particular groups with 
attentional problems like in ADHD. The attentional problems in ADHD are associated 
with impairment in multiple behavioral paradigms and also depends on the subtype of 
ADHD diagnosis (Nigg 2005). The implicated domains include; delay aversion, deficit 
in arousal/activation regulation, and executive function/inhibitory deficits (Castellanos 
& Tannock 2002). Delay aversion refers to an intolerance for waiting and has been 
used to explain difficulty in sustaining attention on long and boring tasks (Sonuga-
Barke 2002). Poor regulation of activation or arousal are also associated with inatten-
tion (Castellanos & Tannock 2002) where hyperactivity may be seen as a form of 
self-stimulation to achieve a higher arousal level. Executive deficits are predomi-
nantly linked to impairments in working memory and effortful attentional control 
shown in the difficulty to stop an ongoing response and response shift (Casey et al. 
1997). 
In the framework of MBA, the attentional problem comes from overactive response 
from environmental stimuli caused by too low levels of extracellular dopamine. Do-
pamine signaling consists of two components; a stimulus independent tonic firing that 
determines concentration of dopamine in the extra-cellular fluid and a spike (stimu-
lus) dependent phasic dopamine release. Tonic levels are continuous and modulate 
phasic reactivity. Autoreceptors in the pre-synaptic cell are activated when the tonic 
level is too high and suppresses spike-dependent phasic dopamine release, whereas 
low tonic levels increase phasic release (Grace 1995). Excessive tonic firing is sug-
gested to cause inhibited phasic release and is associated with cognitive rigidity. Low 
tonic levels, in contrast, cause neuronal instability and boosted phasic responses 
(Grace et al. 2007). Excessive phasic transmission is suggested to cause instability 
in neuronal activation and is associated with cognitive symptoms such as failure to 
sustain attention, distractibility and excessive flexibility, symptoms that are hallmarks 
of ADHD. ADHD suffers from low tonic dopamine levels (Volkow et al. 2002) and 
consequently excessive phasic dopamine release causing the behavioral problems 
seen in ADHD. Furthermore, we suggest that ADHD symptoms should not be seen 
as a discrete category, but rather as a continuous dimension. This view implies that 
ADHD like symptoms are distributed in populations and can explain inattention and 
hyperactivity seen in normal populations as well. A major insight gained from the 
MBA model is that individual differences in the level of background noise within the 
neural system (linked to differences in dopamine signaling) will be reflected in differ-
ent effects of environmental noise on performance. 
Neurocomputational modeling of the MBA model shows that a neural system with low 
dopamine levels (low gain parameter), requires more noise for an optimal perform-
ance. Therefore inattentive and ADHD children, with low levels of dopamine, require 
more environmental noise than attentive children for optimal performance in cognitive 
tasks. Attentive children are suggested to possess sufficient internal noise levels for a 
high performance. Thus, neural systems with low levels of noise require more exter-
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nal noise for the facilitating effect of SR to be observed. Systems with high internal 
noise levels require less external noise. In this sense the individual levels of neural 
noise, and the individual SR curve, influence the external noise and performance dif-
ferently. The size of the effect of noise on performance follows an inverted U-shaped 
curve. That is, a moderate noise is beneficial for performance whereas too little and 
too much noise attenuates performance. Levels of noise that enhance performance 
of children with low internal noise attenuate performance for children with higher lev-
els of internal noise. Input parameters to the MBA model are external noise and sig-
nal that activates internal neural noise and signal. Through the SR phenomenon 
these provide an output measured by cognitive performance. Thus, this provides a 
straightforward prediction of noise-induced improvement in cognitive performance in 
ADHD and inattentive children.  
In summary, the MBA model predicts that cognitive performance in ADHD and inat-
tentive children benefits from noisy environments because the dopamine system 
modulates the SR phenomenon. It suggests that the stochastic resonance curve is 
right shifted in ADHD due to lower gain or lower dopamine. The MBA model predicts 
that for a given cognitive task ADHD children and inattentive children require more 
external noise or stimulation, compared to control children, in order to reach optimal 
(i.e. moderate) brain arousal level. This prediction was experimentally tested in three 
studies presented below. 

Experimental support of the MBA model 
The affirmed predictions of the MBA model have been experimentally tested in an 
episodic memory task consisting of learning of word pairs. The main manipulations 
have been auditory noise and grouping of children based on ADHD and other behav-
ioral testing. Participants are presented with verbal commands, simple verb – noun 
sentences such as “roll the ball” or “break the match” (Nilsson 2000). At the subse-
quent memory test, participants are instructed to remember as many of the verbal 
commands presented as possible.  

METHODS 
Participants 
Study 1. Forty-two, 9.4 – 13.7 years (M=11.2), children participated in the study. The 
ADHD group consisted of 21 boys, and no girls. This group was diagnosed by pedia-
tricians (in Hospitals or local neuro-teams) according to the guidelines of DSM IV 
(APA 1994) Fifteen of the children were diagnosed ADHD-combined type (ADHD-C) 
and six as predominantly inattentive (ADHD-I). Seven children where medicated dur-
ing the experiment (methylphenidate), and their results were analysed seperatly. The 
ADHD group was recruited from special schools or classes in Stockholm and the 
control group from ordinary schools in the same district matched after gender, age, 
and school performance level. 
Study 2. Thirty-two secondary school pupils (Sogndal, Norway) between 10-12 years 
(M=11.5) participated in the study. The group consisted of 22 boys and 10 girls. Par-
ticipants where divided into groups after achievements or scholastic skills by judg-
ment of their teachers for abilities concerning general school performance in three 
levels: below average, average, and above average relatively to what are expected 
from this age group. School performance were merged into two groups (be-
low/average and above average achievers) while the below average group only con-
sisted of four participants. 
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Study 3. Fifty-one secondary school pupils (Sogndal, Norway, different school from 
study one) between 11-12 years (M=11.7) participated in the study. The group con-
sisted of 25 boys and 26 girls. Participants where divided into groups in three levels 
after three different criteria: 1) school performance (teachers judgments); 2) Raven 
scores (Raven 1995); and 3) attention and/or hyperactivity (teachers judgments, 
scoring high in either of these behaviors or in both). 
Design and materials 
The design of the study was a 2 x 2, where no noise vs. noise was the within sub-
ject’s manipulation. The between group variable where in study 1: ADHD vs. control. 
In study 2 and 3 the between group variable was based on cognitive performance as 
described above.  
The to-be-remembered (TBR) items consisted of 96 sentences divided into 8 sepa-
rate lists with 12 verb-noun sentences in each list. Each sentence consisted of a uni-
que verb and a unique noun (e.g., “roll the ball”). The sentences were placed in ran-
dom order. All to-be-remembered sentences were recorded on a CD. In the no noise 
conditions the sentences were read in absence of noise and in the noise conditions 
they were read in presence of white noise. The equivalent continuous sound level of 
the white noise and the speech signal was 81 and 80 dB respectively, thus signal-to 
noise-ratio was -1 dB in study 1. In study 2 and 3 noise and speech levels where 78 
and 86 dB, respectively and the signal-to-noise ratio was 8 dB. However, in all condi-
tions the signal was sufficiently strong so that all participants could errorless perceive 
the content of the words (i.e., the tests were a cognitive memory test and not a per-
ceptual test). The affirmed noise levels were chosen to correspond to levels where 
earlier studies have found effect of SR on cognition in an arithmetic’s test for a nor-
mal population (Usher & Feingold 2000) and on working memory for Alzheimer pa-
tients (Belleville et al. 2003). Recordings were made in a sound studio. 
Procedure 
In all studies the participants were tested individually in a room. The test lasted for 
about 45 minutes including instructions. Before starting the experiment proper, two 
practicing sentences were presented. All TBR items were recorded on a CD, a new 
item was read every 9th second. Time taken to present each list was approximately 1 
min. 40 s. The noise exposure was continuous during the encoding phase and was 
present every second list. Directly after presentation of the last item subjects per-
formed a free recall test in which they spoke out loud as many sentences as possible, 
in any order.  

RESULTS 
Results from the studies are summarized in Figures 2 to 4 below. For a more exten-
sive description of study 1 see Söderlund et al. (2007), study 2 and 3 see Söderlund 
et al. (in preparation). 
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Figure 2: Study 1; Percentage correct recall as a function of noise and group (ADHD vs. Control) 

The interaction between noise and group is significant when the medicated children 
where excluded while medication could be a possible confound. (F(1,33)= 5.73, p= 
.023, eta2= .15) (see Figure 2). When medicated group was included, to see if noise 
effect was present in this group too, in the assessment the interaction between noise 
and group became stronger (F(1,40) = 8.41, p = 0.006, eta2= .17).  
Study 2 comprised a normal population of school children. In this study cognitive per-
formance was measured by teacher’s judgment of general scholastic skills in three 
levels: average, above and below average. While the below group only consisted of 
four participants the below and average groups were merged together Figure 3A 
shows that the interaction between noise and group is significant (F(1,30) = 5.92, p = 
0.021, eta2= .14). The significant difference between groups in the no noise condition 
(t(30)= 3.67, p= .001) disappears in the noise condition (Figure 3A) 
Study 3 consisted of a normal population of school children. The children were 
grouped according to (1) teachers’ judgments of general school performance, (2) 
teacher judgments of inattention/hyperactivity, and (3) the score on a Raven test. The 
results are presented in figures 3B, 4A, and 4B (below), note that group sizes differ 
between the figures.  

Figure 3A: Study 2: Recall performance as a 
function of noise and school performance in 
two groups (teachers judgments: above N= 12, 
below/average N= 20) 

Figure 3B: Study 3: Recall performance as a 
function of noise and school performance (tea-
chers judgments in three groups: above N= 22; 
average N= 22; below N= 7) 
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In Study 3, there was a significant interaction effect between noise and below/above 
groups, however, there was no interaction effect involving the middle group (Figure 
3B). Note that the memory performance level was significantly lower for the below 
group as compared to the average and above groups (F(2,48)= 8.51, p= .001). 

Figure 4A: Study 3: Recall performance as a 
function of noise and attention/hyperactivity 
(teachers judgment: attentive N= 24; average 
attentive N= 17; inattentive/hyperactive N= 10 

Figure 4B: Study 3: Recall performance as a 
function of noise and Raven score (above N= 
19; average N= 24; below N= 8) 

 

In Study 3, the interaction between noise and Raven score was significant (F(2,48)= 
3.35, p= .044, eta2=.12) (Figure 4B). Note that the difference in memory performance 
between below and high performing groups disappeared with noise exposure when t-
tested separately. Figure 4A shows the lowest p-value in the interaction between at-
tention and noise (F(2,48)= 4.99, p= .011, eta2=.17). Inattentive children did benefit 
most from noise and there was no main effect on performance of group, all groups 
performed at the same level (F(2,48) = 1.28, p = .288). 

CONCLUSIONS 
Taken together the results presented above provide support for the predictions of the 
MBA model showing selective effects of noise on performance. This effect is present 
in comparisons between ADHD/control groups, a normal population divided into inat-
tentive/attentive, below/above average scholastic skills, and high/low performers on 
the Raven test. This supports the MBA model suggesting that the endogenous neural 
noise level in children in several different groups is sub-optimal. MBA accounts for 
the noise-enhancing phenomenon by stochastic resonance (SR). Noise in the envi-
ronment introduces internal noise to the neural system through the perceptual sys-
tem. Of particular importance is that the peak of the SR curve depends on the dopa-
mine level, so participants with low dopamine levels (inattentive, ADHD) require more 
noise for optimal cognitive performance compared to attentive controls.  
There is now good evidence that ADHD is a hypo-dopaminergic disorder (Solanto 
2002). Both hyper- and hypo-functioning of the dopamine system causes impair-
ments in cognitive performance while dopamine modulates neuron responses by in-
creasing the SNR through enhanced differentiation between background efferent (in-
ternal) firing and afferent (external) stimulation (Goldman-Rakic et al. 2000). A ques-
tion to address in the future is whether inattention, low achievement in school and 
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demanding cognitive tasks such as Raven is to some extent caused by insufficient 
dopamine signaling.  
Although a number of studies demonstrates improved CNS function in clinical groups 
with stochastic stimulation e.g., in diabetes and stroke (Priplata et al. 2006), in elderly 
(Priplata et al. 2003), or in Parkinson’s disease (Yamamoto et al. 2005) the action 
mechanisms at the system level are poorly understood. Little is known about which 
parts of the brain (other than primary and secondary afferent neurons) that are acti-
vated by stochastic noise stimulation. Furthermore, little is known about how SR in-
terferes with normal CNS processing and if SR stimulation restores low dopamine 
levels (gain) or if it works by other means. 
There are limitations in present studies and many important queries remain to be sol-
ved, e.g.: 1) to map out the inverted u-curve for the stochastic resonance by studying 
several noise levels for participants with different cognitive capacities; 2) to explore 
the generalization of the SR effect over different cognitive tasks; 3) to examine 
whether the SR effect has an effect on higher cognition supplied in different modali-
ties and if SR works cross modal. 
The finding reviewed here strongly suggests that noise is not always bad for cognitive 
performance. However, the positive effect of noise depends on individual factors. 
This suggests that factors such as noise, and cognitive abilities interact in a complex 
way that should be acknowledged in any future work measuring cognitive tasks. The 
inverted U-shape of the SR phenomenon suggests that interesting effects could be 
hidden in mean values, which may emerge as interesting findings when the data is 
divided into groups.  
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