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The problem of keeping an attention level is one of the common symptoms of attention
deficit disorder. Dopamine deficiency is introduced as one of the causes of this disorder.
Based on some physiological facts about the attention control mechanism and chaos inter-
mittency, a behavioral model is presented in this paper. This model represents the problem
of undesired alternation of attention level, and can also suggest different valuable predic-
tions about a possible cause of attention deficit disorder. The proposed model reveals that
there is a possible interaction between different neurotransmitters which help the individ-
ual to adaptively inhibit the attention switching over time. The result of this study can be
used to examine and develop a new practical and more appropriate treatment for the prob-
lem of sustaining attention.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Attention deficit disorder (ADD) is one of the most common neurobehavioral disorders. It is usually first diagnosed in
childhood, and its symptoms often last into adulthood. A person with ADD often avoids, dislikes, or does not want to do
things that take a lot of mental effort for a long period of time. He/she is often easily distracted, usually has trouble keeping
attention on tasks or play activities and frequently switches from one activity (mental or physical) to another [1], whereas a
person without such a disorder can keep his/her attention for more time in the same situation [2]. Therefore, switching
between different activities and inability to maintain attention are not because of sudden changes or noise in the environ-
ment. It appears that there is an inherent switching in the attention controlling mechanism of people with attention deficit
disorder. This kind of inherent switching is a universal feature of many natural systems, especially neurons [3].

The attention switching symptom of ADD is behaviorally similar to intermittent chaos. Intermittency is a property of a
chaotic system in which the dynamics switch back and forth between two qualitatively different behaviors (e.g. periodic
to chaotic) even though all control parameters remain constant and no significant external noise is present. Wandering
between these behaviors will continue while the system is in the intermittency mode [4]. In other words, in chaotic inter-
mittency, a system cannot preserve its ordered manner and switches repeatedly to chaos. Similarly, people with inattentive
type of ADD have difficulty keeping their attention on a task, and they switch between different activities.

The study of chaotic dynamics has received increasing attention and has provided a promising method for studying
biological systems and signals [5–9]. The studies conducted so far have shown that chaos plays an essential role in neural
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systems analysis, and brain signals have deterministic chaotic properties [7]. Biological system modeling is another field of
study that exploits chaos theory [10–13].

Based on the properties of chaos intermittency and the physiological facts about the human attention system, a novel
top–down behavioral model of the attention controlling mechanism in people with ADD is proposed in the current study.
Top–down dynamical models start with an analysis of those important aspects of behavior that are robust and reproducible.
The top–down approach is a more speculative, big-picture view. The model should predict how the behavior evolves with
different changes in the environment [14].

In previous studies, different animal and computational models were presented which show some other problems of
ADDs [15–17]. For instance, Balkenius and Björne [15] presented a robot model of attention deficit hyperactivity disorder
(ADHD) which can reproduce some of the behaviors of people with ADHD. They show the slow reaction time for people with
ADHD and predict the possible working memory impairment in these people. However, no simulation of the sustaining
attention problem was done in that study [15]. Brown (2001) developed a model of ADD based on the physiological facts
and his experiments with children who have ADD/ADHD. Brown’s model describes the complex cognitive functions impaired
in ADD Syndrome [16]. There are also some animal models of ADHD in which their goal is to show parts of the brain that are
involved in ADHD [17].

In the current study, a new model is proposed whose main goal is the investigation of the frequent attention switching
problem in ADDs. Using chaos theory to model an abnormality in people with ADD is one of the novelties of the current
study. This model has the ability to show the effect of interaction between attention system components in keeping an indi-
vidual’s attention on a task. It can also predict some possible causes of the attention switching problem.

Section 2 outlines the information about the main parts of the brain that are associated with attention deficit disorders.
Section 3 contains details about the proposed model’s components. The results and discussion of this study are presented in
Section 4 followed by the conclusion in Section 5.

2. The physiological background

The frontal lobe of the brain is a very important part of a complex cognitive processing system. It has many connections to
different areas of the brain. Research on the brain function of people with ADD has shown that frontal lobe dysfunction may
cause the appearance of ADD symptoms [18]. The frontal cortex has an important role in controlling attention level, focusing,
restraint, and patience. When this part of the brain does not work well, signs of distraction, lack of restraint, impatience, and
lack of attention to detail are seen in the person [19]. The frontal cortex also plays an important role in the excitation/inhi-
bition balance in information processing [20]. In people with ADD, frontal lobe dysfunction reduces the inhibitory power of
the brain, and they have difficulties in inhibiting their attention switching [21–25]. However, there are some recent studies
that claimed that the excitatory brain components can also affect ADD [26–29].

It has been reported that a neurotransmitter called dopamine has a considerable effect on frontal lobe function [30]. Sev-
eral important diseases of the nervous system are associated with dysfunctions of the dopamine system [31,32]. ADD is also
believed to be associated with decreased dopamine activity [33]. Dopamine plays a major role in the brain system that is
responsible for reward-driven learning [34]. Every type of reward that has been studied and also stressful situations increase
the level of dopamine transmission in the brain [35,36].

3. The proposed model

According to the previous discussion, a nonlinear neural network is proposed (Fig. 1) to model the ADD attention switch-
ing behavior. Choosing appropriate values for the parameters leads to chaotic behavior.

The model input is composed of two main parts: First, sensory information is received from the subject, on which the
person is asked to concentrate. Second, feedback information is extracted from analysis and perception of sensory informa-
tion. The sensory cortex receives the input information and sends it to the inhibitory and excitatory parts of the brain with an
amplification factor of wi. These parts are attributed to the frontal cortex.

The output of this network can be computed as follows:
Fig. 1. A behavioral chaotic neural network model of ADD. E(x) and I(x) are the activation functions of two neurons whose outputs are respectively
multiplied by (B) and (A). Both E(x) and I(x) are hyperbolic tangent functions. I(x) * (�A) models the inhibitory brain action and E(x) * (+B) models the
excitatory brain action. (A), (B), and wi are values that amplify the output of the neurons.
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EðxÞ ¼ tanhðxÞ; IðxÞ ¼ tanhðxÞ
outðnþ 1Þ ¼ B � Eðx1Þ � A � Iðx2Þ
x1 ¼ w1 � outðnÞ; x2 ¼ w2 � outðnÞ
outðnþ 1Þ ¼ B � tanhðw1 � outðnÞÞ � A � tanhðw2 � outðnÞÞ

8>>><
>>>:

ð1Þ
In this model, E(x) and I(x) are the activation functions of two neurons whose outputs are respectively multiplied by (B)
and (A). Hyperbolic tangent activation functions are considered for both I(x) and E(x). However, the output of I(x) enters the
output neuron with a negative value that models the inhibitory brain action, and the output of E(x) enters the output neuron
with a positive value that models the excitatory brain action. All coefficients ((A), (B), w1, and w2) are associated with the
brain synapses’ weights that are regulated by the release of different neurotransmitters. The value of these coefficients
can be varied to produce different behaviors that will be discussed in the next sections. Since the value of (A) shows the
power of inhibitory brain action, inappropriate values of (A) that can be correlated with the amount of dopamine required
to cause inhibitory problems in people with ADD.

The result of executing all excitatory or inhibitory processes will be the individual’s perception from the environment that
will produce a level of attention and will affect the input information. Neural studies have shown that attention increases the
firing rate of neurons and also makes more neurons fire simultaneously [37,38]. Consequently, it follows that more attention
leads to more neuron output energy over a period of time.

In the present study, the root mean squared (RMS) value of the output (which can be considered proportional to its
energy) is considered as the ‘‘attention level’’ over a period of time. Therefore, the ‘‘attention level’’ in a specified time
window is calculated as follows:
attentionlevel ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ðn2 � n1 þ 1Þ
Xn2

n¼n1

½outðnÞ�2
vuut ð2Þ
where n1 and n2 are respectively the first and last time samples of the considered time window and out(n) is the amplitude of
the output in the nth time sample. Therefore, Eq. (2) can be used to calculate the changes in attention level over different
time windows.
4. Results and discussion

The proposed model is simple with a few parameters whose values are important for changing the behavior of the system.
As was mentioned in the physiological background, many different studies have claimed that dysfunction of the inhibitory
part of the brain is responsible for ADD symptoms, and some of them showed that the excitatory brain components are also
important in ADD.

Therefore, the analysis of the model is done first considering a fixed value of the coefficients: B, w1 and w2; because they
do not relate to the inhibitory part. The values of these parameters are chosen by trial and error so that there is an intermit-
tency mode in the model’s bifurcation diagram based on different values of the parameter (A) for B = 5.821; w1 = 1.487;
w2 = 0.2223. It should be noted that there are many choices for these values that cause intermittency. The goal of this study
is not to investigate the quantitative value of these parameters but rather to show that a small change in the model param-
eters (which are attributed to the neurotransmitters) can lead to undesired behavior of the system. Actually, all of these coef-
ficients are internal factors (the effect of neurotransmitters) which are automatically set in the brain, and in some disorders
these coefficients may change from their optimal values.

Considering the above coefficient values, the bifurcation diagram of this neural network for different values of (A) is plot-
ted in Fig. 2.

According to the previous discussion, attention switching, which is one of the common symptoms of ADD, is analogous to
intermittency in chaotic systems. Therefore the parameter (A) is set at a value for which the model exhibits intermittency. In
this mode, the output of the model switches between different behaviors without any changes in the environment (the
model parameters). But it is expected that a healthy person can control and sustain his/her attention when there is no dis-
turbance in the environment. In other words, the attention level frequently switches in people with ADD for no apparent
reason, whereas a healthy person can keep his/her attention level nearly constant over some period of time. The output
of the model at A = 12.473 is shown in Fig. 3. At this value, the model is in a periodic window.

According to Fig. 3, the behavior of the system is ordered (periodic) for the selected values; and the attention level (which
is calculated by using Eq. (2)) does not change in time. In other words, the attention level is not reduced over time, and the
model keeps the level of the attention constant. However, by reducing (A) from 12.473 to 12.472, the output changes as
shown in Fig. 4 (reducing the value of (A) is equivalent to a reduction in dopamine secretion).

According to Fig. 4, it seems that reducing the value of (A) causes the system to enter into intermittency, and the attention
level alternates over time. Further reduction of (A) to A = 12.461 changes the output as shown in Fig. 5.

Fig. 5 shows that a small reduction of (A) leads to more switching in the output behavior (intermittency) and conse-
quently in the attention level; that is, the model for these parameter values was not able to keep the attention level constant



Fig. 2. The model bifurcation diagram based on different values of the parameter (A), B = 5.821; w1 = 1.487; w2 = 0.2223.
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Fig. 3. The model output for A = 12.473, B = 5.821; w1 = 1.487; w2 = 0.2223. The red line shows the attention level. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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over time. This behavioral switching during different time windows occurs without any changes in the parameter values
(environmental conditions). This intermittent behavior is analogous to the AD/HD’s attention switching symptom.

Controlling the attention switching in ADHDs is usually done by drug consumption. These drugs increase the level of
dopamine in the brain [1]. According to this model, it seems that these drugs push the system from intermittency to
periodicity.

4.1. The possible interaction between neurotransmitters

Taking a closer look at the obtained result shows that the dopamine secretion (A) does not affect the attention level con-
trol alone. It seems that proportionality between dopamine (A) and other neurotransmitters (w1, w2 and B) is important in
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Fig. 4. The model output for A = 12.472, B = 5.821; w1 = 1.487; w2 = 0.2223. The red line shows the attention level. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. The model output for A = 12.461, B = 5.821; w1 = 1.487; w2 = 0.2223.
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controlling the attention level. The reason behind this claim is that if it is assumed that there is no proportional interaction or
coupling between dopamine and other neurotransmitters, then small changes in the amount of dopamine causes a serious
attention abnormality, while we know the brain is more robust against small changes in dopamine. Therefore, it is predicted
that when the amount of dopamine (A) is close to a value that brings the system out from periodic windows, the values of the
other parameters (neurotransmitters) will be changed so as to inhibit the system from becoming intermittent. This predic-
tion agrees with recent evidence in the literature which indicates that more neurotransmitters contribute in controlling
attention level [39,40]. Fig. 6 shows that a small increment in the (B) value from 5.821 to 5.826 can compensate for the
reduction in the (A) value, and consequently, can bring the system out of intermittency.
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Fig. 6. Top: the model output for A = 12.461, B = 5.821; w1 = 1.487; w2 = 0.2223; Bottom: the model output for A = 12.461 B = 5.826; w1 = 1.487; w2 = 0.2223
(bringing the system out of intermittency to periodicity by increasing the (B) value by about 0.005).
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According to Fig. 6, it seems that the amount of the other neurotransmitters is also important to prevent the attention
level alternation over a period of time. Fig. 7 shows the bifurcation diagram of the proposed model for different values of
(B) at a fixed value of (A = 12.473).

Fig. 7 shows that changes in the value of (B) can also affect the system behavior. However, if it was considered that one
parameter in the model is varied and the other is fixed, then the model is very sensitive to the parameter value, and small
changes bring the model into intermittency. Therefore, it is likely that there is a mechanism that keeps the system (the mind
of the person with ADD) in the intermittent state. A possible mechanism is the interaction and coupling between neurotrans-
mitters. That is, changing the value of one neurotransmitter (e.g. the parameter (A)) will lead to changes in the other
Fig. 7. The model bifurcation diagram based on different values of the parameter (B), A = 12.473; w1 = 1.487; w2 = 0.2223.
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neurotransmitter values (e.g. the parameter (B)). Fig. 8 shows different behaviors of the proposed model for simultaneous
changes of both parameters (A) and (B).

Fig. 8 demonstrates that the simultaneous influence of two factors (A) and (B) creates a region of parameter space where
the system can remain long enough for intermittency to occur. That is, the interaction and coupling between these two neu-
rotransmitters causes the model to be more robust to changes of neurotransmitter values.

The simultaneous effect of two parameters was investigated in this section. However, it is obvious that more parameters
are involved in the attentional control system that may change the region of parameters where the system shows different
behaviors.
4.2. A possible attenuator in the feedback path

An input/output feedback was considered in the proposed model (Fig. 1). According to this model it can be predicted that
a defect of this path may cause the attention switching problem. In line with this assumption, in this section an attenuator is
considered in the feedback path (Fig. 9).

Fig. 10 shows the bifurcation diagram of the proposed model for different values of (K) at a fixed value of the other
coefficients.

In a healthy subject, it is expected that the output information feeds back to the input without any flaws (K = 1). Accord-
ing to Fig. 10, it is also observed that the widest periodic window (robust attention level) is around K = 1. If the output infor-
mation is malformed along the feedback path (K < 1), the subject senses incorrect results from the forward processing of the
information. The imperfect perception from the forward stimuli processing cannot motivate the subject to keep his/her
attention on the input stimuli and consequently causes attention switching. In this situation, neurofeedback training can
help the subject to correct the problem [41]. Fig. 10 shows that for K values lower than about 0.7, the model shows periodic
behavior resulting in a fixed attention level. The condition K > 1 means that adding information to the output signal is not
considered in this model, because we could not identify any biological evidence to support this condition, especially in peo-
ple with attention disorder. Thus the model’s equation is expressed as follows:
outðnþ 1Þ ¼ K � ½B � tanhðw1 � outðnÞÞ � A � tanhðw2 � outðnÞÞ�; K 6 1 ð3Þ
In this equation, (K) is the attenuation coefficient. This coefficient (K) models the condition that the person could not analyze
the input information perfectly and leads to an imperfect perception and consequently a lower attention level. Fig. 11 shows
the behavior of the model for two values of (K).
Fig. 8. Different behaviors of the proposed model for different values of (A) and (B).



Fig. 9. Considering an attenuator in the feedback path. K = 1 is a model of a healthy subject (the output of processing has no changes), K < 1 is a model of
people with attention deficit disorder (the output information is malformed along the feedback pathway). K > 1 models adding extra information to the
result of forward processing for which there is not any supporting biological evidence for this condition.

Fig. 10. The model bifurcation diagram based on different values of the parameter (K), A = 12.473; B = 5.821; w1 = 1.487; w2 = 0.2223.
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Fig. 11 shows that weakening the feedback gain (reducing the K value from 1 to 0.829) may cause the model to show
intermittency (the value of K = 0.829 is randomly selected from one of the K values that belong to the chaotic area in the
bifurcation diagram (Fig. 10). Therefore, it can result that a defect in the feedback path (which is modeled by an inappropri-
ate value of (K) may also cause the problem of maintaining attention over a period of time. In other words, it is possible that
the value of the neurotransmitters is appropriate, but because of a problem in the frontal cortex, the analysis of the input
information is not done perfectly and causes an incomplete understanding of the information (weakening the feedback infor-
mation) and consequently leads to attention switching.

In the same way as in the previous section, the effect of the (K) value should be investigated considering the values of the
other neurotransmitters (e.g. A and B) simultaneously. Fig. 12 reveals how the simultaneous variation of (A) and (K) for dif-
ferent values of (B) changes the model behavior. In this figure, the values of (B) are randomly selected, and for other values of
(B) the behavior of the model varies similarly.

Fig. 12 shows that changing the value of (B) can increase or decrease the region of parameter space (K and A) over which
the system exhibits a certain behavior. For example, for B = 1.5, the region where the system is in intermittency is narrower
than for B = 7.5.

In Fig. 12, the plot for B = 7.5 shows that the size of the intermittency region (yellow) is large, and thus keeping the system
in the intermittent state is not so difficult. Increasing the value of (B) (greater than 20) or decreasing its value (less than 7.5)
leads to a reduction in the intermittency region. Therefore, it seems that an appropriate range of (B) is between 7.5 and 20 for
modeling intermittency.

Fig. 13 shows how a simultaneous variation of (B) and (K) for different values of (A) changes the model behavior. The
model behavior is plotted for six randomly selected values of (A = 5.5, 8, 13, 18, 23, and 25), and for other values of (A),
the behavior of the model varies similarly.

According to Fig. 13, the values A < 13 or A > 25 are not appropriate for modeling attention switching (intermittency)
because at these values the intermittency region is so narrow that keeping the model in this state is too difficult. Therefore,
there is an upper and lower bound for the range of (A) to model intermittency. In the other words, the proposed model shows
the switching symptom of people with attention deficit disorder in a bounded values of the coefficients.
Fig. 12. The model behavior with a variation of (A) and (K) for different randomly selected values of (B).



Fig. 13. The model behavior with a variation of (B) and (K) for different randomly selected values of (A).
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4.3. Dopamine secretion rate as a function of time

The studies conducted so far reported that attention switching also occurs in healthy subjects over time (about 40 min)
due to fatigue [42]. Therefore, it is tempting to claim that the dopamine secretion rate decreases as a function of time. Thus
the value of dopamine (here A) decreases gradually and after about 45 min (in healthy subjects) reaches a value that leads to
attention switching, and other neurotransmitters could not compensate for its reduction. This claim, considering neurotrans-
mitter secretion as a function of time, can also be used for other model parameters. An equation that models the decrease in
dopamine secretion rate is
A ¼ a1 � expð�a2 � tÞ ð4Þ
Considering such a function for the dopamine secretion, it isclaimed that the value of a2 in people with ADD is greater
than in healthy individuals because the attention span for people with ADD is less than for healthy subjects [43]. However,
because of the possible involvement of the other parameters, it seems that the neurotransmitter secretion function is not a
fixed function of time, and its dynamic will change in accordance with other events that occur in the system.

Therefore, another prediction about the causes of the attention switching problem is the inappropriate parameter values
of the function of the neurotransmitter secretion rate over time.

5. Conclusion

In this research, a behavioral chaotic model of a human’s attention controlling mechanism is presented. This model has
the capacity to show the sustaining attention problem in people with ADD.

Using the capabilities of the proposed model, it is revealed that the interaction between different neurotransmitters that
are involved in sustaining attention can create a self-organized attention controlling mechanism, and it can also reduce the
sensitivity of the attentional control mechanism to very small neuro-chemical changes in the brain. However, if the change
of one neurotransmitter value is such that other neurotransmitters cannot compensate for its effects, inevitably the system
goes into the intermittency mode, and the subject cannot keep his/her attention level, and task switching is observed in his/
her behavior. In other words, the system goes out from its self-organizing region, and drug consumption or other treatments
can restore the system to its normal mode. Therefore, the performance of the attention controlling system is not only influ-
enced by the absolute values of different neurotransmitter secretions, but also by their relative values.

The proposed model shows that in contrary to popular belief, the dopamine secretion system may work properly, but the
interaction between neural systems is impaired so as to cause the person to have difficulty in keeping his/her attention
level over time. Thus it can be predicted that in healthy individuals, the attention control system can adaptively set the
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appropriate proportionality between neurotransmitter values. This setting can be done by sending commands to different
neurotransmitter secretion systems to change their behavior appropriately. These behavior changes do not mean a change
in the inherent characteristic of the components that are involved in the attention mechanism, but also relate to a change in
the type of interactions between components that work together to exchange information in the attentional system. How-
ever, in people with ADD, these interaction and adaptive settings cannot be performed perfectly.

In summary, the proposed model in this study presents different significant and considerable predictions about the
causes of difficulties in sustaining attention over a period of time. However, a closer look at these forecasts requires the
design of some appropriate attentional tests and investigations of the brain function during these tests using FMRI technol-
ogy. The results of these investigations could help to offer new appropriate treatments for such a disorder.
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[9] Ulbikas J, Čenys A, Sulimova OP. Chaos parameters for EEG analysis. Nonlinear Anal: Modell Control Vilnius IMI 1998;6(3):141–8.

[10] Skinner JE, Wolf SG, Kresh JY, Izrailtyan I, Armour JA, Huang MH. Application of chaos theory to a model biological system: evidence of self-
organization in the intrinsic cardiac nervous system. Integr Physiol Behav Sci 1996;31(2):122–46.

[11] Chay TR, Rinzel J. Bursting, beating, and chaos in an excitable membrane model. Biophys J 1985;47:357–66.
[12] Glass L, Zeng WZ. Complex bifurcations and chaos in simple theoretical models of cardiac oscillations. Ann N Y Acad Sci 1990;591:316–27.
[13] Grebogi C, Yorke JA. The impact of chaos on science and society. In: Kendall BE, Schaffer WM, Tidd CW, editors. Olsen LF: 10. the impact of chaos on

biology: promising directions for research. United Nations University Press; 1997.
[14] Rabinovich MI, Varona P, Selverston AL, Abarbanel HDI. Dynamical principles in neuroscience. Rev Mod Phy 2006;78:1213–65.
[15] Balkenius C, Björne P. Toward a robot model of attention-deficit hyperactivity disorder. In: Balkenius, C, Zlatev, J, Kozima, H, Dautenhahn, K, Breazeal,

C. editors. Proceedings of the first international workshop on epigenetic robotics: modeling cognitive development in robotic systems. Lund University
Cognitive Studies, vol. 85; 2001.

[16] Brown TE. Attention deficit disorder: the unfocused mind in children and adults. Yale University Press; 2001.
[17] Russell VA, Sagvolden T, Johansen EB. Animal models of attention-deficit hyperactivity disorder. Behav Brain Funct 2005;1:9.
[18] Cubillo A, Halari R, Smith A, Taylor E, Rubia K. A review of fronto-striatal and fronto-cortical brain abnormalities in children and adults with attention

deficit hyperactivity disorder (ADHD) and new evidence for dysfunction in adults with ADHD during motivation and attention. Cortex
2012;48(2):194–215.

[19] Buchsbaum MS. Frontal cortex function. Am J Psychiatry 2004;161(12). 2178-2178.
[20] Yizhar O et al. Neocortical excitation/inhibition balance in information processing and social dysfunction. Nature 2011;477:171–8.
[21] Loskutova LV, Kostyunina NV, Dubrovina NI. Involvement of different types of dopamine receptors in the formation of latent inhibition of a

conditioned passive avoidance reaction in rats. Neurosci Behav Physiol 2010;40(5):483–7.
[22] Diamond A. Evidence for the importance of dopamine for prefrontal cortex functions early in life. Philos Trans R Soc Lond B Biol Sci

1996;351(1346):1483–93.
[23] Nigg JT. Is ADHD a disinhibitory disorder? Psychol Bull 2001;127(5):571–98.
[24] Barkley RA. Behavioral inhibition, sustained attention, and executive functions: constructing a unifying theory of ADHD. Psychol Bull

1997;121(1):65–94.
[25] Fisher T, Aharon-Peretz J, Pratt H. Dis-regulation of response inhibition in adult attention deficit hyperactivity disorder (ADHD): an ERP study. Clin

Neurophysiol 2011;122(12):2390–9.
[26] Spronk M, Jonkman LM, Kemner C. Response inhibition and attention processing in 5- to 7-year-old children with and without symptoms of ADHD: An

ERP study. Clin Neurophysiol 2008;119(12):2738–52.
[27] Bakhtiari R, Mohammadi Sephavand N, Nili Ahmadabadi M, Nadjar Araabi B, Esteky H. Computational model of excitatory/inhibitory ratio imbalance

role in attention deficit disorders. J Comput Neurosci 2012;33(2):389–404.
[28] Gilbert DL, Ridel KR, Sallee FR, Zhang J, Lipps TD, Wassermann EM. Comparison of the inhibitory and excitatory effects of ADHD medications

methylphenidate and atomoxetine on motor cortex. Neuropsychopharmacology 2006;31(2):442–9.
[29] Hasher L, Lustig C, Zacks R. Inhibitory mechanisms and the control of attention. In: Conway A, Jarrold C, Kane M, Miyake A, Towse J, editors. Variation in

working memory. New York: Oxford University Press; 2006.
[30] Gao WJ, Goldman-Rakic PS. Selective modulation of excitatory and inhibitory microcircuits by dopamine. Proc Natl Acad Sci USA 2003;100:2836–41.
[31] Colzato LS, Van Den Wildenberg WP, Van Wouwe NC, Pannebakker MM, Hommel B. Dopamine and inhibitory action control: evidence from

spontaneous eye blink rates, experimental brain research. Experimentelle Hirnforschung. Experimentation cerebrale 2009;196(3):467–74.
[32] Merims D, Giladi N. Dopamine dysregulation syndrome, addiction and behavioral changes in Parkinson’s disease. Parkinsonism Related Disord

2008;14(4):273–80.
[33] Volkow ND et al. Evaluating dopamine reward pathway in ADHD: clinical implications. JAMA 2009;302:1084–91.
[34] Arias-Carrión O, Pöppel E. Dopamine, learning and reward-seeking behavior. Act Neurobiol Exp 2007;67(4):481–8.
[35] Blum K et al. Attention-deficit-hyperactivity disorder and reward deficiency syndrome. Neuropsychiatr Dis Treat 2008;4(5):893–918.
[36] Mignini F, Streccioni V, Amenta F. Autonomic innervation of immune organs and neuroimmune modulation. Auton Autacoid Pharmacol

2003;23(1):1–25.
[37] Davis KD, Hutchison WD, Lozano AM, Tasker RR, Dostrovsky JO. Human anterior cingulate cortex neurons modulated by attention-demanding tasks. J

Neurophysiol 2000;83:3575–7.
[38] Buehlmann A, Deco G. The neuronal basis of attention: rate versus synchronization modulation. J Neurosci 2008;28(30):7679–86.
[39] Zepf FD, Gaber TJ, Baurmann D, Bubenzer S, Konrad K, Herpertz-Dahlmann B, et al. Serotonergic neurotransmission and lapses of attention in children

and adolescents with attention deficit hyperactivity disorder: availability of tryptophan influences attentional performance. Int J
Neuropsychopharmacol 2010;13(7):933–41.

[40] Wageningen H, Jørgensen HA, Specht K, Hugdahl K. Evidence for glutamatergic neurotransmission in cognitive control in an auditory attention task.
Neurosci Lett 2009;454(3):171–5.

http://refhub.elsevier.com/S1007-5704(14)00221-4/h0005
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0015
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0220
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0025
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0030
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0035
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0035
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0040
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0045
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0050
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0050
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0055
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0060
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0225
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0225
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0070
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0230
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0085
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0090
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0090
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0090
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0095
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0100
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0105
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0105
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0110
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0110
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0115
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0120
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0120
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0125
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0125
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0130
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0130
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0235
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0235
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0140
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0140
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0145
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0145
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0150
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0155
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0155
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0160
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0160
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0165
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0170
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0175
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0180
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0180
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0185
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0185
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0240
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0195
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0195
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0195
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0200
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0200


G. Baghdadi et al. / Commun Nonlinear Sci Numer Simulat 20 (2015) 174–185 185
[41] Moriyama TS, Polanczyk G, Caye A, Banaschewski T, Brandeis D, Rohde LA. Evidence-based information on the clinical use of neurofeedback for ADHD.
Neurotherapeutics 2012;9(3):588–98.

[42] Dukette D, Cornish D. The essential 20: twenty components of an excellent health care team. RoseDog Books; 2009, ISBN 1-4349-9555-0. p. 72-3.
[43] Rucklidge JJ, Kaplan BJ. Psychological functioning of women identified in adulthood with attention-deficit/ hyperactivity disorder. J Atten Disord

1997;2(3):167–76.

http://refhub.elsevier.com/S1007-5704(14)00221-4/h0205
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0205
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0245
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0215
http://refhub.elsevier.com/S1007-5704(14)00221-4/h0215

	A chaotic model of sustaining attention problem in attention deficit disorder
	1 Introduction
	2 The physiological background
	3 The proposed model
	4 Results and discussion
	4.1 The possible interaction between neurotransmitters
	4.2 A possible attenuator in the feedback path
	4.3 Dopamine secretion rate as a function of time

	5 Conclusion
	References


